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                           ABSTRACT
  When (Ba,9, r)O is bombarded by eleetrons,.it is found tl}at the resistance
versus aecelerating voltage curve shows a trough at some acce}erating voltage.
From the estimation of the kinetic energy of an incident electron whieh causes
the trough ehange, lt has been found that the optical aetivation energy required
to remove an e)eetron from the impurity level to the eonduetien band is about
3.35 ev. [I]his agrees with t}ie value as estimated rougiily from thermionie data.
  By this method ma>' be obtained the energetSc strueture of sueh a substance
that cannot be investigated by spectroscop2c method.
  To get more aecuracy, however, the results obtained by thls method must be
eompared with those obtained by the spectroscopic method for the well-known

substances. ' Moreover, it has been found that the impurity level plays an important role
in the phenomenon of secondary em2ssioB of excess type in)purity semi-
eonductor.

.

,1. IntroductioR -    [I)he thermionic work i'kmction of (Ba, Sr) O has been meastn'ed by

many wQrl<ers since 1924(1). But the thermal aetivatioi} energy As
has not been measured beeaiise it is not distinct .whether the valile
obtained from the temperature dependenee of eonductivity is dE/muD or
Ae. Also, Qptieal aetivation energy has not yet been measured because
ot' the diMculty in the treatment of a sample. [I)hus we bave attemptecl

to geti its aetivation energy by eleetron bombardment.

2. Experiment
   (1) Appa7'atzesi

   The apparatus used in our experiment is $hown in BXig. 1. The
sample was made by winding 16 turns of eaeh of two tungsten wires,
about O.Ol em in dlameter, on the cylincle}' of insulating material abont
O.2cm in diarneter and about 3.5cm in iength, ancJ eoating with (Ba,
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eylk}der. The dark resistanee oi' the
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                               Flg. 1.
g : sample 6In: incident current VRi: 100I<.O. IXV Br:
G: grid Er: 200volts ViR2: iOOK.Q t! a:
C : emi"er E2 : O.2 volts VR3: 8.0. 2A b:
N : nicl<el plate }']3 : l8volts Ri: II{.O. cr:1000-vlOeOO .O.
                                      Il.: !)BO.I.g•. :sample current .
                                            tttt                                             '                                         '
   ttrtG wasA!I"]atii]ee//eei;:h'tOll[Zle'h:.99"(liRl"<S"ll•t:r8-i?'ffl?}eSfi\':2

    t/tt.$tttii e CJI;8,?i}`tsi)iittei.kilfizti,iuc;.kelS,:g,p,,iimbcoateci

    t:ll   ,•i 2'; rLl]he vokage betxveexx the sample and. the emitter
    'I•.ee"/",,,l,:IY,geji'G':eg.scS,e'Åítl'lci"/'O,•i:,k,ies111ii8geffeeiS&O;t)i•ltoFjetXok:X,1',A•ee

                   regulated the ineiclent eurrent without altering the    FSg. 2.
 sv :electro(les filanient curreiit.
 I'Ii,l'I2: lie`}ter Evhe saniple wfts insertecl in one arm oÅí' a NVheat"

stone bridge in parallel "'ith a known resistance r, }vhose miclpoh}t
was eonneeted t}}rough the vokage supply to th.e'emitter, a galvi,no-
meter serxrinbor to r'ead the condttcting etarrent and.a voltage meter
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inclicE}ting the g.ampSe po+.-elltiai, i. e. accelerating voStage. 'rhe parallel

resistance wa$ insertecl so tl}at none o'f tl}e ineident current did flow
t}]rotigh t}]e bricl.o,,,'e ek'ctilit. Ail tl}e measurin.o.' instriiments were sapnortecl

xvitk iBs"Iating niaterials ln order to preveBt the Ieakage eurrent].

   (.9.) 1'?'oceelee7'e

   Emkter's filament was fired af'ter bia$ing the gricl -;30 voks so "Lhat

none of the ale-ctron beam "'as inc•ident. AÅíter the resifftai}ee of the
s.ampie, that. was clecreasecl by racliatiQn t'rom the eniitte}', had. reachecl

ko eqllilibriupn ft,ftte, tlxe sample waE bembar(leci bY eiectron beam Åíer

t-'o mimites. Sinee it, required 15'v25 g, econcls to nieag.ure the resistanee

of' the g,ample, t]he vaiue aft}er 3)O seeoncls wfts recor{led. [[he bri(lg.e

cireuit was open, cluring the ben)bar('ln)ent, not to scale o"t.' [I)he same

proceclure xx'as repe.ate(l by akering ,gample voltage after the res2stance

of the s.ftmpSe reachecl to equiiibrimn state. rJ]hus it recyiired 90'v120

n)inutes for one series of observa,tion to be finishecl. [I]he ves'sei was

kept evacu,kted at about 10-amm H.o.,' by means oi` a Ilquicl air t}'ap.

   (;?,) 2eesz`gts

   (i) The }'esi$tance oÅí' the sampie zte7•sies the aceelerft.ting voittag'e

curve s!}ows a minimum ae about 1.5voikg. in thecaseot' ThXV emitter
(Fig. 3) ancl ttb abouf. 0..9, volts in the ease of O.xi(le emitter ([l]"ig. 4)

a}icl then increases -p to the value in the case oÅí' non-bombar(.lment xvith

incr'ea$ing .ftecelerating voltage. Above 2.0volts in the former case,
and. above O.7voks in the latter one, the resistance dioes not change

by the alectron bombardment. .
   This tyoggh of the resistance curve seems to clepgnd upon the exci-
tation of eleetrons t'rom a boun( state to the concluetion band. A}id
the l{inet•ie energy of an incident electron wkich cai]ses the trough gives

approximately tl}e eptical activation energy Å}'rom the bo{md state Åío the
concluetion bancl. X'Ve shall call tkis qtiaritity hv,nf,.(ef. Discussion)•

Now hv.,ax is given by siibstituting the observed value o't' V into the
fo11owing eqliat•ion (2) :

                                                            '                                                '            hvn)ftx '=Smof"= V 'm isr.tt nv is?' + ?FA - SFc , (ev) (1)

where V : }'eading (in volt) of acceleratin.cr voltage meter when the
       ' trough occurs,
       is : sample current (ampere) (ef. Resutts (ii)),

       r.A : internal resistanee oÅí ammeter == 1013 S},
       "i' : series res istance = O.5 Å~ 106 n• ,

'
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                                              v vwh

      o.2 ct`t- os o.s t.o a2 o,4 o.6 e.B t.o
                                     '                                                --

                                           "
                                         '    . Is :CS "LA Is=3FsAAIR D-" 31s.loS .R, AR D-- 2,6 .toih,
xio3R '-• xf3
                vnvÅíig vnvCx
       o.2 oa o.e as t.e a2 o.4 o.6 o.g !.o
               -                    ee
                               -i mt                     K IV'
             '

                                            Is=3FA             Is = 2.S lkA
AR D== 2.g .fogn AR ID =2.a .soSLQ,
xlosz • xfe.                               -4

                         Fig. 4.
                dA': decrement of the resistanee.
                 D: diark resistance of the sample.

   Tlxe observe(l values ot' V and Åíhe caleul.ated values ot' lbv,np.x are given

in the following [I]able I.

     '                       TABLE I.
l Einitter

Wll{I]

Oxide
 1!
 u
 11
 v

   is
(Å~ 10-G A)

  O.5
  1.G
t 2.0
 4.o--s.o
  s.e

ig
11l

Observed values of V"
     (volt)

ltpmfix (ev)
(cthlcu]atecl)

O.9
1.0
1.45
1.65-
1.7

1

l

!i'ii

i,ii•'i

2.87
2.64
2.54
2.14
X91

l
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[I]he curve ot' ltv.ax verszes the sampte eurrei}e deereases with increasing
san]pie ttu}'r' ent both in the cases of [I)hKiV' emitter a,i}d. oti' Oxide emitter

(III'ig. 5). By extrapo}at2on from this (tiiyve we have obtaiRecl tl}e value

                                       hvmax'v3.35 ev in the iatter
 g•fiI•• ca,ge (cÅí. Discus.gion).
  "" @ oxLck2 (ii) In or(ler to expkxin the
                     e -fgL-Rf- question xxrhy the resistanee.

  :. XN. cloeg, notel]angeaboxfeg9J.Ovolts
 g (TklV) or O.7volts (Oxide),
      cbe

4-i`'P

2

t

e
g a 2

 Xs
Fig. 5.

3

the given volt.rege is that boun(.l

e}ectrons are not excited to the

eondmetion bancl but emittecl
as seconclary eleetrons. It
seems theret'oi'e that t}]e im-
pur'ity ievel (ct`. thene.xt section)

piays an important roie for the

seeondary eleetron emission
t'rom (Ba, Sr) O. "
   (iii) After two or three
series oÅí the bombanclment the•

resistanee begins to clecrease
monotonously and is inc.lepend-

voltag e as the samp!e vo!tage xvas

the $a,rnple qurrent i,. [I]}ms,

     (a) 6in > is ,

               6in um is
     (b) 6=                       mezgie,g aceelerating vo!bage cu}'ve shows the same
                 6in
          behaviour as the resist.aBce ctirve (Fig. 6).

Thus the reas.on why the re-

sistance does not ehange above V vvCx
                                         a2 a4 o.6 OS                                 o co

          we obse}'vecl the resistance an(1

          seeoncla}'y. emission against tl}e

          acceleratii}g voltage sin]uka-
          lleellsiy.
              The blael<ened niel<el plate,
          whose are.k is 1/6 o/f' thtxt o/t'
          tlie sample, N\ras plaeecl in t]he

   4 Stii)ie I)Iane off the suri'ace ot'

 "AA the sample                      ai)cl                          perpendiciAar
          to the ineicient beam. The plate
          Clll'l'ellt 'i,i i}1 c,rese XVhe}1 the sallle

   supplied, "ras nieasta-e(l together with
we have obtained. the ' resuit$ that
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 ent ot" tl}e aecelerat•ing voltage aiicl bhen the suri'aeeof the sample has

been blaekened.
    Also, as sooi} as a liquicl air ve$sal is nenaevecl, it is immediately
blackenecl. [l]}}erefb.re it seern$ that .ftclsorbed di'Åífu,sion pgmp oil on the

$twfaee i$ carbonized by e.b-e ele('tron bo;nba}'dment.

    (iv) In spite oÅí the faet that t•he <'l,•murl< re.sistanct?. oÅí tl}e sample rrtnfges

over 105Av10(' ohms, the clectren}en+. oÅí ye$istance ig. about the same qualtti-

ty in eEch case ancl clepen(ig onl>' Hpb.n the i'ncid.ent current,. IiL seenis

that this pheRonienQp. clepei}cls Qi}l>r apon the energetic sti'uetu}'e oÅí $ur-

'faee Iayers.

3. Compai'isom with the opSicai activatioR energy estimated frewa
    thermienic data

   It has been knoxxrn t,liat t',l}e therinal ac"tsivation eney..c.ry, reclxiire(] to

exeite thernially an electrox} 'f'ren] 'ihe. in]pttrity Ievei t,o the cond,Lictioi}

band, is about; 1.4 ev. [i)i)pt'eÅíore the optic'al aetivation enexgy, ro-.cr,I}iy

e$timated t`rom the .ftbeve val{ie, is aLiout 3.5 ev. [Irhis a.ffrees approxi-

n)aeely with the vallle :'>.:g5 ev whi<tl} lm'"fe beei) obtained ill t•he preseiit

e.xpe}'lmellt. Th-s Nxre c'onclnde t•kcit the tro"gh o{' re.gist;ai)c'e e"rve depends

uF}oii the excitftt;iei) of <ile.vt•i'oiiE ft'oiii tlie iiiil)L'ii'it>r levei t]o t}]e (;oiidu(:tioi}

bai)d b>r the electron bonibai'(ln)e}it.

   ]]"or tl}e Kvork Å}'unc`tioii of (Ba, Sr) O , varlous clifferent vaiues have

been obtained by many ivorktei's. N.i,iboer (3) atiten]pted, to explain this

fac't by assun]in.,c,,r tl}at 'the nRn)ber ot' in]p")'ity levels is .,(.ryeate)' than

tkat n. i' elecigrons avaiiable. I'Ie obtaizied. t•he eqttiiibriuni state off crys. tial

fron} the con(litioB th.at the 'Åí'ree energ'y ot' cr>rstal is niininaun]. Aecord-

in.,(,,r t;o his result•.q. work Åíunetions APpi an<l yf 2cori'esp.ondin{r respectively

eo t}}e ctaso-s oÅí' .crooci aetivat•io]} ancl ba(l oi}e, are giveii fts i'oilows :

                iki -- 4QS + 9.v, yi2=:de + Åë,

                      -                                                           '"'here As is tke t'i'.ern]al atctivaei{>i} ei}er.,()ry ai}cl' f;5 is •.the xxri<lth off ti}e

<:Qndiietion bancl. Adoptinfg t•l}e sE\llie n)o{lei, we. ol,)t,aixxed the sanie results

by the ei}tirely sta'gisti'cftl metl}ocl (e't'. Appencll.r< beiow•).

   I<E"vaniur.ft (1) lias foux}cl, by t•}ie !nethocl off gichai'dson's Iine, that

the work ftinetion of (Ba,,S]')O ra}}.o'c}s over 1.0'vl.7 ev in varioRs

cases. "Xhus, putting

                     de/.9. + Åë == 1.e <ev),>
                       ke + Åë -- 1.7 (ev), i

he has obtained the resmlts thp.t
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                           A8:gl`, [e,gill .(,)

    Now it has been observe(l (4) that the siirroimding ions do not move

during an electron's remoxral Åírom aii impurity eente}' by the absorption

oti ki!ietic ene}'gy of .tsn iitcident eieetro!}. Also this fact has been pre-

dictecl Å}"yom tl}e probability ea,lculatecl b.y the qimiittmi t}3eory ot` mole-

cules (5). [I]hereÅíore, we have (6)

                     hv...- xfe ig .,e.,2i( :- - -k-),

"rliere rco is {he dielectric cong.tant for high Åíreqlleney, rc the dieiectMic

constat}t fo}' electtrostatic field, aRcl -l{) the radiu$ of impm'ity atom.

   Since theC.ept•h of the potent]ial hoie with this rnoclel is e2/rcojrl we

sl}all have

                         hll.,,ts. ..-. e2/.9, rcB.le p

                            Ae 'v e212rcR.

      '
Assnming that ico'vLl , rc'-vlO 1lor (Ba•, Sr) O Kx'Iiich seem to be probabte,

                     'we obtaii}

                                   10                          ltv.,,,.. '"v :i-Ae. (3)

Substituting Eq. (2) int•o Eq. (3,) xve li.ave

                         hy m.xN 3.5 (e- v). (4)

4; DiseussiQn
                 '
   (i) XVe a$sunied tha,t the value o'f hv,,,ax , i. e. t•he ltinetie energy oti ai}

inciclent eleetron which caBses. the trous.h chai}ge gilves approximate.ly

the optical activation eners.y. [l]o knoxv the more striet meaning ot!
hv,,,,,x we must tal<e into aecoun"b the t"aet that inei(lenLb ele- etrons di$tribute

aecording to the Maxxx'•eliian distribution laxv ancl that the conduction

bancl. has its width. Thu$ xve sbftII have a quantitative relation among
the short wave eclge, ti]e long "'ave edge tu}d hv,nax . [l]he diseussion

oi} sucl} a relation is i}ow iR pros,ress.

   (2) In ealeulath)g hym,ix by Eq. (1), t•he Åíolloxsring three assumptions

are made:-
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    (a) Inkial velocity clistribution oÅí incident electroi}s is assumed to

show a maximum at zero veloeity. Since incident elect}'ons aetually
distribute aeeorcling to the Maxwellian distribution law the maximum
would be at aboRt e.OS69 ev. This, however, is of the order oÅí lattice
vibration, i. e., the orcler ef i/40Avl/20 ev ancl so ean be negleeted.

    AIso the hump of surfaee barrier that aecelerates the emitted electrons

is negleeted. But it seems to have an appreeiable hei.crht in the e' ase
oÅí ThXV emktey, as we shall show lat•er.
    (b) The work function oÅí tungsten eieetrodes (4.54 ev (7)) is taken

as that oÅí the sample, since the eleetrodes expose from the Oxide
,surf'aee. Othei'wise the reasonable value of hv,.ft. cannot be obtained simul-

taneov.sl>r both in the cases of Tl"V a'nd Oxicle emitters.

   The xvork Åítmetion ot' ThXV emitter (3.00 ev) is taken from tl}e
table (7). It cQrresponcls to the ease of e lp O.812. That of O.xide (1.3t5

ev) is the intermediate v,aiue of I<lawftmura's data (ct'. t}}e previous
;section). Therel'oxe, tl}e obtailtecl valae of hyi,,n: has uncertainty ot' about
 l O.35 ev in both eases. To obtain the more aecurate v.41lle, tlie

con{iaet} potential cliffererice betweell tiie sample and t}he emitter shoulCl

be rneasured,
   (e) The effect oli charging up the sample is neglected. It, however,
,sl}ouldi be estimatecl as t'or the well-l{noxxrn substanecs.

   (:]) lt seems to clepencl upon the hump of surÅíace barrier ancl clirect

heating voltage that the value of hv,.,,. is smaller in the case o'f ThAiiV

than in the case of Oxlcle. [hereÅ}'ore the data in the latter case are
usecl to get hvi,iax .

   (4) The clecrease of t}}e hy,,,ax veo'szes tl}e ineidei}t e{irrent eurve is more

rapicl in the case of Oxide than in the ease o'Åí' [rhXNL [Che t'aet shows

that tl]is clecrease eannot be explainecl only by t}}e la-utice vibration of

tl}e sample. It seems to be probable tl]at, externally applied voltage is
deereasecl in the case-. o'E' Oxicle, sinee tl}e mean work t'uiiction of the

•sample is increased by the produetion o'e N\O (Vfi=9.2 ev (8)) en
the sample electrocles. Ancl it seems that the ox>;gelt whieh p}'ocluees

XVO, beeomes to be dissoeiatecl Åírom the C02gas, that is evaporated
Å}'rom tl}e Oxide emitter, and aclsorbecl on the eleetrodes. Aecording to
this assurnption it seems to be reasollable that hv.,.K. deereases with the

inereasing inciclent current, since the procluc•tion of NVO inereases with

the inci'easing ineiclent current. This shouicl be tested by rneasuring
the actual eontact potentiai difference in the above case.

   (5) [Irhe Åíact that the resistance curve elosely a.crrees with the seeondlary

•emission curve, seems to su.crgest how -hkeractions oecur between the
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Iowve{oeity eleetron am.l the crystal. Fi"om thi$ point ot` view, it seem$

to be naturally eomprel}ensible that the effec`L oiff the bombarclment ea}]

be observed. a/ker 30 seconcls.

   In conelusion, the w}'iter w•ishes to e-x'pi'c,gs his sincere tbani<s to•

IProJfessok' ]Dr. .I<. Arakat•se ancl IProfessor IDr. I<. .IsrLimura th'or their l<incl

s,uiclanee alld invftluable susrgestions auyins,' the course o't' his resea't'ch.

}{is hea}'ty thanks a}'e also <'lile to Professor Dr. M. Sonoda, A$sistant

?rofessor Dr. S. Shin]izu, Leckirey Dr. Y. Ueniura, Mr. [I].. Yanabu,
ancl Mr. J. Affuto t'or thek' kin(l aclvice an(1 encouragenient•

                            AppeRdix
   !{]l}e Åíe,fttui'e oÅí this (lerivation is that Fe}'nii level, e', is ok>taine<'1

and therei{'ore is easy to g,et the eniission,'i"orniula. Caiculatir,g by the
u$ual S-'function ;tiebl'.o(l (9) 'yve obtaitiite(i[ the /ffoilo'tiL'in.c.),' results :

                 Et 3 Ae+E'              0e'ic"(leCZ')U' 3/7mhr/2 -nv A'e itT -(A7o nd A'), (1)

xvhere C' pt--47r(2Dfn*)g/h:i anci 7n* is the e'ffect•ixre mass ot` electyo}), No

the number o/fi impurity states, .N the number oÅí eiectrons available ftt

OCI<, e' the IFermi leval at TOI<, rie the thermal activatiok ener.gyy•
Energy zero is tttkGn at the bottom o'f. conclriction band. [l]he c"ian".ity

on the left-han(l $i(le o'ff Eq. (1) is the number ot' elecSroBs that have
been exeited. f'irom tlie iniptu'ity level. (I]}]ei], the 't`oliowiri.(r two limiting

eases present thems.elves :-

                      !i3
   (i) I'f No - .iN7 << 0ein"'(kT) '2 1/7wwi-/2, kvl}ieh iiolcl$ in the case o'Åí .o'oo(l

aetivatlon, we have appro.xim,rete!y

                      2e' 3 3•{s
                    aeitW(kT)L1/ 71.g -- Jt7e "" .

Thu.q.,

                              kT                         tiiE                                       N•.9,                  s' -ww -=, +=, Sogo(kT)#T/ff.'• . (2)

'Therefore the the}'mionic current is

                 itu A, .N6Tf' ,xp(-Åë +kge/2), • (3)

                                                 '
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                  -5-         a rl.                 kth eo, ancl eo is the elec"uronic char.cre ancl Y)k, ii: (2/h3)         ,-7 (L>77,.fiM*)"

the width o't' eoncluc'tion ba,nd. }Ience, the ivork f'tmction .as obtak}ed ep

'Åí'}'om the slope o't' Riehar(lson's iine is

yf i = Åë -t- id E12 . (4)

   (ii) Ifi

,act•ivation
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