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A1

ba& been aade of fcui^ u_;i'urezi -wwu.

resistance as a low temperature property of fiemioonduotcru. .-.-:- 

fallowing topiofi have been investigated;

(a) criteria for the exiatenoa of a differential negative 

resistance;

(b) the ui plication of irreversible therao4yn*»ic^ to ar o»t~

aneoua instability »

(o) double carrier injeotion as a oause of negative reslttanoa 

in bulk aat«rial;

(d) iapaet icni&ation && a cause of negative re&i&tane® of 

the ourrent controlled typ®?

(e) methods of procuring a voltage controlled negative resis­ 

tance, together with the properties of subsequent 

travelling domains;

(f } tnoraaliy iitduoed negative resistanoo,

(s>) General criteria for bulk differential negative resistance 

have been oaduoad; differentiation is £mde between current controlled 

and voltage coatrolled types* The oocurenoe of instability against 

filament and doraa.in fcrsaation is investigated (1)| domains and fil- 

ajMnts are shown to be ay&pto&ia of negative roni stance rather than 

oausee.



A2

(b) 2i« a^tlieation of irreversible IMfrnodynaoloa to noa- 

linear prooeeaei and in particular to negative resistance has baen 

xi* It has ooon ehoraa that saxitttit (2) and oininua (3) ent­

ropy production principle* as presently M^loyvd ant not valid for 

non-linoar processes. jn alteration which corrects this has been 

006* and justified from etatiiU«I atohnaio^ T»iile the naw atat- 

icaary «atropy , reduction principle providaa »o solution to ih« 

or £ il»n«at &itti»tion to first ordar, it is shovn that it 

ter^infi the solution to aacon^ order* 4 phvaical ^ustif io- 

ation haft boon sug^ssttd in t«rts& of th«* ccnscr?ation laws*

(c) Vs .1 first arar. le of bulk nefritivo resistance, double

in .potion (4) ha,a b«en s-Uidied, As tho current flow in a 

IB inorsased, the xnjcotc>a carriers ftnetrAte further into tha 

; if tb« crystal contains rrdnorit^ carrier tra s» it has been

notod that a tr^p saturation front can b« pushed throue^h the crystal 

a» th« cyrront ±& raised* Si&c^ th« carrier danKi.% for tiro carrier 

flow is hi^har, negative r^8l«taao® m& bn d»vdl<^>0d In the satur­ 

ation front region. In a short spoainian this say dominate ths 

efearao tori; tic over a sa:ai raa&«. T'i» tire oarrier equation ;, have 

b««a written is a #ay which is particularly auitabl-* for
** ^

in this way ^araaeterQ for th« r«eoa^inati<9n

founu whioh le;id to a bulk negative reai stance. Expe

this negative resistance has been observed in

doped QMRMaoiuBi ; it h&a been etudiad aa a fxmoticn of



Xingth, probe position, ooarerisaticsi, teuporature and magnetic fiold. 

awwdmtion cf too Hall dPfeot for double injection has boon found 

to deasand a special interpretation* duo tc oarrier a wi^uaiJLcii at a 

blocking electrode, resulting in iiall voltage iaversicsu

(d) A study of impact ioalaaticn as a causa of a current contr­ 

olled nog&tive roaibtaam fcM IMWB a»d«* Froia tho ^ t lioutiorj of 

crit^ri-i fro& action (a), it 2ms boea found that ; -resent

i«ms (5), (£) sore r*th®r unnatisfaotoxy. 15j« ao&lysi* *^

to an Gjfju,.lii^ticn of nfjit con lit ion ̂  can and what conditions cannot

give ris* to a negative reels tones, e% loving an icni station rate

Qquatic«* A distinction is ea4& between sp&oially looalise^

resistance rooe«&@s leading to filammt f orasAticai and nc

ones*

(e) Tvo method* of obtaining a voltage oc?ntr lied balk 

r^ sift*ince have been treated in the literature, a band structure 

affect (7) and a carrier e&ergy dependent e* ture orost^section (3); 

& tldrd method has becsi considered, a o&rrier en^riy de endsnt

rate leading to distortion of the diiitribution funotion, 

.' in outline for a number of ;>hysioal ^^>O««a«ft« It is shown 

that for &11 the.c .rocafiftefi, the ezKUtenoe cf spaoo-ch,-ir£;e lead* 

to the , henoraenon of travelling doriains, observed as toe Gunn ^Tfeot 

(9)* Cm&Ld*rati<xi has be«& aade of the carrier flcm equations; it 

has been found that th? discrete doiaain solution of F. H» Butoher (10) 

is « limiting oaae of a ftet of aoiitiriaous wmv«f or^ solutions, all of
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Preface

Ifcdor the general title ^Properties- el sesdoonductora at low

s*, the work ^reseated here Is concerned exclusively 

with bulk differential negative resistance, wtilch serves as a 

subtitle* 'ifcile sea® e£ the ids* a presented Mgr &w> ^>j»lioati 

Gut£io<j this field, aevclopia^nt of «aoh is smUrsly la terme, of 

it« u^^'ulncoE -aithin th® field of a^gativo

The initial aija w-as an undorstanding of the

of ajeoesi; carrier a in ovarcua^enuated -linc^-dc © fl 

A ruisber of ae^tivc r^siotunoftD h&ve boen observed

invit&Ujr f o^ »^i«^   a«lf»acai»i»t«nt aet of eacplaa&tiona mu not

iiaaediately o^Yious. Henos a wid^-P^n^in^ survey of negative

roiistarioe •&&& uuidertak®; imd no attempt h'ifl bean raado

to ocnfine the dit»cuadioo. to specific properties of

ilonco aoi^tiv® ra^l^tano^ uoaaibilitiec ^r^ also trotted in

ials *uch ac ^illiuffl arswiiie ayeid indiua ^^ti.-.onidQ, Ho ol&im is

aiado to "oom.ryher.siv^nesti" in the field of negatiyo ror>istance;

the work is an iavostig^tlon of oert^in topioe,

la pMnentation it fcaa fe-e«n neeessaac^ to restrict the length 

of ttooretiftal ^eoticns ^uite severely. !^HIOS int^naedint© stages 

in ?iatbett&ti*&2, derivations ha^o t^een omitted, though every 

ia made not to disgwiso a»»u^tiotiE and apprcodmtiQcis in the



ii

Miaina.1 nsprotiuQtiai of the literature i» &lsc intended j 

on each topic t & iwll- established paper is takflb as a starting point 

«a&, to facilitate refer once, the flotation ussd th«rs is cca^ tinned, 

subject to limitations, ef l&ttr&al s#lf-©<3turi8t«ae^* It is hoped 

that in t«ma of pl^sioal principles* tlii» irork nil! pru&oiit a a*lf*»

wholo, "but for A tetadled imdorf trading t ref erenoe to 

i» prob&bly essential. 3h@ f cundation. etone>: aay be

listed as?

B* E. RidieyChapter 1 Negative resistance

Chapter 2 Irreversible thermodynamics ~~~ S, K» de Groct

'» P3).

Chapter 4 Double injection   « M* A* la^p«rt

S, H, Ko«nig, H, B, 

(1962, ?5).

Chapter Voltage controilod negative resistance ——

K. f Pfe).

7 535*rmal «ffectfi   P. C* Hastaaa, t. £U

refoi*saoe ^rstem is d«vi»«d to fc* fully eoa^r«h«dasiv© ia 

both dlreotioAs. a&ch ref^renoo &i>pear& with author imd date; 

th« roferwaoQ has been previously ^splc^^d in th»



ill

thl» is aho«i fey an abe*no£ of l»itials sad \y th* letters I.e. 

(loo. Git.), The index at th* b&ok is in alphabetical order of

author f* iuuae t all authors b©&i£ listed for jointly writt®a 

It the &&&* tirae, all papers quoted are nuaibarad in sequence a* 

e^Io^'-'I, whether nevrl^r oar previously ;uoted, and th«»« nuabers 

alec appear in the indax, to a&ke ref or«ae« back poseible to all 

point*.



1*1 A&BIfe*

iho aim of thia work is to ime&tigate bulk differential 

ative resistance in ;-o -iocjuaictor c with particular reference to 

overooGponoated sino-doi-ed gornaniunL, in this chapter an oma£a~ 

atLon it sada of the fundamental fou tares of such a negative resist- 

anoei also trio rolevaat -r op or ties of ispurily dop«d g»TBianiu;3 aro 

oonaiderou* i-'roe this baset u nunber of topics in nogativo rosiat* 

anoo will b« oxpiorod* A frecpODt 'iuer>ticn will bo: n Can thia prococ 

provide a ne^ativo rosistoiico or notv" la @aoh ease, an aa&CMir nill 

bo sought throu^i tlio applicaticfi cf the no&itavc resi5tono@ oritoriu 

to bo doduooci lioro*

1*2 r leg; tivo Uqsi st.-iftoo» 

Nof- tlvo Egsistanoe

i/iil'erontial na^tivo resiat^i;co is of considerable interest 

beooure of its applicability to aia.lifio.itiuii; if a t table working 

point can bo f otmdt a nogatLvo resistmoa disrdp -ite;:. a ne^itivo 

osaount of QUO, power f i.e. it ,,roducec amplification; voltagft aaplif 

ioaticai QO^ bo obtained directly by employing & simple potential 

dividing cirouit* Vhus the diccovoiy ol' nov; forms of nogative 

recictanoe oay lead to new t^rpes of a^lificr md oscillator*
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Various differential negative resistances have boon found in solias, 

pfiaorily associated with junction and contact phenomena* We concern 

evaelves bore only ^ith bulk properties* A starting point for the 

consideration of the fundamental concepts is provided by a paper of 

B* K. atdley (1%^, 10i).

Differential negative resistances may be divided into two classes, 

which will be teroed voltage oco trolled end currant controlled, follow* 

Ing aidloy. 'ihose are show diagrajoamtioally in figure 1*1. 

notation M-type and S»tg?p« «i3Ll be avoided beoaase this is 

and normally rof ore to aaces plotted conversely, iixoughout this worri 

the ottrrent will be employed as Hie abooiaaaj this is bocauae Hx§ 

a&in interest is in uomain formation in ?MoJi the our rent is the 

aolonoidal function,

Hie currenVvoltai^o characteristic observed oa^ be a ccnciderable 

•ertifiottion of tho n.^tur d eric, uuo to the external circuitry ucod

for the demonstration* For on applied voltA&@ ¥ and external circuito
resistance H, the load-line is given by:

i& m VQ - V .

If the load-line outs the truo oharaoterittic in one peint^ the 

observed oharaoterisUo may be expected to be stable and a 

ion of the natural one; if the load-line outs in several pointa9 

spcntaneouc trumdticm racng load-lines nay be anticipated, with 

possible hiyGtorecis effects on cycling* Coni&doraticn of Uio 

.;ointo for a bulk nogativo resistance will be nadc in



chapter 2* litre tie eaaadne the plgraioal criteria for tho o;d. stance 

of a negative resistance.

1.2.2 negative HeBlat-moe Criteria.

. . It wish to find eonoita.oi£ uiiucr *iiiuh negative resistance can 

tako place in aolida; the simple oaat ie tctkcai of one oarrittr flow 

without diffusion or apaot ohar^e; eltctron f low ia 

the current ie given byt 

J a <r a »

In a n««»tiv« resistance region dJ/dS la nogativo, tyr d»fintti 

Taking tii« total differential result® in:

a

dJ
*"•*• SI

This can bo negative bocauo® of a ne^tivo valuo oiU^ir for 

nuaerator or the don^iinatcr. This ^rocoduro i@ valid 

that the |>artlal ooriv^tivc ci'' the conductivity used inciua®& all 

current or voltage dopend€tioe&«

In o^ooinint, tlie o^r@&&ionf ©e oonaidftr fir&t the oaee of a 

negative numerator and positive denoeinator; this requires that 

i<r/as bo negative and hanoo that the conductivity should decrease 

idth the eleotrie field* In passing through the negative? resist­ 

ance region, dJ/dS goes through the value »ero on two oocaaione;



Hat* the negative re si stance l» velte0» eea trailed, SeeeaCy,

Mtiiiitr the ete* «T a ne^tive denoain&tor and a positive 

a tor; thift occurs if d<r/dJ h&6 A large enough positive value :^id 

hflnae the oonduotlvi^ id to increase markedly ^Ith the currant* 

In reaching tha negative resistance dJ/d£ goes thrcw^h the value 

jiu thus the negative reaifttaaee is current ocntrolled. 

1© also the poaaibll".lv tut ^/^S ?aay go through the 

value of plue infinity ^° a l&r^y IK,,_ .•, Uive v^luo» IMs is 

ent to Hie eonditico that t>±/^ t,.:aula go Uirough the valu« of 

It haii ju t boon ohom that in oroin^iiy ci-rou^^tarices for ^a^. 

reeiatanoe, d?/kg i» not & large Beg»tive m»abert eo it is al^u? that 

if ^V^ passes throu^i 3or&» a. curroot oc«itrcll<3u no^.tive 

enoe results* Sisdlarly if &._-fir passes through aero a voltmg« 

ecu trolled asgativo rosistanoo remits.

AJtempticn of ne^tive values by both the

numerator and denominator will bo ignored* Vhi& would r^^ru. ont 

a portion of char&cterir.tio -.vitli ooeltLve roslrtr^ioo tr^cou in tiio 

reverse dirooticti^ vrfu.ch does not appear to be useful*

ie now oonrddor the ocnverao to tho criteria* I r a tingle

carrier fie.it»-«rivan current flow, a voltage oaitrollod

i© only , os^ible under the alternative ocfiditions:

(a) cr * S ^£ 4 0 j

(b) U 4 0 .



controlled »e§»tive resistance for those clrowsttaees is

possible for liio

(a) 1- 0

(b) * 0

In all cases the sore values have to bo taken during the process* 

2hio seans that for a voltage controlio negative resistance, either 

the conductivity oust be a fiincticn of the electric f ield, or the 

conductivity ouct already be sail ti valued in the currertt* >.d; ;il-irly 

for a current -JC-Q trolled nogjativfj resiGtunoG* either tho oc 

BUv-t bo a functicjn oi' the current density, or it saist olreaay be 

oultlvalued In the eleotrio field*

An analysis of this land for tho criteria for negative 

anoe doo£ not .cur.; to o.d^t- in the litei^turo* In , ruc'^icw 

 » §  to be oonsidorable ooafusion bots?oen the two t^es of negative 

reaietoiiee and the oon^iticne under which each can occur* uur crit­ 

eria will be found to bo vital for the discussion of i^act 

in chapter 5*

!iho po&cibdLli1^ of electrical in stability in a negative 

roeion is discussed by B. IU Hidley and T, B. Watkias

la a current ooitrollod no^tive reaistanoe region, several 

values of the voltage are possible for asm current* 2hU8 a



traudticn froa ana voltage raiua to another la poaaihla* Bat tfca

fact that it is possible does uot saaa that it mat taka place, 

3aofe braakdoaae are aiyarisan tally obcarved, and ewwrai ara daacr- 

Ibed in this work* But oensidesrfefci® car© is; ro uire, in the 

&tica, batwoai the stages d' uio^iDe that & czyi^tca oan exi&t in

s'f und cdT 4oii.» ;ing tjaat a ^O

the two cuM, tik» pl^oa, i» «Byh»Ci»<t thi« b«OBtt»e in 

it £cem£ to havo boan ijpored* &£ ^ill c& ^. .:;. 

ithcle subject of tfhon and why spontaneous transiUais tabs 

seama to h&va been aooatLL^ o^icxao* ,..vu.^ i& the roolm of 

sible thoroc4ynaod.G3 nhioh f ocas Uie ^ubjc^t of *ha aaost oha, tcr; 

in the rest of thia flection im ocnsider the different f;.ha^e£i f 

aelvcc*

aaMapla of tfaa po»fdbility of differeat *pfeaace 9 la eivan by 

foimaticn* Ccnaider the oaaa ^are the nobility ris@a witli

the currant danaity. Hicxi it may be iao^Uiea that tii@ flcm of 

roos aajr exist both in a low tirrent state, an4 also in a hi^b uurr^nt 

atata for tha 9aM appUad voltaeo, or in aoa© iata»»tdiata stage 

hi^fe currant filaBmnt; l^y adjusting %« oroa^oaoticn of the

, tlte appliad volUga can supply any of tha 

curraota« A nj antaaaouc toaaaition la to filanant flow at A 

voltag* aay thus ba fljrpa^tad to increase tlM current by ordare of 

while a transition out of f ilaaaat i'low would do tha 

aaa that auoh tranaiUcns are pos»iblo t b»jt arts ac yot



A ftisdlar slteatlcft wdftts f or taain formation. 

will ahonzi (fcoctita 2*2} that & %c*it8tteous transition into or out 

of doaaln structure cm lead to a aax&ed enettft in tb* working point 

on the oxunrent-voltose oharaoteriatle*

Thus wo see that filaaentei and doaaiae, whether growing or 

dftoayiaf,f ar« manif eetations of ne^^Uve re&i&tanoe father tlian

If a bulk nogativa rttfiistanoe eadatv, it may provo un&table 

i, but tills is not in it^oll' & neoesc'jy result* o

•hall turn to tJi«nK»4ynaaiio8 for prlaoiplet for Oatarainlne

points*

1.3

3» 1 CiQral .loyglo in

actxvo ii^uritio@ ia e«rraanlum are classif lod 

ahallon level and dtop loval ij%urities. Shallow level i&puritie^, 

nhioh ooosist of lithium and elo -^ent cf colusma III and V of the 

periodic table, introdaoe levels about G*CH cV froa the taod ed®i««

nature aad properties «jf mich levels have b©*ss rerlei«?ea liy W. Kolm 

^(» 103}* A stirvoy of toe deep level im,.-uriticc hac been provided 

1» i» tyler (1959, ^X); deep level acoe^tor iapmitiM witb t/ireo 

or sore levels are given as copper, cobalt, chrojdu?., sold, silver md 

platinuc; g&d those witli two levels ac iron, niokel, mongoiie@e» 

end sine; selenium and tellurium aet as deep level dmors*
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has beat* sad© in tb» ijsaAsrst-mdins of

dhullttif l*»»ls in jgemaa&un even in duatnerata material (rwiewwl 

* I. P«nfe0ft 19<6*>, 10$) aad i'or is$>uri1y band oonduotlccu 

rain proMw in dK&i&g udtti carrier iataraoticn tilth a 

is tfee laefe «^ ocneapote knowledge dP the iflyoriV viavefl

(B,, F,. Fd ' : - , T. B« ^itfelnn 1961, 106)* a^ti»s> aro»r~ auctions

10?) ^ut no .leaned tra&ttssnt Is available. uea.> I@V@!Q ai« of 

interest bemtaao r4* thslr influence on the trapping and 3moa£bin 

of Dlnori%f warrior©* In parti oulrjp feera is the queation aa to 

radiative rocc^biiiatacti at c& I,n\-urlt{>' sito takea place*

for t&l.@ in ^naaaiwa and silicoi is not fully 

lire* IJQ those Alomants tlio band to band r*eceblttatiGn ^rooeas 

indiroot c3uo to the braid structure f -o tbat oily csa© transitlGU in

is radiativ® (S, !U Ko@aig, 14 A. Brom 1960, 1Q...;« ii«noe th© 

intensities availabl® are v©rj low* Initial studies

intrinsic rscoafcinatiai radiaticai in G© -v:; oi by ". J . !!a 

2U kia: and ;v, F« flood (l^59 t 109) tesoaEtratod th« phoncn 

but not on iB^uritor ^f^ot* Y. 'E, Pokrovsldi, X» I# 

(19^t HO) haw roported obs«nraUaa of radiativ« 

zinc lovela in ^raoniiss, ^inc@ tiieri fui"tn«r ro ortr of e 

radiative rocsotabin-^tiaa h VQ appe-^red in tl^ ^ussian 

(I. V« Karpcvu, I. .!• rukrovakii I965f nil f. L. Ivanov, A. V.



So far intrineio or naar^intrinsio radiation has been ocn«ia»» 

ered, resulting from transitions between the conduction bond and 

on acceptor level. <to alternative poa&ibility is to consider 

extrinsic radiation for transitions botv/een the oonduotiun bond 

a donor level or aa aooeptor level and the valence band. 

reoonbinution for the 0.01 0V transition to tho ar&enio level ha® 

bwn reported by Koenig and Brom (I.e. 1960, 114). ^o observo 

trantiti no from a deep level aeoeptor cita^ a acthod of excitation 

i» required. -Ms tsay be provided by the use of a recombination 

centre; if eleotroi>>hole pairs are injected into a region ^here tlio 

taain reooB&ination prooe&& operated tlirough a dect , level aite, then 

a high rate for transitions of tho sort to bo investigated i& pro* 

ducod. rlhe oarrior injection aay be either by illumination or ty 

electriool in joction at a rectifying contact* In thia work oorriers 

have been injected eleotricolly into ovoroos^ensated 

gernaniura.

1.3* 2

2dnc is an element in group II and is hanee to be aatpeoted to 

have two aooeptor levels aft an i^puritjgr in gornanii&w rlheee have 

to be situated at 0.03 eV and 0.09 eV above the valence 

'V. -.yler, B* H. ioodbury 1956 9 11^}* 

Throo states of oaqpeaaattfln are henoe available for exao&oation:
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(1} uncoagpennated. by shallow donor ia^urltiao, giving a

crystal with behaviour dominated by the lower sine level; 

Ifell coefficient and photoconductivity studies give the ionization 

energy of this lower levyl;

(2) partially eoa^ensated, in which donors have been in tare- 

duoed to fill the lover level entirely, giving p-type behaviour 

dominated by the upper level, whose energy may be found by Hall 

coefficient or photoconductivity Beaaureaents;

(3) overooa^easated, la which donor* have been introduced to 

fill both acceptor lore!a, giving n-type behaviour, the Ball ocef» 

f ieient and photoconductivity being dooinatfcd by the surplus don ore.

2he photoeonduotive sensitivity in these caces has been nea&ured 

by -fyier and tfocdbury (l.o. 19^6, 116}} for (1), (2) the carrier life­ 

time ie short and the photoconductive acnsitivity oorrespondingly 

low, but for (3) the lifetime is longer and the sensitivity higher. 

This is due to hole trapping at the sine sites, with the photo- 

electron free to contribute to the conductivity. The hole may then 

be excited thervally baek into the valence band to reooabine norm­ 

ally, or the trap nay be able to capture an electron and act as a 

reeodbination centre itself* the recombination probability at a 

sine aite has been studied by A. I, Morosov and 3. G. Kala«hnikov 

(1961, 117); the oonelusion drawn there is that recoafeinaticn at 

a ainc site is i^robable coepared with the probability of thaxml 

ejection and of recombination by other processes*
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aia feat tfcuo boon set as the dateeticii ef radiative trans­ 

itions between the upper sine level find the valence band- this , ro~ 

video an energy of 0.09 eV corresponding to 13^ wavelength. It is 

eert&inly true that a rtacoobinaticn oentre suob as niokel or copper 

would be expected to provide 4 better ohano® of observing a retiiativo 

tronaition; the choice of sine roctoa entirely on the tvaiiability 

a suitable ovorooe^pensated epeeisen.
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tbe gwer.il theory cf irroveraible thermotSyBanios is of fairly 

recent origin, being based en Cnnager'n aiearaa of 193'* <2ust as 

classical thenio<fyWBio& —~ thanoostatlos —— teds v>.th o .a. 11- 

briu& oooditiaae, co irrovoraible thorBOc23rmiraio« is oonc«rnad vdth 

sttftd> fiowe tmdir given amstrrunt.%

In tho stmdard fozma^tion, o»,> thit of S« H* do Grcot 

2CH ), t?3o i:i tonic tiai effects «f gradionts c^ ter.\ crature,

re.'r-'ure, oioctric fields imd such are diaouGBod* In tlds

oertsJa prinoiplea appiioabl® to genoral ste&^r flow conditions 

are dedooed* As a^^liod to oloctrio field gm3ients in 

Joans* the thew»ool<3oti-ic -roportle.> are sucoosofully 

Applic./'.ticn to Ijolk negativo reaistanoes aay be expected to give rise 

to curious features; the only work on this s*ea& to be due to B. K* 

Rldlqy (1963* 2G2) f AS n airoot result cf ejq?erlmantal results sia» 

tlar to t^ioso reported hor@« Our iat@r^jretatiG» cf the prinoi.slos 

of itrerersible thorrao^ynaoioa leads to oonoluedons ca^iidorably 

differoDt froct his, but these seem to be bettor supported by recent 

tol rooults*





o
O

 
O 3 Q rt g d -\ a o

C
 

-\
 

fD ro



2* 2 /4n>licability to

Importance of a correct f onaul itico of irreversible 

e>namicfi for negative re sis tones ic beet illustrated try the f allowing 

ex.^vio, Consider a hypothetical crystal to wtiich there is a eutiaosa 

Vise in tho reoisUvi V at a certain ol GO trio field i^; this day be

to be due to &oaa fioid-uepon&ont carrier capture crcc.. - 

for an ie^puriiy aite, or to a fletld*>dOi>endent carrier 

tb« balk resistivity plotted against the electric field shows

a JUE^> at 1Q which wiU be chom ae & disccatinuil^ (figure 2«ia)* 

Assume first that the crystal r&ioins in a homogeneous state; then 

the current- voltage characteristic ^111 be cd* the form of figure 

2**b* Duppooo hcx/ovor that tho crystal brooks into doo&ins; than the 

current may t>tay at its lowest value, while the extra voltage is 

taken up in the form cf a lugh resiatanoe dooain; thac will grow un­ 

til it envelof>es the whole crystal f giving ttio curve of fl^uro 2»*o* 

ALtexnatlvoly uxiains aay form at the highest point, giving the char­ 

acteristic of figure 2. 10, In fact tho only basic coiditicn is tlmt 

tuere auat be current continuity, and for difforent dooain fiicec, it 
io clear tb^t any position is poordblo within a tTapesiusi ^BCD (f Ic- 

uro 2* 'e>

Iho quostion ^riseo aa to sdiich pa^t the crystal actually takes 

am the voltage ic raised; thero ro throe ^e-veming

(1) tho Qxtomal circuitry;

(2} interned conditions on domain formation; 

irreversible



feterual circuitry idll lisdt any spontaneous movement to a load line:

seres apply to external circuit paraiaetera, as Kidloy (I.e. 

, 203) explains, but it cannot do more, vjhat 1© aesired is the 

e ruiiibriua point on a given load lino* -e set (2) on ono Dido for

the tli^e being ana look to

2.3 ikantlitia for .to S

f oraulatloa of irreversibl.-- t>i6rrriCr^yas«io8 is still 

pleto and paradox ic ionediately onooimtereil. P» Shrenf er,t in his 

itoqyoloijaotAia. of iiatbetaatioal Physics V 1 91 > 2C4, p. 82) first asked 

vital rjueetion: "<.hich sV.to variable* and under vhat

, h»a its mxiianrc when the staticnary state is reaped?"

to Groot (l.o, 1959, 203, P»196): nm s©@ th<;it the anc- 

to this TUOiiticxi is given in (the) thorDCK^ynamioB or irrevoro- 

iblo processes; the charac tori s tic state variable is the taitro y

wldoh h,ie a nintTOMB value in tho st^ticxi«iry state » oa>* 

with the 4Ujdli^ry ooivUtions vshioh o^rose that certain 

oxtomol forces ore kept at fixed values* " Vhuc. the answer is to be 

minimum entropy yroaaction.

Qaotins J. 'U SiE/in (1950, 206, p.233)s "In the stea^ state the 

currents ^ro suoh tiiat the produoticn of aatropy has the largest 

value consistent idth its oubsoquent ocnservation* *" Itie anewer is



than to be maximum entropy production.

iio "you paye your money and you takes your choice*" 

In this situation Mdley has chosen dniawB entropy production 

(l.o« 19&3, 207) and it 10 intended hero to show that in his case 

this is unsatisfactory. It is hoped to give woe insight into the 

nature of the paradox but a coneral f orsulatien from the 

of tguantun atatistioal mechanic* win not be attested*

fiidley's Justification for his ohoica is as follows (l.o* 

203): "in the steady state the overall entropy accumulation rate is 

aero, aa are the overall aoeumLation rates of anevsgr «°d ^ oliu'&r^e, 

end in each case the ^rcouoticn is balanced by the divar^enoe of the 

flov. At equilibrium both the production and the flow of entropy 

are sero. Since it it to be «a^ect«a that the rteac^r state will be 

*a near the e<3Uilibriucj ofeite as the various cons ton ttr. mil tdlow* 

!• «a|)0ct the entrc^y produotion rate to b© as eraall a«s possible* 

Thla plouaible argunent ia at the b^cic of Hie principle of 

entropy produoticn," Put is plausibility

t^ie ^rincipl0e of mlnlKMn and awnrimua entropy production 

are o, en to abuaef is deeionetrated by the i'ollowljig eawaple. -Jen- 

wider a recirculiitory system at ocn&tont temperature; ,, conatont 

head of vater in one tank ie ooniiooted by a capillary tub® to a 

•eoonu tank which ha» an overflow pipe (figure 2*2}*
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Figure 2-2
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The mter i» beta* ccsitiaucu^Ly replaced at its constant head 

height by a fast continuous conveyer hoist, ishose capacity id well 

in oxoesc of the flow capacity of the tube ettiatriotian. v«e now

aak how fast the ssator circulates round the syatoi. A 

application of otinisaua or Tfii_7rftip**» eritro y proGuotion would 

respeotiv* flo« rates 01' -oro or ialinii^* In iv^ot th« 

ftttliill inside tb@ canctriction govcm the flow &ivii ;t> ris® to a 

mcrosoopio r*^ si stance.

This oaae ia closely analogous to that of the spouiai cryatal 

iatrooucod. in aocticn 2*2; but for this c^Btil ti^ inteinol pro* 

eoasee are auoh that tho resistance may take any of a ronf,© of 

duo to oomaln forma ticc. Ahuo we are thronn bu«k on the 

aiaio 'luectlcn "Minl-nu's or taaadsam entropy proouotiai (if eitlier)?'* 

will now be emcained in turn*

2.5 Qerliatlqtt of the

In deriving the prtaolpl* of @inA»ia entropy ^roauoUon for the 

present purpo*ef partioular oaro is to bw taken over tiis o 

under whioh it is valid. H* aetiiOdii and notation are those of 

(kroot (1.0. 19S9, 209, p.6, p»19^).

Ihe rate of entropy production ia written dom for ttio 

a* the sura of a ntaaber of terma:

«hero the ^ roprocont fluxes and the JL foro0a. !2his is based cm
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a definition of the entropy value as being a quadratic function of 

the deviations of the state parameters from their equilibrium value. 

it leave further discussion cf this until section 2.10, Acceptin 
while that the above expression for the entropy production rato is to 

be United to conditions close to equilibrium*

PfeenooenaUgleal relations are chosen for the system between the 

fluxed and the forces 00 that:

where the L. . Bay or aay not be constant. Choice of the J. and X. 

is not unique, but all choices lead to Hie aame relationship; for 

particular J, and X., the L., represent the transport coefficients 
of macroscopic posies*

Cnsager's theorem now states that for linear phenome&ologloal 
laws in the absence of aagnetio fields!

This is obtained through the application cf the principle of micro- 

soopic reversibility to th* tine average for energy fluctuations. 

Two asmsaptions are made; it is assuaed firstly that the 

and rates of decay of a odorosocpie fluctuation art) exactly the 

saoe as for a aaerosoopio one; so that oaoroscopic coefficients 

be ino«rtod into the aicroaooj/ic reversibility relations; thie is 

true for a Maxwell-Boltsaann transport equation and is well justif­ 

ied l& the results j and secondly that the characteristic »oi*cular
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oollleion tiaa is aaioh shorter than the deoay tine of a 

fluctuation; idnotio transport thocry requires this* 'Ihus the Cns- 

a*tr relations are Justifiable in terns of Bcitsaann transport theory 

in the neighbourhood of eqjuUibriua, the criterion belnfi the validity 

cf the quadratlo entrc^r

axe now in a position to 00x17- cut our alaf wiiioh is to

srlatiaiary state of a aystea with the state of ainiaaa ent- 

vepj production* ie oonai^er a a/fites vltii n anaepeBoent . .-.r . o : ; 

(such as pressure, tef%»ermture) and k foroee (k< n) X, ... X. held 

ocnstont ty external ecnstraint (such as a teE5>erature gradient); 

then the stecufy etato is given, by doi'initiai, .^hen all fluxes 

the particlo flow) are aero, nhese oomsleoentary forces are not fiaeeu 

constraint; thus:

Ihis ie to be oce^ared with the ^tato of Biinteum ontro^y ->roduotlon 

Ths entropy produotion rate is:

Thic is ataticoaJEy

S) » 0 

Biff eronti.i ting t
V

* x ^^ ) x « ° » i « k»1 f k+2, ... n.
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* j yjr 0 , i * &*1, b*2, ... n.

*
./ i •

If the bMMM&ogiQal i^iaUcns 3T@ llnsar th«» tha etftt« of

is ti«5 5tea4y state. If tho ;/hon<^enologloal rolution^ are not 

linear, than it fefteeo** difficult to detarwlne «dtmt the Cnsai^r rol-

aticnohip i&* This question, i& Sieousi^d by J. T« J. ikirie, J. B* 

&!lXin and E. ii* i'iko (I9&5f 210); straightfori ,;.ii\l 

the ro^^lt && above:

from ;-hioh it is apparent that Hat «t*a<Sy atate io not that of 

productioi. It is the daparture frora line.-^ity of

laws which imulidatea the mdniaaua entroiy 

ion priaoii lo x^atlior ttvm th« departure fr®& O'tiilibriiKi. la the 

next coctioo it tvill bo flhom that with linear Iaw3» least entropy 

prodttoUon can MBaia * r«*aeaabl« etw^y ©tat« orit«ricai 

far



In ataaderc teats ca irreverr:^-... v or .;c^/ii-. :iic 

ia generally caif iaed e&tLroly to eyateaa with

ioal otiuatiGPt^ Ihis is elderly stated, but it id alco streefcecl tbat 

tho ro^sm for tide la Ulat tsnwii^ort np^xartiee of pb^sloal ^yst«ss

fall into this a.tui.Joiv. -lie coofuaicti to bd f omd in. tiio iitar^turo 

to bo due to the «cctcvticm tbat 1M& ®vioiiia apj.^ to all aya-

atrosc i» ^Oaced here oik the diiitanctim bet^oan the

offeote of noo-liaeejllt/ in the plieiioaMaolc^ottl equatione aod of

ajliiaeneai to e brim, nith reboot to the Talidily of the prii>>

oiplo of miniTBUii entropy pro^uotioii* Ile^leot of theae

the r tar ting point for ^isuaderetandinc; often the @&trapy

rato is obtained diroctly froa tho ; hysioal system and oet to be a

without further ado* &t interesting inotano© of this ia pro»

the eal«julations and oofflBenta of H. J. a©iri (t;?^* 211 5 

1955* 212; ^>5Q, E13)« He considers t»o dofinlte asai^Ue*

firstly tv;o iciontloal eoDtciiuui- aC an ideal a^® separate^' 

a oonatriotiaa are held at diff cron t t«apeiuturea by Hnannl

beat baths. IndiTictual an«r@r atatea are defined and the ratea 

of ohaafi* of the ocom^Uoi probaUUtitta of the eoar&r aUtea in the 

two oontaiaere doe to the heat bathe and to gas flow botmsen baths 

«ra ealeolated. In the cteo4y »tate the rates of occupation ohonge 

are .^oro* Ihe ayatam entropy is alao written dom and the



production rate calculated. It then becomes apparent that this min­ 

imum production rate only gives the steady state if certain assump- 

tions are made about the conditions* It should be noted that the eff­ 

ective phenomenological equations used aro very far from linear, and 

the main effect of the approximations is to linearise these rather 

tmea, as is assumed to be necessary* to bring the system nearer to 

equilibrium*

In the second example, that of a spin system subjected to a rad­ 

iation field, this feature is still more apparent; hare again the 

phsAeme&clogieal equations are very noo-linear and the minimum ent*» 

ropy production principle only approximates to the steady state con** 

dltion when certain assumptions are made about th* conditions* How­ 

ever Klein made numerical calculations for a particular set of con- 

ditiois well away from equilibrium, and it was found that the least 

entropy production principle gave a close approximation to the etoudy 

state*

Qtaottag Klein (i.e. 1960, 214, p.203): "Although the results are 

limited to the simple case treated, they are interesting in so far 

as they surest the possibility of quite another range of conditions 

(apart from close to equilibrium) in srhioh the principle of minimum 

entropy production may be valid, * In fact the effect of the change 

in conditions is to linearise the phenooenelogleal equations, thus 

giving ooa&mtatloaal eonfirmaticm to the hypothesis put forward here 

that the validity of the ± rinoiple of minimus entropy production relies



oi the linearity «f • the phanoeenolofieal e^entlens.

have considered Klein *a tanvBploa &» m&r& tkan ^ ^^in^ raf-

rockaied to bs of moro t&tn e&rginal iaecrt-

s of 3tE

f p.166) t^ secoid eaew^lc is potod in its original form, 

This indicatea the need for a fundaaontal appraiaal of the vi.ulu ak

reaatr, aa^' now bo applied to electric fiuld effects in ory- 

etals; iio Ictift as all pbemm^olo^oal o^u&tiocia are linear f the nin- 

entropy production principle Liay bo expected to give valid roo- 

Keaults for thexisoeleotriail^ and for oalv^na^gn^tic and

c effects oasfirm this* Uut ^>plic&tiosi to e 

ncn-obsdo effects and in particular to differential negative 

enoe9 fAdeh is the basis of SiOLey's work (I.e. i^3t 26), is not 

Justifiable and honco is likely to l&ad to invalid

r,tro...v

Vdth thii ne^^Uve conclusion we tuni to 

ttie princdple of madmm entropy produatlcn; here th@ f onaulatiai 

the notation to be uied .,re duo to J, M* ^injm (1956^ 2 4 7; -t^O, 

P. 257).

's equation for electrical ccndncticti is introduoed

fk *



, aaffietio fidUta and diffusion effects will b® ®et

a£f@ot of tbo clectrio field £ aay b«j w*lt*»t ii' tlic ohaagi 

froei equillbiduc i& aoall, as:

k Is the groi^> mlocsii^ and tlio fioro suffix danotes the 

•quilibrlun value. The olootyon aoattar rate d^v«nds m Hie 

aftoiicn for tto r.rcocoo and on thft oocopatlcn probabllitiefi, with

ferni-iilrac ctatirtics.

that ::(k,k T ) 

For «Ia«tio scattering f « f, .

f . « f * <P f*

k
obtain;

0 • f,)Q(ktk»)

£*

- e ;witico raay be repre£<aitod ac

Defining:



aho*0 that if $ is a eoluUca of

% a P f 

Ottd t Of

-H- ^ $ i; ; the mo v£iit£ !X'~--eE OV,py> a 

To ensplcjjr tfcifl *!*slatiai.:.-,I todsii^c to i-clvo 'the c ^

-X a F| »

a«t of ftc&utloas to

f and A linear ocstelnation ctf theo« with variable ooef- 

la m£ft; thai the c^.Uiaua colu;riotr V is the 

the eoeffioiente aro su<^ that

has A mftjrfffflff valuo. '^ir ic valid eub^ect to the eccditions that

0 f oar all ^ and that <^ ,. V •> a 

&& tthem th^it thi$ tocimi'iuo has a 

anuo* "lio bacio «Kju&ti«n is:

Variatiooai teaimi<|i»e& taay be applied as long as one &ido of the 

equation is independent of the v,*riabie. j^xxakiiig baok we not®

that tiio cii^tributico f unction £ . Iv*., bean eliriinutou i ;x- ,

field termj so e»tl^iufe aay funotiaa ^ of the distributiua funo- 

ticof lie may cwy that for any Y
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TSaeatt0r

a*» identical* and the eacprwcttion to bo orodedsad is equivalent to 

to* entrewr pv*ft*ctic*u Thia is in^entoueiy interpreted %@r 2iaw 

Mi faUowD; tike irreversible scattering proc«63«a proc.uoo entropy 

at a oortaln ^tef Tfhilo tha eloetrlo fitald sw«ep« this aw*y into 

tlio resarvoirs whera it appears as Joule heating; in th« 

st&te thea« two ratoa balance*

the principle » defining the entropy

eoattering as intrinnio £md that due to .fielus a® extrinsic; his

is (I.e. 1i6> 221 , p.1^63)> n Qmaid«r all ai&tributiccia 

cf currents each that the intrinsic entropy production @|uals the 

«xtrin:--ic antrajpy production for a £^.von set of forces* ihen of 

all current ciietributicsia satisfying this oonoiticn, the 

otato dictributiai nafces the intrinsic entropy production a

In tha darolopcont & tha principle* the choice for -y of $ 

was arbitrary; each a choioe enablad tha ontropy pro^uoticns to be 

vorfead «ttt ta&ily; but mere important the variational con J-ticna 

my be ahoan to be eatiafiad i'or elastic oollieiono* a have thua 

dMMfc that tha mnadHiBi entropy prcducticn principle is coard^tcmt 

with elastic ccUid.cn [ rocecaec in a farod gas close to o.]uilibriu-i;



in general however it is no Bore than A postulate for irreversible

\m would cutest that the abcvc is a mere

treatment of the application of the variations! principle tMn that 

given by Ziman (l.o* 196*0, 222 )} 2iwan a*kfr» no reference to the need 

for one &ide of the BclUaionn equation tc be constant for variationa! 

principle* to apply and claims that the mri im;m entropy production 

principle 1ft beine proved* In foot it Is just being verified for » 

ratimr limited mage of conditions,* it is the linearized Boltsaann 

equation vfhich is being oraployed and. thit can be shewn to lead to 

transport equations with linear co@ffi«lent& (C» ?. ju Beuumont 195^, 

223}* jinoe we are agftin limited to linear 1& s, we isoy wondtsr 

whether any progreae at fill h»» bee& stade In thi» sectioa ep^rt f roa 

the p*radoxia*l subfititution of aaxinua for ifliniafttm in the entropy 

produetion principle for the steadjr

2,0 % yXiomtlon ti> Heatrieq fretworks,

We have thus fieea that oonfu»it>ii between prinoiplee of niniataa 

AAd BJUcAcigi entropy production 1» AlAnaittgiy poesible« ^iaaa points 

this out (I.e. 1956, 32Jf , 1.1264) end add*} "^Q two theorem seem 

to be entirely independent of each other. 8 let a cla&sic exaa^le 

cf their application to two aspects «€ one : rotion tay be f cund on 

*4>*etit pagefi ot the textbook by <?. Jeona (1^25, 225, p*522*3}» 

decticna 357 and 353.

•Section 3^7* Theorem. Ahon a e toady current flows



ft neteot* *f oouteotoro in *Mtati no diflocntir.u.'.tie» of potential 

occur* (and tfiioh therefore ecu tain o no batteries), the eurreats are 

tistributed in suoh a m& that th© ruts of generation of heat in the 

neteorfc is a aftatassty object only to the conditions imposed \xy Kircfc* 

off *s first Law." A proof follows based on virtual displacement. 

Sals is minimum entro^r ^reduction.

"Section ^3* 3%*»ore*» €ien a systea of iitoaOy curwnt* fleve 

* network of con .uc tors of restiataaoes it. •** H

batteries of eafe B1 •.« ; , the ourrentB x, ... xn are distributed 

in suuh a nay that the function

!• a "^rffflTj ou»4«ct to the omditions iflpesed by /.irchoi'i' •» First 

Law." Again a virtual diipltceaent proof foil owe. Siisan (I.e. 

226) eho«8 that this is a case ef aaxL.iu:r. oi.tro^y production*

So as £ -7 0, th® Mtte theorem is a d«aonBtr:.tiui of the

ci, lorv a.' ninlmon and of maximum eotro: y prooucticn* ->o ahall

iae the therao^naaicp of ro si stive networks in acee detail for two 

reasons; firstly beeanse a network provides a situation in which the 

pajmdox oan be exanined in ita barest ei c_~ , ... - , ^ccodly boo- 

attse it is preoisely «ith nogfttivc rosistanoe netvodcs that urn are

The basio feature of n-jdnin-aticn is the variable* In this oase 

oonsddor a network of rosistanoes and «af s aai^toined at constant 

by a lor^s heat oapaoH^* The network currents provide



tbo variables. rih> iag>osition of rd-chcff *& IAWS defines the opor- 

attag point exoept under epeoial cironnrt ^c^ -: than a ra-oxirdsatioii 

process for the network is laeanin^ful if its a« -;lieation, together 

with that of on® of Kirohoff fs i*aw» provides the other. >»e ohoota to 

apply in turn the two «ntaropy promotion principles to a iiotwork, 

togothar with iCirohcff* a First Lar;*

A artotffe ia teflaad owavonticiially aa * att cf n cloBod loopa. 

BPP ii f w? 1^ CD of tsisiiBKBsi vn^nTQpry ajro^uctitsa. &o

tbeso being outside the part of t!io iiotv;or>. boine conrddaro..;* The 

loop currents aro dsfined AC i and resistances ocraeon to two loqp

«a ^ ,, tho curroat through such an clamant boiriG i^ - i«. IMt def

initial of loop currants oncuroc that KirohoCf fa firnt ^t; is valid, 

however aaagr loops ocnTori-© at one node. Than by the ralnlann aotropy 

preiuctdcr. priaci; le, Z Hi ia a ataticnary (sdnimiffi) point in the

****** «ith respect to miriatLon of the loop current:...

farentiatarvg with reepect to i ,
1" 
L'

Aaaoado* otelo oondittons,

2

This ie Kirohoff 's Seoond Law. For ocnfini .tion that the stationary 

fOint ic a oininum, we refer to the voriational technique of Joan a 

(I.e. 1925,



The priaoiple of aaataBa entrepor predactioc; is ttsv «ppU*d to 

a nlart ,3 orly defined network, in this case eafs in the loop circuits 

beta« pewsdttod end denoted S± ,. Tho principle statee that 

has ft staticoaxy (maxiaum) value at the stea^ state with 

to variation cf the loop onrrents, subject to tlie condition i 

the entroi^y ^roductioci equals the ^atropy flew, ejpreefed aft

iot-(»

these coaditicus by the method of

mined 23ultipXieir&9 the Ltatiaaary point is civan

• 0

a a

If at this

glveoj

"X

all re si stance s are atflttsaed ohaeic, 'Oifferentiaticr,

^
2 I ?. ,(i - tji A w t *-•

2 0
E

O

Hence the oondition bocooea th ,t 2 1 ;,i - J _a is to be

end differentiation

chcndng tho process to be oarudc.tent \?ith Flrchoff fe Seoond Law,



ocnfirmtion that the stationary point is * •••!•• wqr %* f < 

liy the wiattonal technique of Jeans (I.e. ii?2&t 228). 2h«re is no 

ocntr.'i:d;;UoD betfioen "mf*"* and miiunun priiioi^loe since in the lissit 

of cere electric field, the funotiaa to be naxinised la just the ne*» 

ative of the one to be ninf

3o far all reatetanoes have been asewaad otedc. t ur aim in this 

chapter is to eccmiae the theiwod&raeaiofl of non-linear and 

«Aar ne«ativ« reaietanoes* Hie principle of niniaua entropy 

tlm is not ea^eeted to bo valid for non-obaio roaistanees, f olloning 

froD sootloas a.5 and 2.6. lETforonUaticii of equation (2.0 t&tfe the 

resiotoncos as funotions of tlio curronts does not produce Idrohofr 9a 

Seoond La«r» but ^vos a rolat!cnani# iaeorporatins t.hc re sir-tar. GO 

differontials* SSaoe Kirohctff 'e laws dofiae the steadfor state, nin- 

IMM entro$Qr producticn is to be di Boarded an a principle i'or a, ^ 

to naa^olvaio

nov oaae to «mmine iiaan'e ^octulato that tiio

production principle nhouid apply to the steady state of the 

fhe incor or-itico of non*o2mlo resietanoes in Hie efnatlcn® (2*2) 

results in an equ^tion involving tho resietanos differentials which 

ie not ooBi|>atiblo with Kirohaff *s Seocnd 1-aw. 'itoro aro fnur alt- 

emotive conclusions:

(1 ) A ncn-ofacdc reaistanoe implies the iRtroductiua of an effect­ 

ive source or aink of current f lois« 'Ihus •"mtlfiit entropy 

holds but irohcff 1 ^ Lawo do not.



(2) SsudUaum entropy production holds; the calcadattozi ha« 

not token into account all entropy flows, suoh as heal,

(3) Tho *tea$r «tate is defined by *«** stationary prinoi

but this is not m^i*"^ entropy production as defined liar® in the case 

of riGn-ohpie resistances,

(4) Ho stationary principle <nl«te*

Conclusions (1), (2) ©?*n b® aoRoliahed wit&out dJUTiculty. 

ibereae it ia possible to bav« active ncn-ohrdc roaiators which forw 

current sources or 3inl:s, it is e^ially possible to have passive ones, 

for exaople a c.yatca with a field dopeaidant raobilHy - — nuoh forms 

««r tent oa&e* Ccnoluaion (2) can be show; to be invalid physically 

end lo<gioally» , hycic.,lly it is fair to postulate th@ network being 

in oontaot with an enormous heat oapaoi^f so tKit entro; y flow 4toe 

to tfee reaov^l of ifee Joule heating can be ignored* LogLoolljr th®re 

i& no dlfforonoe between the otedo oaae in ahioh tlie principle liolda 

and the tiuri-ohnic ease in which it does not, in terms of entropy flow* 

As scientists we set oonoluslon (4) on on© sido until all hoi>e of 

satisfying conclusion (3) has been abandonee*

2.9 ^e SgafQt^. for a, $m ...jfti tgo:.qr Pro4u.c.tlQn

Belief in the existence and usefulness of a stationary principle 

for the running of the un verse is influenced by ihu CUCCQSR of other 

euoh principles* Vhase are tha lainiiaum potential energy i>rincipla, 

the ncueiaiHi entropy principle, and Format's prinoi do of least action.
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So eee how to proceed, we aet up as close an analogy between ent­ 

ropy production .mil potential energy aa eeeae possible. «* consider

* aet of elastic stringa of different elastic constants but all of 

negligable natural length. These are initially aaetned to obey Hooked 

Law; thoy represent reclator , the length representing the current and 

the tension the applied potential. Ofee ends of tlM strings are con­ 

nected together in a definite way to represent the resistance network. 

She string eyeterr is suspended froa one point and supplied with weights 

which represent the eafa at different points of tho network; hemoe it 

in one vortical line* 3&e ccrreapoadenoe between the static and 

eysteos is now 'virtually exact: it will be invustigated further 

la section a.17.

The equilibrium situation stay be aaajejimil in teams of virtual work.

•ajuillbrium ia dafinaci by tesro conditions; firstly that there ia no net 

force at any point and secondly that thu potential energy field is oon~ 

cervatlvo, leading to tho condition that the net force round any loop 

ia aero* iheee are analogous to .^rchgfi'*^ i&wii* le aay now apply the 

fwiaadple of atationary potential energy; this states that the energy 

stored la o-luiJ. to the lost potential energy of the weights. (*h* prin­ 

ciples deduced are that for part of the string net where there are no 

weights, l'k\^T where ^ ia the elastic constant mid x the length* i® 

to have a atationary point, while for a p^irt of the net ishich indudos 

>• X ' »r - i,iX.xr is to have a stationary point. These repre- 

it applieatione of the principle of virtual work* Now the rild point



ift that too i-ranci^ae of minim potmtiia oatrfir ond tfco

of virtual work may atttl toi allied T&OI thd stria^ ^© «ot perf-

ootly ftiftstio* -a^ that In ft*o«»«!iry is that tb» total marigr stored
X.

a string ehoiid bo qrittaa ad Jtad5«
o

It bftoonoa at onco appa -oat how the nmyifmim entropy

-. to

AU that s*ea» to be required i& that the tntrc^y
*" *? 

d bo witton ar J ^ lldi, wiiioh givss tb» aoc«pt<}d rocult Hi'
o

the rssistaxv . ,X) ohaic, Thi^ substitution in the eorliar

: 2»1 # 2*2 prevents the appearanoo ef ratiirtjjico clcrivativ@sf 

so that Klrchc£ilfr .uai?a ar® ocusiint^nt with tfei« »«w for® cxf th® ent>» 

ropy ..roduoUon : rinci;,los. it «oabl@d tiie local slc,.^ raaistanoo 

to fc* oGsploorftd Wtlfeer tfcan t&w* origin bas«d rosistano®, ajs is 

required 't^y K&i*«lioCf

2,10 J^sttfioa,titq^

The oonclusior>. derived In the la^t sectioi, tlv.t it
y

to dWPin© tbt ontropy : roduotioi rates in a rosictor ^^ j 2Hidi rather
2than as Hi ic quite radioal. It is :aeor that wo cannot proceed to

substitute thitt into a sanerai ^rinoiple of mxbmm «ntropy 

without firat osuntining its iia.aioatimr for the baeio struotur@ of 

entropy theory. In view of the uae-uines$ of the praecnt stru-^tura 

in physios, any lack of self-oonoistency in tho mo^if i@4 atricturo 

would fluflgoat that the aia of defining the steady i tate in Ixsras of



a stationary point in the aitra^y preductioi •»*• feet* to bo

It is not intoadea to woffe back step by ctep free the new 

doctioa rate to ^o »&dt jfrtit* would be useful. Instead

a change to the f oua&itiatk of entropy theory and show nhere this 

leads, aiscussioa of this foundation m& deferred in th^ derivation 

of tho *ft1n1 |BBii entropy produoticn principle (i*octica 2* 3) to

th® prw«atatiai tiKsro. flMi.founu^ticii .la -.Tuo^ticn Is

«itropy a^^r<mBo.t^ciu Wo clireues thi^f f cliovdng the cisthodc and

nctatiotJ df P. flasur

ie is ac

Ibod vectors

the

with H

) » (r. , r>t **«

B, S >•

tea is 

as A B

r n .

ri ); the probability of finding th^ in a state

in th© -Xv i;- dai^ined

f (*i

A is the volume cf aae ^i tho dS

and J\(A) the in eubr^;-o A, A * dA» /,« assusae a Caussiian

dUtribution about aeon values A - A®. Than
rv

not? ooopiired v»-ith the entropy value* Boltm&in*£ 

poetuiatc in:



80 thats AS m 3(*) - 3(0) « k log(*A(*)A) « k log f(<0 * o 

or: f(O a f(o)
(V

Hence: A, e -

Bay be regarded as a form of 2aylcr series expansion up to
O

ardor * for $(<*-) around its oaxisuia value 3(0)* Any cipprGaiablo 

departure f roe equilibrium may bo looked at as requiring; the addition 

of higher order tarns in th« iuylor expansion, or alternatively r« 

the validity cf on;)Ipying a Gaussian distribtiticm* 

i»8Sian or nomal cliFtrlbuticn thus f orr.;; the f cwidfitican to 

aatropy promotion theory end it is precisely this which we with, to 

question. The derivation of this will now be sketched in; notation 

for HM OM aiMBeicfiol oas© is dram fror- ii. Jeffreys (ii)6i,» 2^0) 

and for the extension to many uinanrlon^ fron E. von Mis«s (i>SV, 231)«

In cue diaenaioii the distribution i® baaed on the binomial ti^eo- 

ran. If the ohanoe of eueoena in on ovont H ia x, of failure 1 - x, 

ttMB HM probability of 1 * a trials giving 1 micoftftseo and si fail* 

wee is:

ropr«Mmt« a ttftt in th« Maoaial eaq^m^ion of (x .-f (1 - x}) 

ty- the tta» of Stirliog fs ti^oim ipLvee (Jeffrs^s, I.e. 1

P(l,mlH) « 1//(2T(i * a):c(i - x)} . ext (-(l - (1 * m)x)2/



fide eagr be written ass
2 2- a

x m & is the position c£ the m^rs^yr" of t&« oenaity funotiai 

end h the aeasure of preoieicn. Sxt-^n&iui to smiltidisaonsional space 

provides the produot of the probabilities of eft* iaaiviewu aitaension 

toother with cross-terms, giving a mm within the ei$caential (vou 

ttUee 1.0. 19ft.* i33t P«43t)i tl» roaut is:
(V

f(^} « f(0) e^(*1/2k .1. 

It id now suggested that a ncre general distribution i\inotiun is given
n, ^j

' J

In one dimension this is equivalent to:

p * .

It io ole-or that this f oro of distribution is related to a 

stoetfefttic prooose* The probabxlity of a given M»t of events is 

provided ty the probability of building it ^p f ro» e^niillbriu 

the individual event probabilities are not independent of the 

urtition at any ntage; in the one dimensional caeo, this ia v?hen x 

depends on l,n. Ihuc w© ar© led to oon older the probability of ono 

set of events a?, compared with a neighbouring sot.

.«• .o.l. «•,

2(1



Then we may aoy that the relative probability oiv v(l - 

to P(lt^Ui) i» sive* Igr their ratio:

So a probability may be related to the madamm probability as:
t

or sore

to nuny dioeetdtcns gives the daeirad result:

• Z-5 J «ij'i

The normalisation factors f are defined with tho aid of integration

over all tpaoe. For entropy a£>^lioation&f all calculations oro 

with reepect to the probability aaaeiiMBi, v?hich i@ taicon to ro resent 

the eqenliibriun oint. A problem «hiiih arises in considering the dis­ 

tribution in terms of a stochastic prooo&s is whether the result is 

independent of the path* The ox. arei»idon arrived at id ayanetric 

all terma; tuiamlag the ^ to bo single-valued, thi® integral 

a unique value to each probabiliV* ©® "^at the difficulty coecm to 

resolve itself*



2«11 tSb» I hysioal Baals of the aatropy

Sha f oraula for tha entropy has thus boa: voristi f roo

tO S . - £ I-

in or-iar to oope with situation whara tha probability of a

atata le not independent of the probability of a state with 

|>araaatera« %• point out that tha ^*& r0pr®@ant tha 

raluee of oaoroaooplo panoaters for uJ.tr'i-aoall 

oryr-tal. ; hy^ioally a given state develop; by a 

fraa a nei^ibourin^: cma, inzstaad of Ju@t ha-p; -aniag at ra&dce^ so 

way hopa tt»t an entropy eoB|>utation which anplogra a stodm-^tle 

ooso from a^alllbrii^ will ba aora eatiaar^otory than one sshic^i usas 

randan probabilities; the two should than ooaa to tha aaaa value 

itian noD»rundon inl'monoea are rasovad* It i& our claim that th© 

altarad entropy f oroula aaats the.<5c oonciiticor.

Itio non-rondm influence taoy bo -aia to be local order* lmaa» 

Sainc a eot of «*-f s to re^rosant tha departure fro® a^follibrlum 

tha taHparature for a large nxsaber of seall rogi^o in a 

it ir clour that a atata whore nei^ibourins region h^ve 

t@fl|>6r^ture v.auoe 10 more probable than a rmdos array of tiie 

vuluoe* In norciol olroum&tonoaa t*ds ordering Is of such a short 

ron^o that it o«*n bo neglected in the entropy aua; such Is tha case 

for linaor ^roeaaaaa, Rovarer for oooparuUve phanomana, ttie eff aot
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of order on the entropy 007 be expected to be considerable, and to 

le&d to ncn-ohnic ^recesses, In this thesis, we shall be cccicemod 

irilth two tv.\ ^. of oroirinfc in n@gs.tive resi stance, in r©4i spaee and 

in mmemtiui ep&ee (aeotieag 5.3*9, 6

2*12 ^tovig't of

',.e fir,:t u.c^ tl.o orti.cw.c^ ^ravtsuant of de (k^ot (l.c* 1959, 

^be quadra tic entropy eaprearicr. is given frca section 2,10

81 S = "

fluxos ar« defined as:

•ad DM faro** *u

provides the r;-t.rting potet fear the iir,ou»slcn of ainifWM eat* 

^roduollcn in section 2«3; it is precisely boc^uco this has 

been found to be inadequate for non-linoar proeesees thet * more

valid treatment tm@ bi*cri atteog:->ted« 

The new entropy oxproanicn is given by;

8 •» -;
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Here the oooporative features have been tranaf ered to the ooeff io- 

ient HJJ. In an eleotriool network, cross-effects between different 

ooqpaientB oan be ijmore«l» ^Mr remits in the entropy 

being given for the network as the am of the production rates 

coaponents, those belagt

Looking baoh to socticn 2,? f It is to bo tocai that this is the fora 

required for a stationary principle to a^ply to a non-ohalo net«ork, 

end aloo that augfieetou bgr analogy from the equilibrium cf a net of

2« 13
i 

Ine oerivation of the entro^f prodtsotlon rate as 1 A . ) 2RIdl

is not ooBpletoly saUsfaototy. rirr.tl^r there la the trouble over 

the differentiation, »here f{§, &»•*-*> *i ) is nes^eoted; this is 

explained a'^y on ^J-jyaioaJL groonds and ^oo:;,c to limit the use of the 

entropy expreeoion to slowly varying eonditions* :ioocm,iiy the^e are 

problems over the cussaatlca notation* *£he aia hac boon to :/rovido 

a derivation which la plxynioally v^iu, notationally tolf-ocusiiitQnt 

end tshloh redoees to de uro .t'o form (l.o« 1959 9 ^3£>) for linear laws* 

Ihic hac DMA nade aoro dlffioult by inoon@int@noie& in do ^root's 

notation; his analysis en $&&&& t>»7 ias



A3 . - 1 c^i^ . 1 J^ .

MMlyoia la wliA IT tfco •trniitg of a aflanattom Is treated with 

degree of inib1gi1*tri Licence d* thta *ort iti i-u.-nilrod ;n d^aii
o

vith tb« reiaticr.diip bfttween hosociorphio (s^) and hetoroesozphio

tersaa, aa la unad lagr de Groot on p«2i (i.e. 19!>9» 236). A

•ore detaU«»d investicaticw of thftM euma is required than i» 

here; similarly tb« a^aroti for a oon;.'lotely n»w «»thod at 

tf ito «ntro;y produotloti rato, iast^ad of tb@ rn.tJwjr conventional 

approooh adr^ted here is outside the scope of thia tfork, -ji ,\ k, 

froca tho atan4point of f|uontun static tia-O, Beehanioe should bo 

ltte« folloY/ins on froci the work of X, Prigogin©, G. Ccvomo 

237} Mi M» Baar, J. H. Jordan, P. C. Jord-ci, •;. ^ ^r*r (^963, 233)

d' tho entro|>7 derivaticn glT^s for a rovortiblo

Thia ahova that departure froo tha opnaol Td3 equation is oauaod 

eooo of tho ohfioioal potentials not boing truly intensive quantitioc* 

Itodor tfeoao oiroaaatanoefi it is ioperativ© to uao the looal slopo 

raoiatanoo, rathor than tho origia based alo;.o rosiotancx) for tho
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of qpantttlea sarih as th« entropy* She preceding

have provided nothing but an elaborate justification for es^-loyiae a 

alope resistance.

of £htror>y Pro&iotio .rfrinoi.pX.es,

aim of the preceding five seoticna has boun to obtain a 

stationary A riaciple for tho description of tho stea$r »tate for Irrev­ 

ersible proojOftees* Ho orifitaality is claiaod for the underlying choice 

of tho entropy production rate fox* this function; V.-G quote 2ia&n (i.e. 

i: "It amours to be a well laiown law of physics, yet for 

it is not stated anywhere." fa have shown that consider* 

in the aethod of ooaputfctivxi of the entropy 

are required for the principle to be applicable to non~ohrdc 

have been made eaployinc the f cOlowia^ points 5

(1) The ea^res&ion& for the ontropy and for its ^rodaotien rate 

aanaaetriaol in tho variables*

(2) *£& O3^ression& reduce in the oase of linear pi

to tho wall-founded expressions of lino .r irrovoroible

.Oft.

(3) She expression & are valid for noa-llnear ice thermal

it flows, as in the ease of electricity in a network* 

Irreversible tharaottynosaics i& largely ooncemed tdth boat f Iowa 

cross-flows which have not so far been consioareii* -ho now 

onions may bo applied to these* with the f ollcming



raised t

(1 } Are detections from the espre&sica* eelf~c<msiatent?

(2) Are doduoticaaa consistent with the aain bo^y of ^° theory 

of physios?

(>) Are deductions experioen tally oonfiraed?

•e ea&nine theee in outline* DM qynaetry of the e^rosaione may be 

expected to remit in uniquoly defined crosa-flow paraseetere, BO that 

6elf*ocosiatenqsr should bo no problen* Linear theoiy is ^lrett% OBbra* 

oed \jy tne ne« ea|>re®^,on&* Sc for little theoretical interest has 

boon &hom in the analysis of non-linear flows, K^uationd for heat 

transfer in noa>-ohnic oonduotors have been JeriTed by w A« Dooscmic^li 

(19^3» 240) I9^f 22*1} and tbnee have bo«a exte&ded b^ D* I. J, liurle, 

J. B. llullln wd 3, 3. Pik^ (l.o. 1%$, 2^2: 1965, 2^3). ^»oh **ork 

is bardd en the orthodox entropy production ea$>re*ftion& so that it 

would not bo surprising if the results were not oonni&tant* Indeed 

en investigation of the diff ercncco or siisiloritles in the exprea&ic&s 

derivou would bo of considerable in tore -t. Hot^ver the possible exist* 

enee of rival theories in this nattor does not in itself throw any 

light en their roo^eotive merits* For this, e^/erimontoi recultc on 

nen-lineor croco-flow^, suoh as the thermoelectric .^ro, ertier. of ncn- 

eheio roeistancoc, are required and these do not sees to exist* Ihia 

kind of cubjeot may be eapoctod to oocse into vogue in view of the 

interest in bulk negative reui&tanoe* ii«moe «e feel

if iod in leaving the general theory of crosa-flowe and conoeatrati&g
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Energy Confours for Two Elastic $tr i nqs

extensions

an «ray contours

Minimum Principle —— the equilibrium point on line L 
for fixed x.+atu is where it touches a constant energy 
ellipse; then the stored energy is a minimum (& < E c»

Maximum Principle —— the equilibrium point for the case 
where the weight hangs freely, when the stored energy 
and the potential energy are equal, is given by the 
tangential situation on curve A; other allowed points 
are inside so the stored energy is a ma.Tin^m (R > g ,



en fee application ef the stationary entropy , roxiuoUoi 

to isothermal ncn~oi*do networks, content that the ^ riaci#le has sosse 

ftinaeaental basis and that further analysis, thong* useful and indeed 

relevant, ?&uld not serve to determine its validity*

feature of tide work en irreversible

la til* aoiutlua of the p^uradox of 

t ^riiioit>Ieii ul' i.dniwum «nd 

found to b« valid for linear

that vidth a rovi;>uu 

bo oxtcndod to aon-liii0ar 

to tha

apporc&t

csatropy pr^^totioru 

1 .,',,, ^sad

.y proOnoticti th«*y

how thli.

string

To «how 

* The

ered of t«o rtringR of nogligfible natural l«ngth .jointiu In aeries 

to support a given woi&ht» *te oaer^* stored in the two stxinge is 

plotted lay aontour for different extonoionc of each x t x^. for el»s- 

tio f-U-itt^a uf diff extent elastic conatoiit^, tl;,w result noud be e, »et

of oentral ollipaes* the equilibrlua tituatioo depend.*, on ksm the 

qycten ie oonstrainaw Cue pocaibiiity i& to s^eoiiV that the weight 

be held at a fixed height, so that *< + x^ = ocnstant; then the 

etrin^s adju.t tlioir lengths so that the energy stored is a ainiisuou 

Shie is flhom in fi^suro 2,3 aa the point at whioh the ocnstant 

oontourr, taooh the ecnstraint line. 1!hi3 gives the pr^no. v,io of lai 

. torou e : r^r. .Utora^tivcly it ma^ be specified that the
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is to hang freely* Then the string* adjust so th&t th» energy stored 

in the strings is a maximum, subject to th* condition that the energy 

stored in the strings is equal to the potential energy of the weight. 

this is shown in figure 2*3 as the point where the line and contour 

•wet tangentially* Hence mayimum and mi n liana principles represent 

different methods of using the sane diagram* A similar line of appr­ 

oach aay »e applied to the entropy production principles. The problem 

here is that it Is very ouch easier to visualise an entropy contour 

diagram than an entropy production rate one; yet no entity corres­ 

ponding to the entropy exists in the string analogy, as the energy 

corresponds to the entropy production. Ihus while it is valuable to 

know that maximum and minimum properties can exist side by side, it 

is useful to construct an entropy picture to see how they apply*

Topologjcal Representation of .Sb.troMr Production.

fie now proceed to con a true t a suitable topology for entropy pro­ 

duction representation. This will fee seen to have many features in 

common with the topology from which the production rate expression 

was justified from statistical principles in section 2.10.

4n isolated subsystem of the universe is chosen, to be called 

•the system*, (e*g* a fixed volume containing gas)* This system is 

split up into a very large number N of subsystems (volumes)) in 

each subsystem, each macroscopic state variable is defined (temperat­ 

ure, pressure, density, etc.), n in all* Thus the state of the whole



is defined tgr Hn parameters relating to subajrrteeis, where Ita 

la extrcoQly large* We no* aaatv* that an expression of the 

derived earlior oxiete for ocaputine tlio total eatropy «f the 

from a. tocmletice of the values of the pmoetere* 4n tin + 1 diiaene- 

ionol space is «ra$:loyod to plot the total entropy against all possible 

valnee of ell fa paveaetereu In fact we are only interested in a 

fairly anall ooapaot region cf thic volume, *hare nei^ib<mrjji^ ul>-

have r-Lnll':.r xr.JLuer » Qi:-0T.-hcre the entropy vdaes

-tc new set the agraten off fron a given maoroseotiio £tat® - —

ttoir Ir the roar.cn for ohofdog MMroeoopio pannaeter valuer; that is 

fraa a> given peint on the surface. How does it evolve? !fy th«- ^ri 

dplo cf BtioiHBBi <mtroi>y prcxluoticn, thts ^rotsBi remains on the 

to satiafy tho ooDservmticn principle (by which production onuals 

flor.) rmci takcc the path alcng tinlcli Hie cntror.y incraa'er faeteet; 

thla la not neeeaaorily the steepest curve, but the one wfaloh 

i«ea grad, S • dk/dt , k being the direction voctcr. F^uilibrlum 

readied wlien the ay stem attains a point where all values of &rac3, '.' * 

cfe/dt are Ions than soro. Itiia may not be the maximum entropy of tho 

mifaoe but it repre^^nts the aa«iB»»t attainable v J.ue»

Sup]KMG now that ttio ;^rton is no longer ieolated> but t}tat -. 

certain niEiber of tho pora@etera (in practioe sose cf the bcxindary 

fleea) are artificdally nalntain«d rit fixed vr.luor by external agency. 

On the Itn + 1 ^LoenalOBal murfaoe, tho locur: naj assented by the fixing



of certain coordinates is a subfcurfaca. She ayetern is sat off frosi 

MM point on this subsurface — hoi? does it evolve? There are two 

apparent answers. Firstly it aay taove along the subsurface to the 

•arliiue. attainable point on the subsurface R. This is in the direction 

k given by the tuudjum of (grsuLS . dk/dtL , Secondly it my evolve 

in tho direction given by the component of k parallel to the &ub&urf ace 

where k is the direction of outxiuiuia production in the absence cf the 

constraint.

The following argument shows that the second is the ca&e. Con- 

aider a system whose constraint is that one subsystem is k«n t &t con­ 

stant tefflperaturo by oont&ot with a large isolated heat reservoir at 

an elevated teflgjer&tttre* ^ compare the evolution of the whole systea 

with that of reservoir plus coiastr&ined system. By postulate, the 

wmole system evolves freely *t ms&mm entropy production. 1?he flow 

of heat at oon&tant toraperature out of the reservoir into the cen- 

strained system means that the reservoir is absorbing ontropy which 

io being produced by the system In fact the system is evolving 

as if it were free, but all velocities noraal to the subsurface 

are effectively sero. In praetioe the reservoir is not infinite, so 

that eo.o pro£re»0 is aado in this direction (i.e. the reservoir tetap- 

erature falls aarginally) but the entropy coo tours are so steep that 

this can be neglected* Thus the syetaa is oonstrai&ed to move on the 

. At every instant the systeai evolves in tJie diructicn of 

entropy i-roductian, but because of the difference in the scale
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HreetieBt it aeeat to be ttoviag in the 'plane 1 

normal to this. Thur, in confuting the direction of notice; in thia 

•plane 1 , it is the total ontropy production rate which is to be 

inizad, not juet the production rate in the constrained 'plane 1, 

this aug£ests that under the action of ocnrtr;iintfl the agretea aay 

even taove in a direction wtdch deoro^os the syiitem ontro,jy ar c 

in its 'plane' because this aaKindses the total rate* -'ho 

of aattor due to KnudMtt gas flc.t and. theraai diffusion are 

of this (i* Prifiogmo 5 955« ^i4» p.e.' (.). Thir, analyrds give® both 

le^ioul .and eapcrirsontal Juatifi& tioo. for the choice cf the z 

It ic a point vfeich la felt to have very considerable 

in practical «i>j

2.1? ^P] lieatAco to

Ccnrrideratlcn i- fir at m*&» of fU - cnts because th««« are 

pier than donoinr.. MapWM ooa^«riblc vith thoa@ at the 

<i* this chapter are ehem in figure ̂  2* 4a, b* ror neo&tiYo ro si stance 

with fUUMEtt formation, the resictivi^' has to be a sharp function or 

the correiit deotity, aa WAA ehowi In station 1*1. figure 2 

• etep variation cf the reci cavity at a orltionl ctumant 

fhe rerulting i~V ourv© for the wtoclo crystal i» t&om in ficxiro 2.4b» 

the eipilibriwt pa^ie being OA and Ok Any point id thin the ar 

is available for a suitable ohoioe of filament ctnict. jx1. The dotted 

line is the looue of amMMm* woh that the ratio of !di to



currant danrity is a s 1 - BU le point out that even if the reaiftt* 

ivitgr change ia l*aa spectacular than that of figure 2«4&» filotoent 

fornation uitli a finite allowed area (figure 2,4b) is still available. 

Irrovorciblo thettra&aaiaicn is nor? to be allied to a dete.rniaa.tl can 

of1 the ateavty at&te points for the circuit f figure 2,4o* <e return 

to an elastic string analogy; we consider a string whose local ::.-. ~- 

ttlue of ela>etioiV ^ : - e a function of loo^il extoncion x is given by 

figure 2.L,-i, .hen th* total tension rx of the string as a function of 

the total length a, i® shorn by figure 2*/4.b* The system being eacaflK 

Ined, f i^oire 2.4d, oonpriaea thia fttring, effootivc. noitulue Lt & nona-

al elar.tic string, c^adulu^ ^ ^ end a wei^t W. Ifaturol leagHia

again assuno i to be negXigabl** The criterion for equilibrium ic that 

the potential onor^ has a ataticcvory value tdth respoct to ortansion*

22 fWa - i\ a - J Idcojc a 0 f
O o

or that

c requires ei^ply that tiie total tension ahculd match the 

But this ia valid for oil points in the allowed area -\BCr>. Hcmee the 

position of rtatiemary potential energy doer net detornine the exten­ 

sion of the string* Any oomblnaticn of vsei^it and tcital length allowed 

by the diugra» area is a atate of neutral equilibrium* We draw four

elu&ionD:

*Iii£ situation doee not rely on a special fors for the mod­

ulus curve , but only en ito general ahape*



(2) 11»r» i* i* jneJMUM teMtUtd In satching tho tandem 

region?. Khure the nodulitft is Trilling.

(3) - I»o ^r'nciplo of station ory ootoBlRUl emwg? ia not useful 

in do terrain! u& behaviour to f ir.it order.

(4) She qyetee is eectrtnoly sensitive to second order off dots 

Aiok me the variation in the; v :r.,-.fit...t:.,a; ,1 -otcntlal*

In rotuming to tha elec'tricrJ. circuit wo point out t^'it sai

•I*atio not r-o ,uli*o^ ior«paian before it beooats •ijalvalimt to azt

•Idotrl^al iialpufl, Thus strings in series becnae resistors in par* 

alioi ;md ctrin^s in pa3K.-illcLLf rosin tors m sarior,. This ari-^on beo-

•000 it i.i ndOJ^aary to Bite the tension along a string omntant, or 

the voltage aorooa a set of re ietraio*? th@ .>.-.«; ,-,tr:ln0 ri r. / r t 

ls Ttdlo roristors represeitt streoi&lincs* HaRee fU T t

is compare ̂  to aoidos e ;ten«ion of the elabtlo otri :.

Is reprer-^ntfn; by the string \ in

Tbe ete^r »tate for tho cirwiit of figorft 2.4o I:- to be deter-

by tho emtropy .4roaxioti(m prinoiplo* This is postulated to be 

tbtt tte rate of octtgrqpgr prodaotion is to be r.t .ti^mary subject to the

•CB&tion that tbe entropy productiQn em- a- tha ontro-y flow. Our 

aim in tho preooding sections har boon to r.'io- ; th&t this requires thd

•iaticnory peinta with respoet to the ourrmt of:
u

2Ei - a i2 - I



This IB Just fade* the equivalent e^reittdou for tLcs el«*:-Uc

and lea<!a to the

efaich ift Klrohofffi Lav?. Thie ftfftii it valid for tsll points in the 

area 4\BCD ao thfc argument Is exactly as before, with nliallar con- 

oiuciotie.

(1) Hie situation does not r®ly un a speoial fona for the

curvo &;: a fxmcticn of tlio currant, but oiily on its 

Th© only rcrjuir«»«it is that negsitivR rosietftnoe shall bo 

oritorion <4* i'««;t3.oi> *.3»

1® no DIB lnvolviM.1 in Hatching filaaant current 

In tiio x^^ionf- tvhoro tfe« roaistivl^ in varyinc.

(3) ^he principle of majdi^ia entrof»y pro<iuoti<»i ir> net us&ful 

la detMninin^ bdh&vilour to fir&t oruor.

(4) jChe qystca is extremely otncdtive to r^ocond order effects

&« taqperature variations* 

It thus s««ran that no prograsf at all hae bs«i made en the r re-

of d»t«naiiiln« tha ato*4y state ocof i^uratlon Isy tho application 

of entropy production principles. T, first ortlcir thin is true; we 

ar« to c^oct that a. system which obeya KirohoiT f s LS.WC it in tech­ 

nical equilibrium jurt as a system in \shiah all foroor: are b&lano«d 

is in tochnic.il oquilibriuf% ..b/it we are interontea in is which path 

the crystal takes oorcca ttte area ABCD when it ic qyoled up or doim. 

For this *e have to ejsaoine seeona order effects*



Tht nature of say spontaneous fluctuations in the current flow 

properties of such a crystal is of considerable significance. This 

10 especially true in. teras of the initial f ora&tion of the filament. 

It is reasonably certain that there is a finite adninuas size of fil~ 

•MAt «hioh can exist indefinitely against .^ontemeous fluctuations 

and diffusion effects from the filament intorfaco region* The f ora- 

ation of the f ilaarant is tfaue likely to be inhibited for a consider­ 

able distance along the line CA3 5 and it ciay be necessary to reach 

B. Similarly the f creation of a higher rer.i stance filament may be 

inhibited aloa^ the path BCD* In this my the system resembles a 

superheated or a supercooled liquid in a phase diagram; the situation 

is rather more complex however because of the interdependence of cur­ 

rent and applied voltage* The result is a hy3t©re?ir loop, rather 

than a true negative rosl&tmoe*

Cttoe a two phase systen has been established^ it is important 

to determine how the system functions. It has been shown that the 

entropy production at all points is the sane in purely electrical 

terms; there are, however, bound to be other effects, of wMch t®;sp~ 

erature is likely to be the aost important. Theso we denote as second 

order effoot«s; they raise the apparent degeneracy of the entropy pro­ 

duction in the region ABCD and give it a set of constant value ccn- 

tours* Then we aay expect the steady r.tate position to be the aa*» 

irmua aooesslble point on a given load line; a spontaneous transition 

along a load line is thus <$iite possible* Some idea of the path csn
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to &»dac«a for a arycfcii <ahorvi the ^aoond carter «ff«ot i«

daeLoated* 'lao^ orature is likely to bo important because it ha*

•€»«14fiT&bIo «ff t-st t» th» resistivity end beoauce heat ceaductic&

il^^ont. aaiziot b<» ^arfsot. Two oa®©2 isay b« dist- 

eff*j;-,t of a ri.^ :IJD ioail tosn>«ratur5 ma indro^^ tho

meisttvlij/- (a caobilily effect) ca: rodua© it (a candor cUnsity

b, o, cliow HM effect of i&$r«fta*d rssis iivii^r 

•» f * tlt^t af ranjus^u re»ietlvi1yv Figures b t o, 

ixxitouors -<4id fiuur®e o» f , the 

ai^it b» t«Mn to tak@ ai qycllng* 

ttivo; ItvS rwMAt» will b« dieou»£«d in teittft of JLa^^ct

of

in. t&is oii&istWF 8JNs ft*?i>3.io&blQ to non«"isQtii<sri2&l 

laly^is iarolves tM%;0rat^ro and electrical 

tho tiiwoofeleoli-io propertier. as a byproduct; vector 

nctatiai is raqpxLrtHl since troagvarse pr@»rure atid ieo^firftturc 

ienta or* aet up* 3uoh aa analy*i& will not bo attempted here.

f conation my be tre^itoc' in a f orti tJiadlar to that u&cd 

for filaaont fovmfttltJiu Again we contidor the elactic ^fialogy* Bqui- 

Talent dia^Tftffle to those of figure 2*4 are &iven in fi^aro 2.6* First 

we ocnsider ft vary large nnntar of parallol atarlnge, and than niove
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over into the limit of a sin&Le block of tide substance with the pec­ 

uliar local proper V sho«» in ul^grasa a* «y point within the region 

ABCD appears to satisfy the condition for neutral equilibrium, so the

•on elusions are as before ana. seoena ordor aifeots are ^coii to dto- 

inate the path over a qyole* with fluctuation;, important in the init­ 

iation of the dooain* Qualitative diagrams relating to teaperature 

dependence are given in figure 2.7; a, d, show the resistivity depead^ 

enco on teaperatura, b, e, the entropy contoure and o, f , the path 

over a cycle, to in the ca&e of filament formation a more aospl«te

will not be attempted*

A serious complication arises in the oaee of the domain ^truot- 

of & negative rs distance crystal over oscillation. A oeohanical 

osoillation tgr vhioh the fllaaent crosB-scoticxial area osoillates about 

its tteaciy state poaitioo IB possible, but the analyeifc in terns of 

entropj produotion suggests that the oscillation should have no fiain;

•iadlarly a stationary domain aay ocoillate without gain about its 

steady state length. A filament or domain disturbance aay al^o be 

propagated through en elastic ay is tea, resulting in raflsoticn and a

pattern* In the dooain structure of a negative re&ist-

anoe crystal however the flow properties exert themselves for the 

first ti»e. J^r Foisscn's IAW the doio&in walla where the electric 

field varies contain space oh&rg»&« Since all charge is isoving dowi 

the crystal at a drift velocity* this suggests that the domain its«lf 

should move dovaa the crystal at the drift velocity in one direction



only. 'Iha aetrhanlos of such domain noveoent nill be considered in 

section 6«j>*

Ala;. at;., -

.^ c£ this chapter aay be lifted ad follows:

(1) To find the relation between the principles of mariama end 

Binitaun entropy production*

(2) To obtain a stationary principle for tho determination of
>

the steady state for non-linear precedes and niigative re&istaaee in 

particular*

(^) To apply £iieh a principle to find the stable op era ting 

points for & or/fttal in the preaenee of filaments or domain*.

'lh& q^e£tion£» involved are far frosa trivial and have received 

scoe attentica in tJUe lite^-ature without any apparent pro^reea being 

Bade* l"huc the fact that we oan dais to have achieved the&e aims in 

this chapter it felt to be a eon&iderable aeconplifihcient* Several 

cubaidJUiiy results have been obtained as Ly-^roduc-U :

(a) Light has been thrown on the exaaplec of !4* J, Klein of 

seotiui 2,6; mini nam entropy ^rvduction i& reckoned to be valid pro- 

viued it is calculated by a different formula.

(b) It has been aho*n that ^im^n's treatment of aaxtmyni entropy 

produetlon leaves something to be de&irod (section 2*7) but that the 

•oxifflya principle is valid provided the stetaod of oooputation Is 

ohanged*



(o) A justification, of the nev entropy ^redaction rate 

for the steady state fttaticnary principle in terms of basic statist­ 

ical thenaodyuaoioa had been produced in aeoticne 2.10 - 2. 13.

(d) The effect of constraints un u tfyooadc ^y»tea has been d*o» 

castrated in -Unas of the stationary principle*

(e) $e have tried to show that the principle of maarfmuiB entropy 

production is not priaarily a principle of oetaphy&ioa ("the universe 

runs dowi&LLL at the fastest possible rate") but a ccn&cquenod of the 

conservation laws of posies, Just && the principle cf adniimim potent­ 

ial energy is a o<m&e<^ienoe of the requirement that all forces should 

be b&ltusood Ikn

The objection iaaj- be raised that the dlnc in thi& chapter have 

been too ambitious cjad that the results are too speculative for an 

experimental inre&ti^ution of negative resistance. In practice our 

aiiB in thie chapter, as el seiner t;, has been to pur&ue any line of 

thought to its logical oonolu&ion whether or not the result;: are &ur 

priain^ or even unpalatable* ^von if the logic ie iaperi'eci, it is 

felt that the axoercise haa been scientifically valuable*

finally it is interesting to note the *loo@t uuiver&al failure 

of *oientiaU to look for a sclenUf io philosophy behind irrevur&» 

ible thers^o^ynaffiios* Almost the only oxoeption i& found in the work 

of S. X, Blount; hie paper (19^3* ^-5), especially section VI, bo^ 

atab&tantiates this assertion and provides a oowMntary on this 

chapter, iiad it been noted before the analysis had been completed,



«• might have aco^tea hie paint of viow tU&t "not too ffiuch

ioanco should be attributed to th* ""'^^fttffi entropy production prin­ 

ciple" and abondonod the anarch for & stationary ^rinci, le.



A single crystal iagot of oT0rcoB$>«a*fttoo. aiao~dop*d germanium 

h&» fora*d tba base naturial for the ©xporimeriUJ. work, supplied by 

Stallurd as a reject in the ^-reduction cf fractionally unaercoepens- 

ated sine-doped sermaniutn,

Th* U6« of extension side arms for poterati&X acid ILall contacts 

has been ni&aly aU.voc&t»d ia.d «»^loy@d ('£. U. I^utley 1 fjtO t 301, 

Ihia practice has not b£«a followed at Oxford since 125&, recUa 

6j,ocinena bein^ cut with a diaisona impro0iated $aw (A* 1>, Petf ord 

1953, 302, p. 20); it ha* bean felt that the current flow is disturbed 

as awch by a side am as by an applied contact* In tho pru^&nt o«tfttt f 

ftxtreael^r snail f accurately aligned ccmtncte have been required, doim 

to a lateral distension of 0*4 m« Th* side arise reportaa ore Gonai4» 

erably largor.

Specimens for vhioh results arc reported have been polished on 

four gradee cf oajrborundu* pap«r and etched in CI4. This is tufflo- 

i«nt to r«£iovei all trace ft of zuirfaoe dasaage as observed under a laioro- 

scope. Polishing to a higher de&ree of pcrfootion before etching ^a» 

thus uanec«*cary; without etching, damage Bay still remain und«r an 

apparently good iiurfaoo «Mar« Kbcierimental results taken for sjoc- 

over the ron^o of gufi*&c4i preparation, from maxlaua to ncaac at



vo



Q6

OO*

p »i jddo »boj |OA 

MO | J 106 

POJ uoqjDj jo »jnjDJ»div»J ruoijipuoa

OC2 -O so.' J°A 

I !'• O E 2 J»uuoJsuDjj_ 

ojnti&jd pt»jDjn6ftj JD

"H V. si ' •'N 7.58 'J»PUI
sob bujuijoj uiojj MO|) 109

JOZlpjXO 314/10403 OXO6Q

• u I tu jod «> J J ! I J o d

6^ UI3 S C 'jOJOUIOUDUI XjD|[ldD3

doj4 uobojjiu Pjnbi"| 

jof jo doj oj Mofjv; 106 AJQ

ojnjDj»du»»j u [ A 1 4 D o j I p 

6u;po»j 'j&j»itUjOA Ojdno^owjftH^

4 ! j H ° ! -I

-TD6 »Alb O4 p»tDOjb 63 D_J

-jnt pouit^Douj '»^D|d |Djnp E'O
u

aptt » u o p o j D | n i u I / 1 1 o 3 i j 

tpoo i|joq jo p»pooJH4 

»qn| joddo? J/J'I^UOOID jog 

j oq u ; » |oq u ;

jujqo 5 |-o 'J-O x,,^'0 

x Q • i fuoisu»uiip 6 u I ^ j o M

stoq jo d| 

f i ojb punoj6u

431

9 50U J

I •£ ajnbi



all, suggested that surface effects were not important* 2his agrees 

with reported surface currents — s*e section 7*4*

and ohmic contacts have been enployed. Rectifying 

have been s*de fron 1/3" diameter Johnson ana !&tthey 0.^» 

gallium indiuja wire. All reported results hav© been obtained with 

obsdc oont&cte of tin-lead sol dor j fiulphur-do^od indium solder wa» 

tried but done rectif ioation was observed at low toa%eratur@ with 

suoh contactfi.

The contacts were cut from the bulk inside of the wire and all­ 

oyed. in a furnaoa designed by G» '^ Pe&kett, Tho furaaoe is showi

in figure 3*1* Oociplete cleanness was aimed at

all phases and aspects of the operation* Alloying was carried, out 

in in atmosphere of forming gaa, , ._ •, .^lct>ivo reducing mixture, 

,^ nitro^on, \^ hydrogen , oatoly tidily deoxyg«ii*ed and cleaned

a liquid nitrogen trap* The specimen was heated by re e ting partly 

or whololy on an electrically heated carbon block. All contacts were 

alloyed froa a position on the upper surface of the crystal, ^arly 

ohaic contacts were alloyed without flux. It was found that a saali 

applioatioB of Baker's fluid did not olfect the ohaic characteristic 

but ooncidorably in^roved contact wetting* In order that contact 

position could be adjusted to give maximum accuracy for the Hall 

effect, flux was not applied until contact.: had been alloyed once.
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the teuperature wa» monitored on a direct reading vcltaeter from a 

platinum - platinum rhodlua thermocouple placed In a hoi, in the 

carbon bar; the temperature was held at LOO°C for 1 minute for alloy* 

5itg, end reduced over a poriod cf throe minutes for recryst&lisaticn 

from the bulk siaterial.

3.3 Contact

*The original method of aoimting wir^s in the contacts oonsistod 

of heating a tinned wire cloao to its ar.d with a soldaring iron until 

heat ccai,U\ct««i dcnm to ^e end oau^ed a joint to be wade. The contacts 

Bade in this way were not found to be Batisf&ctory, They were ncii.y, 

the rasistanc* was high, rectification pro; ertiec nere poor tvnd fr^ot- 

ure co cooling wac not infrequent* iToportiec ia^rovod after running 

hot, which effected a forrdng process; this was potentially destructive*

Aa an alternative method, a hot gaa Jet instrument ( . B. \rchcy 

19^, 303) w&s designed and built by u. D. Peakottj it i& show; dia^- 

raneiatically in figure 3*2. In this method an electrically heated 

atreaa cf forming ea» is directed onto th© contact; the contact is 

Belted and a tinned copper wire inserted by eeans of a microiaanitnlator. 

:uch contacts are of great mechanical str«neth and have oc«i sis tent 

proper tie**

Molti- con tact crystal speciaor.R vere affixed to nin^a-pin valve 

stubs; two contact apeciaens were put into 1-V characteristic test 

rise*



3*4 9m«q»l Purpeji

There existed initially a cry ostat suitable for aeawiring Hall 

effect properties of crystals dom to li<|uid h«&iira temperature; it 

has be«rr described by J. P. Busaell (1962, 3C4, p.21) and bsy B. V. 

Rollin, J. B. Mills, J. P. Buftftell (19^0, 305). This apparatus has 

been ooopletoly redesigned and rebuilt, employing the sane principle 

of coaxial tubes. The apparatus is employed in conjunction *dth a 

new water cooled 20 kgauss magnet iaipplied by 0et»port Instrooents,

F, 2* jgaj>, 5* pole faces, 0.8 oh®R re si n tan o^, 1€ gallons/jainute,

current 150 ai^>. The sew system consists of a detachable 

Mtal dcwar mounted for use with the magnet, together with all required 

puaping lines and neasuring facilities. The devrar may be filled in 

situ or employed as a transfer vessel. The working spaoe is defined 

by a 3 cm* geraan silver tube; pumping and anasuring facilities are 

so designed that this tube is detachable. Thua in effect a whole 

range of apparatuses is available, each one eon si ~ tin:; of a 3 era. 

geraan silver tube incorporating partioular facilities.

Tubes currently available are:

(1) A high insulation Hall coefficient tube for use with 

exchange saa. aimilar to the original desi^, (fiusaell I.e. 19^2, 

306); the specimen is contained in a small brass can which fonts a 

constant-voluae spaee for heliua gas therffloaotry; the can is in 

thermal contact with the main tube through helium exchange gas which 

•ay be pumped away; the can is equipped with a heating ooil so that
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the temperature of the specimen aty be rai&ed fro® that of the cool­ 

ant up to r0a&»teaperature. Kine l«^dt irt available for Hall

on the specimen; ty the u&e of high quality £lass-covar tealft 

the wiring insulation is letter than 10 ohm&. This apparatus ie

euitable only for low currents (less than 10 milli&Qperes) cinoe all 

wiring is of 36 gauge eureka.

(2) 4 lower insulation Hall coefficient tube for use with direct 

immereion; thi^ oonsists cier&l^ of a ?&iv&*fea&e supported at the foot 

of a tube and wired by 36 $auge oopper leads EO that high currents asay 

be eai)lo/ed; it is heace uneuitablo for uee with li^uiu hetlium* Glaee 

aeala are employed at the top so that the coolant may be pumped to 

five a temperature variation, oaafiured fro® th© vapour p re e Eure#

(3} A fast pulse tube eont&taing coaxial lint a,

(4.) A pulse ri&e tice tube ocrstainin^ ta&tched leads.

An attempt haii been made to standardise on ccisr-cn- geometry nir»o- 

pin valvo stubs as epeoimen holders. Tttbe^s 1 , 2, a Hall voltage trial 

rig and a haliuia 3 oryo&tat tako these, so that speei&ems once mounted 

nay be transf ered between then*

3.5 P. ^ Ssrgterae.

3h*i erstee ea^loyed for steady currents with tube 2 (section 3*4} 

is illustrated in figure 3*3* ^he recorder i£ a Moseley X^Y JUitograf 

Hodel 135 used throughout on the calibrated rangee. The evitchboz was 

deaigaed to oak« viri?aally all potential differences required for plot­ 

ting iaaediately available* The electrical circuit is shov.n in fig.
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3*6

Two kindi'. of pulsed system were de

(1) for attj/llfieatien of emitted recombination radiation;

(2) for observation of rise and decay characteristics.

The detection of small low energy radiation signalfi is usually 

effected through the us® of chopped aerification, iheo th* source 

crystal is maintained at a constant low teraperature, it ie not in 

general pos£»iblfB to employ on external awehaiiioal radiatitai ch^per 

because of the ballast &I#ml j rovidod by tho TOOK tea^oraturo ohcn per 

blade£, Thus it is essential to chop the aleotrioal current supplied 

to the crystal* For use with a copper*doped germanium detector apeo~ 

iaen, the circuit of figure 3*5 *&* devised, with the switch in posit­ 

ion (1). Then & Golaj cell is employed for detection, it ia eeEential 

to use the signal frogs the Golay chopper as the referenoo source» since 

the ftaplifier will not tolerate ®ny other waveform. A circuit employing 

this as the trigger was devised and Is show la figure 3*5 '-*ith the 

switch in position (2),

3*6.2 Pulsed syotiine for rige, a^d decay tjjae

The circuitry of figure 3*6 was devised for observing pulsed ohar- 

aotoristlos on a Tektronix 302 oscilloscope. For a fast rise tine Mal­ 

lard AuTIOs licdted to 0,73 &«*P* ^®s*® «»«d rather than TJewaarket
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She aim in th« constructicw of & generation-detect!on ays ten 

to have the two crystal specimens &@ close together as possible no 

tfeat the afeftoaoe of a signal oould not be put dov«i to miaalignaent 

of the optics; a rough spectral a . to b@ obtained throu^i the 

use of filters; ths crystals were to be ianereed in ^dro^ett to give 

positive cooling* Hae radiation energy to be looked for ms 0.09 «V* 

(section 1.3) so a eopper~dop©d germanium crystal me ehoeen, »p«cioea

(referenee B, V. Rollin, J. P. Bussell 1963, 307).

Antioipetlii^ piok-np troubles at the hi^i ourront levels to be 

t ooraplote shiolding waa ^ucdfied, the diode and detector being 

placed in separate fer&irn silver tubes as olose together as possible 

with & niniaunt site pair of windows for radiation trrniattieaion. Init­ 

ial piok«U|) troubles were overoo&e by rigorous attention to the earib- 

in^ cirouit, including covering the detector on trance window with fine 

copper gauze; in-pbaae pick-up was roduood below the noise level and 

90" eapacitativo pickup was only Just visible* The filter syetea 

oonaisted of a four-poaitiati sliding shatter, the alternatives being 

ep«ft» sbut, ft ^ju.irta filter and & barium fluoride filter* The quarts 

filter | rovide» a cutoff at 2|* and passes intrinsic radiation* The 

barium fluorido filter abaerbs radintlon cf a longer wavelongth than 

the generaticn-detecticn ^ystea is shown in figure 3*7,
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3»8 Qrjrostat for Spectral inalysia of Eecoabination Radiation,

A cryostat was constructed for the spectral analysis of long wave­ 

length radiatlcn. For this purpose, in view of the large power inputs 

in use, it was felt imperative that the crystal diode should bo ia&er~ 

sad in the liquid refrigerant* The provision of a window to retain 

liquid helium against a vacuum yet transmit the long-wavelength rad­ 

iation has presented serious problems* As a aaterial, a slide of pure

of high resistivity in a covar holder has been used; the 

has been a tendency to fracture under the &iBuitaneou& application 

of pressure and strain due to oooling* A partial solution has been 

found to be to arrange for the atmospheric pressure thrust and the 

differential contraction strain to aot in perpendicular directions, 

using &n epoxy resin slue* A tendency to leak after a number of teiaper~ 

ature cycles has been noted*

3*9 Hagietio Fields.

The steady fta&ietle field for Hall voltage measurement has already 

been described (section 3.4). It later became important to exaadne 

the Hall coefficient of a set of slowly varying "domains'*. For this 

purpose an oscillating aaipietic field was devised, produced by two 

11.2 ca. diaaeter ooila with M turns of 26 eauge copper wire mounted 

in Helnholti fashion, the pulsing circuit being as shown in figure 3.8, 

The field swing obtained was 10 gauss at 4 amp, peak to peak at 1000 c/s*



Crystal Materials.

Crystals involved in this work have been:
/ 15(1) Overoofflpenaated sin o- doped germanium, 10 free carriers.

(2) Unaoapan&atad *v~type gerraaniua, 1C free oarriera.
1 *i (5) Ifeeoapenaated n*typa germanium, 10 ^ free carriers

(4) tfao<a|>en&ated n-tgrpe geraanittm, 10 free oarriars.

(5) Copper-doped p-typa germanium.

(6) N-tyi1 * indium antiaonide, 

Tha ax&ot composition of material 1, th« aino-dwed gansanium ov«r»

with arsenic, is not knovjn, but Is baliavad to be aimilar

to a p-type aryatal of tho sama series, given by the manufacturers ant

5.3^ * 1016 , 

6.5 • 1016 ,

p 1.6 .

At 77° ^ values of tba oorrior density par a* e. and of the oarriar 

mobility In cBsu/volt sao* wara obtained ass

n 2.31 . 1015 ,

h 7*81 . 103

Safaranoa to mobility graphs coaputod for tna dependence of scattering 

nachanisno on tanparatura and impurity densities (j. II. Rowall 19^1, 

303, p. 38) suggests that the coepena&tion ratio of material (1) is 

lover than that of the i>-typa r

5.0

1.281 . 1016

2.
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figure 3.9
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Material Ku&focr of 
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The 77 K results for other specimens have been deduced from Hall

Material (2) carrier density 3*1 • 101Zf mobility 2.6 . 104

(3) 2.7 *

(4) 4,0 . 

Details of specimen (3) are obtained fro» the results of J. P. HUB roll, 

B. V. Hollin (I.e. 1^62, 309) as » 2.3 . 10 1 *% »d 1.4 • 1014 .
o tf . „ *5The 77 K carrier density of specimen (6) was estiaated as 6 . 10 . 

All quoted densities are per c.e. and nobilities in cm./Volt sec.

3*11 apeciaen Classification.

%>eoi*ens have been classified by five features! the crystal 

aaterial* the section of the aaterial, the Method of mounting, the 

Junction contacts and the contact wiring. Thus Asl2H3^ refers to 

arsenic coapenaatcd material, the tvelth piece of this us*d, in the 

eigth type of aount, the piece being used for its third set of con­ 

tacts wired for the first tiae.

A, list of specimens eaployed is shorn in the table of figure 3.9. 

This includes only those for which useful information was obtained* 

Th» ten aulti-contact speoiaans have providud the most significant 

rosuits; there are listed by naae. Their diiaenoicna are given in 

the tables of figures 3.10 and 3.11* 3be aonemolature of the specimen 

contacts is also shown in the diagraa at the head of figure 3.11* 

H and R" represent injecting contacts, all othere being nan-Injecting.





Contact 3J8A3

*1 E1 "2 °1 °2

* in i r 1 'a i i

O^taot* U11W,

^ 2.390
a, 2.335
ot
°2

A! 2.255
^ 2.195
Bj 1.8JO

B2 1 * 770
Cj 1.425 
C2 1.355
^ 1.270
D2 1.225
HJ
flj
A1 41
A1^
*i*j 0.015 
B^j 0.065ci°5C1 CJ

A- A,, B. B« i «• i «i
*"***» •"***"* *

A» AJ B 1 B f•*»• •**»> *>. i*,.1 *: l 2

A&12UU

7.950
7.350
a. 105
7.980 
7.740
7.640
7.520
7.415
7.330 
7.265
7.190
7.115

-0.040
0.100

•0.055 
0.160

-0.035 
0.165

f* f* TV 7*1
C1 C2 D1 DJ

i — .»
C1 G2

*t»u

13.562
1>.464
13.422
13.364 
13.290
13.238
13.052
12.993
12.311 
12.762
12.697
12.640

0.011
0.051
0.012 
0.060 
0.011 
0.048

> 1 x 2
* •

AJ& 1 2i*3 <*-

13.324
13.761
13.688
13.634 
13.500
13.452
13.250
13.201

13.001
12.960
12.905
12.834
0.018
0.052
0.004 
0.039

(em.)
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la the experimental section, the background data for each 

i* given f«r the foUowittfc features: %©cisea ol&ssifioaticai, current 

eoatu^u^ <a^lqyedt voltage contacts «oj>lqywi* ten^rature, saa^ieiio 

field sjtrsogth, and referee* mnaber of recorder trace* Thea« items 

ere ttu«rt«df as relevant 9 into the graph

1 2 "..: . . ' /.aQ&fljft in t:.a Use cf D .

In this nrorkt d. c. ae-A&urosnants have beea ao4d wh*revt?r fe^aible, 

because of the advant&gee offered bj the use of an &-Y recorder. 

with a recorder in a oii'cuit including rheost&t&a the wilt of iiiforj&- 

ation is a eo^lete oh&raetarirtic, ^hile for visual or photographic 

of pulse hoifibtB, the unit is a &in&La point«

40 useful points per ourve, thia gives an information o&pturo ratio

of 40* Secondly the observation of low tiaie coastant negative

ancee involving opootonacrus tronaitioni., is cnlj possible with cont­

inuous recording instruaentft* *&oro the use of pul^s ±&

a« ie the oa&a for the oxtansion of the double in.jsation

reported horo, it a«'jisa inoaoapable that sailing techniques should

lie davised so that direct recording can be retained*
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Chapter 4 

Injection.

4.1.1 IfttrcxUioUon to injection.

She £ ield at current injection ia insulators aau seaiaoaductors 

has been reviewed by i« <u Laapert (1^&4» 401 ), the suauaary of the 

present position being based on his Article* Ib« axa <a thid chapter 

ia b«aie&Ily to provide extension* to theory AOU. wxyariaent at 8O»e 

of tc« piae«6 »4M*ie is* poiatfi out that tke«tt aire JLao^irtg, u« «rit«at 

"(In douol* inj«otioa) a Gonpiexity «ad div«rfciV oi' behavieur ia 

«acount«r»4 whoso liait« at th« tJUo* ef vriting hav* ftioply not b««n 

explored'1 p.^9 f and a^ain s "Heoent studies of Holonak ot. al« haT« 

Ci>«a«u a veritable iaiidGra'fi box. oi1 aeui^ie injeotien ^i44ttiOiuajaa. baaed 

on th« role ca. oe«p lying oentre« ia C«Ui« y ex oaa we" p«361* Sx^ar- 

iae&tal and computational teohaique» are to be devalopod for these

Interest in iujection oatea from the esttTGcnee of the 

band Uwory ol the eleotrcoaio structure of solids* la V;4C, N* F. 

Mott and H» W« Gorney (1%C» 40^ » ^«1oo> pointed out that luialogoua 

to the thermionic eml&dLca of elcotrotis from a cathode, a suitable 

eontaot should inject carriers i&tc an iumUtor. i"hi£ is Illustrated 

in figure 4. UU AOdi'e are two fcuuuu wo^^lict.u.ut.w JA the onlid state 

— • i'ir»Uy ttie uotiou oi* looaliseu d«ieot state* which aay oe



to trap injected carriers, and seeondly the dual possibility 

of hole injection.

la the thenalcnlc diode 9 tbe electron current is a^aoe-charge- 

lioitad; the rel.atlan5h.-lp betwem tha npjHad voltage and tho density 

of iii Joe tod carriers is governed by Poi&fton'e TAW, by which the current- 

voltage characteristic ii> defined, the result bein^ Child'a Law* 

In the single carrier injection diode, cpaoe-oharge is sindlarly the 

limiting factor, bat beoauae of scattering* the transport ®-.TU.'. 

are different, and space-^nrgg iamobillsecl by oarrior traj,••$ 

& further har4rd* Bv' aakin^ (2i« contact to ctn insulator electron- 

Injecting and the second holo-injoctlno, double injaction is obtainedj 

the current need no lender be apao*-chArge-liBLLt«>d einoe the injeoted 

earri©rs way neuti'aliso each other in the crystal. In the thermionic 

tube, electrons and positive ic»£ cannot provide offootivo neutralis­ 

ation, because their velocities depend m ^i© potaatial they hare trav- 

ersed, so that electrons aore slowly at high denaii^* no^r the <mthode f 

nhore positive ions move »wif tly at low dan ally, and oocvorsely near 

the anode. In the solid state, electrons and holes, cine to n en t to ring, 

haTe velocities d?r i^ndait on tho local field value. Tho limitation 

en th« csurrent is than due to loss of current carriers by reeotsbin- 

aticcu Thus with double injection in material of high lifetime, a 

very considerably higher double-inj^ctim current jaay bs anticipated, 

e«0|>ared with single injection.

Science has been fast to make use of some of the principles of
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currier injectxoru Injection currents Bay bo used as a probe for the 

study of localised defect stata* in in&ulatore (Lanpert I.e. 19^4, 

403* p»332)« Infection nay be ueed for the study of plan* instabil­ 

ities (la«pert I.e. 19&4, 404, p.333). A number of solid etato dev- 

ices rely on injection, including types of rectifier, transistor and 

laser* At the saae time ways cf avoiding minority carrier injection 

hare been sought for the improvement of photcoofiductors and particle

detectors*
For these reasons a considerable volume of technical and empir­ 

ical knowledge has been built up about carrier injection; however 

theoretical and experimental analysis, especially of two o&rrier 

processes, has lagged behind* There seen to be several reasons for 

this. Firstly carrier injection is basically a surface phenomenon, 

even when the carriers are injected optically* The physios of sur­ 

faces and interfaces presents enormous problems; even the technolog­ 

ical methods of rectifier manufacture are noro trial and error than 

rapirioAl, let alcne scientific (H* K, Henisoh, 1957, 403, pp.95, 163), 

Secondly the mathematical equations of double injection, where they 

can be formulated for bulk naterlal, are generally so complicated as 

to be iapoa&ible to handle without unjustifiable simplification. 

Any simplification is difficult to aake because so aany parameters, 

especially those of reooatbination p are not knom even approximately, 

yet these parameters prove critical in tents cf the results*

These weaknesses will be apparent in the treatment which follows.



have been oade about the nature of the contacts and of 

the rocctfsbinatian laws whiefe Mgr »eem .arbitrary and unprecedented; 

auoh aasunptionc have not previously b«t@n needed, beoauae the at&th- 

enatioal expressions have proved too cumbersome to oolve. But our 

now eoffl|)utational technique has proved so affective tfeat in order to 

dmon strata it, numerical value s are needed. The so have been, ehosen 

with an oy« not to eaae of coa^utatico. —— this is not really necass- 

&sy — - but to plausibility; It is felt that the technique retmins 

valid, even if the bowidary asounptiona are dubious*

4*1*2 Qualitative toro&ch to Double

The physioe of single in.Jootion, oooprehennivQly dealt with by 

lAB^ert (l*c* 19^> A-06), does not oonoern us here; we concentrate 

on double injection. Throughout ire will deal with hole injection 

into n-tiype c&terlal; application to electron inaction in 

saterial requires the interchange of oorro spending synbols.

Double injection presentfi three raain features: trapping, 

bination and contact constraints. Trapping will be set aside for 

the time-being. Contact constraints are obviously of vital import­ 

ance within a diffusion length of the contacts, but Lamport claim* 

that for long crystal a, a simplified theory neglecting diffusion 

still gives a useful description of current flow properties and of 

the overall current- voltage characteristic* T&thout contact constr­ 

aints, the question arises ae to what liniite the double injection
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F iq u re 4-1-2

Crystal for Double Injection

Hole flow Electron flow

A nodo C or hoda

E . E 2

Diagram to illustrate the problem caused by

r acombi no ri on undar condition! of charge neutrality.



current. Tfcft aaanftr need not be 'space-charge;', since the holos

•ad eleotr&ns oaa neutralise each other* It oust than be 'recomb­ 

ination'* Problems iamwUately arise. Is the hole daa^ty greater 

nearer the anoda then the electron dewsiiyi No. since neutraliz­ 

ation it> required everywhere* the densities oust be equal throughout 

the crystal, let if holes are flowing in I*roa the anode sida only 

And electrons frat the o&thoae aide, how can the nuaabcra rasain

•qual in spite of steady recombination? Hals problem is so fundamen­ 

tal to an understanding of double injeotico that it will be elabor­ 

ated here* Consider a section of the crystal far removed froa anode 

and cathode, denoted by A, ^ in figure 4*1»^* Holed flow in froa 

the left due to the wleetrio field £, f their density being p,; recom- 

bin&tion take& place as the hole& flow towards the eathode; thus at 

&2 either the hole density p, ^s lover then p1 or the field % is 

lowor so that holes are being ooneentrated by toa field* But in 

either ease the effeot on the electrons Is exactly the reverse* 2bas 

an electric field oa^not «&intain neutralisation in the face of recom­ 

bination; oarrier aoTement suot be controlled lay a combination of 

electric field and diffusion* Yet in a diffusion solution it is

to know the numbers of carriers at the boundaries A. and

tue solution depends on the constraints

There ifi a further important point* A contact which is injact- 

for carriers of one sig& of charge is blocking for carriers of 

the opposite si^n* rji3u»ref ore the electrons will tend to acouaulate



or 'stagnate* at the hole injecting contact, building up th»ir den­ 

sity to the point where back diffusion it ia^ortant, and similarly 

for the hal*a. In this way th« denalty of carrier B, neutralised as 

qp«oifi*d, ia higher at the electrodes than in th* centre of the 

oryatal, and the electric field correspondingly hi^isr in the wntre 

to iiaaintaiA a constant ourront*

A oo«pl«U» oath«&&tioal treatment begins with th* carrier ooa- 

tinuiV aquation, whioh is a aeoond ardor differ«nidal equation; 

aolotion for the i-V characteristic requires two integrations, the 

aontaot eonstraint« beios inyolvea as tJao two con & ton is. La^ert 

(l,o* 1964, 407 » p*35$) essentially ignores oontaot probleas by oon~

i; a region of crystal in whien the oarrier denfiity varies little

over tlae oryatal and i» ^iven an averaged value* Our new technique 

ha« boon de vised to handle the ori&inal equation. Before describing 

it we will con eider the influence of tray 6, and their relevanoe to 

negative

4*1*3 Mexative Rasi stance throu^t Doubla InJeotion.

liogAtiva reeifitonoes in double injeotlox ^tudiea have been ob- 

aerved in a nuober of way* by ff« Hclonyak et al, (19<S2 9 403; 19^2, 

409), £. w .-itthlGCsr and A* G, Milne s (1964, 410), I. Malngallis and 

H, H. Reoiker (196*2, 411), If* C* ^teale, K. ^ndo, M« 

(1^2, 412; 1963, 4*3). ^ Kcaaata«baka, U. Kttrono (1%2, 414), 

H. Klkuohi, Y. .kbo (1^62, 41$), V. 1. Stafeov, ^ A,
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, 416; 196*0, 417) «a* others.

A bulk differential negative resistance due to double injection 

any be explained aa foHoisrs. Consider a crystal with a fixed amber 

of recombination ce&tre& whose cross-section for hole capture la 

•uoh higher than that for electron captora. At low injection levels 

the holea h»ve a short free lifetime, being captured near the anode; 

the current is essentially &n electron current* As the current level 

rises, the injected hole** will tend to saturate the recombination 

centres and diffuse further into the crystal, to give a double injec­ 

tion current. Thus the acre holes that are injected, the eaaiar it 

ifi for thea to traverse the crystal. Furthermore the scattering 

croeft-aootion for a singly*oharg©d acceptor iapurity le lower, so
WF If ^F J» * *P W

that the mobility cay be expected to be enhanced. If these factors 

are strong enough and the crystal length is favourable, the voltage 

required to isaintain the higher current »ay actually bo lower, giving 

a neg&tivo resistance.

Even when a negative resistance is not apparent in the overall 

volume-current characteristic, it nay be observed ever the portion 

of the crystal where the saturation ft&vo-front is located. Increased 

length provides ballast resistance which will dilute or quench the 

phenomenon; thus the point of appearance and size of the negative 

resistance in the overall i~Y curve is a eesplex function of all 

crystal parameters*

The description given here 1& equivalent to Gtafeov's "Modulation
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of the diffusion length" (I.e. 1959, 418). dearly Just before the 

transition Die crystal will be very sensitive to external influences 

on tho number of carriers or u >,.bility, such as illumination or 

magnetic fields (Kraiaarova and Stai'eev I.e. 19&3, 41 9 j £. I. lar^ 

kushan, V. I. Stafecv 1961, 42t)j

4. 1 .4 .^uatfijBftft, <af. Carrier

In this section the basic equations of carrier flow are die- 

ouftse^i tlM notation ia from R. A* Sfeith (1959, 422, p. 235). For 

electron and hole flows t

Working in one ditaenalco, aasnmins planar flow, and in corpora ting 

the Ainatein relationship Be »

Poiaeon's equation is:

• e(Ap •» A i

ana the ehaagec in carrier ouaedntratioa from equil- 

ibriua. Carrier continuity e<{uation£ are required, taking into 

account generaticEi f trapping and recombination. These
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J f * & - R +

J» m R - & - 
n

An approach to a solution of these equations as they stand has been 

given by J. &• Gunn (1958, J»23)« Under any circumstances some form 

of simplification is required to obtain any useful results froa them. 

The simplification to be employed in this ease is the neglect of the 

Poisson equation, which will now be Justified*

The Poisson gguation. 

Poisson equation nay be written as:

« 7 S » * * (J/r) « -

Thus for the conductivity of the crystal to change along its length, 

a space oharge is required. For the situation being considered, 

J - 1 arap./sq,
15 n = 10 carriers per o»c. ,

<r - 1 jftto per ecu,

1 - 1 cm. (crystal length),
Q 

Then: AP - An - 10 carriers per o.c.

So the extra carrier donsity due to an infinite decrease in conduct- 

ivity is negligable ooapared with the number of carriers present in 

equilibrium* We my say that conditions of neutrality are satisfied 

in low ruaistivity semiconductors.

There is in fact a considerable art to manipulating the diffusion



:?; for if w* put An » &p, than ft«to«a tioal Ly no conductivity 

variation eton take plaoe, aooording to the first equation; yst we 

do intend to neglect the spaoe-otiar^. The r&thor strange treatment 

€f aobipolar mobility in .Jaith (l*c, 1$jjy t 424, pp.25>4) is an

•juuaplo of thia probloo* Tiio treatetent of the e'^uiitiona to be pros-

•atod hero vdil show that -Pith's procedure for ne^Iactin^ A^; - A a 

in ^oae t«rms of hie equations but not in othar* is equivalent to 

that the spao«-charga is n«gl liable, out not s*ro.

The ffw Kowitioa.

W« izitciad to consider stexdy state flow, ^rith no pair ganeration, 

the «quation3 beociso:

J^ * R (4.4) 

^ » -a (4.3) * 

Equation 4*4 it integrated *as

J m \ Edx •*• constant . e J

An interpretation osf thie equation ie now sade. The hole injecting 

•mode is at x»0 f the o&thode at x=L. Consider just the dlectron flow. 

The electron current which flows away at the anode its put ae J ;
^B^w
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unnoticed* 'IMS technique does not seem to have been r op or ted pre­ 

viously. It might be termed feaofo»d0or integration.

lit will now return to aquation (4*?)* 3ino* flpaae-oharge is 

ligable, the relationship of n to p is governed by the is$»uriV 

centr&ticn ;*nd the trapping level. For a. siiaple oa&e, o on aider n-

lyTp* naterial, with a,, donors all ionised, with no traps* Than fora
on iajftotica level giving a hole oovotmiration ft

1
If traps aro present* tho rolatiaa. betv/Q«Q n and p is aore 

but busioally it is fully <loteraiaed» The reoombiaation functicn E 

is also Berne* fixed functicu of the o&rrier densities, while the bound­ 

ary elactrode current J is fixed in soma way, as will be considered
^P^w

later.

The tr«aaendous power of equation (4*7) or (4*3) may now bo obser­ 

ved The e<|iiation ^ives the oarrier gradient at the point x assusdng 

that the oarrier d^neity is fcnonaa thore* This is Just »hat is ro paired 

for a Honge-Iutta step by step integration. Hote that the reco, bin- 

ation integral requires values for the oarrier densities only as far 

as i&tegr&ticn haa proceeded* Thus we are able to use a single 3unge- 

Kbtta i roooaa which is teohnleally suitable only for first order diff­ 

erential equations, on this second order equation* He would point out



that this Bathed of dealing with reooafelnation integral* lay starting 

integration froa one and of the crystal is of far wider applicability 

th*a just to this case. It could Kak0 ooa, ut&tion jirapl&r for recom­ 

bination in las or diode** and in other caloalatioaa v?h*ro rsoosabin*tion 

i£ important. Tat this technique of applying single aquation uungo* 

Xfctta nsthods to seoonu order transport equations does not saua to 

be in currant us«.

13ae advttiita^«a of tho above troatttont b»oaae apparoat ^M» pr«* 

atti^ptfi at aalYing tb« double injooticn problam are oxaminod. 

olaa0ioal approach is aaploiyod by Gunn (l,o. 193Q, 426 ) f who 

ebtainr> the differential fona of equation (7), whioh he ab/mdoDQ a« 

«UMM€oable. N« H* Howard and G. I. Johnson (19&5* 4^7) f^U. into 

tho trap of confusing A.-^n and d^/dx; in oj it« of delating important 

tara£ and uaio^ a very aiiaple racoabiii-itian law to facilitate integ­ 

ration, the boundary ocndltions ar« found to require the solution of 

four simultaneous illicit e^uationB in liyperbollo functions, whilo

use of a computer^ they make no attempt to prooe^d further, 

work ha» followed a differe&t line; here the approach has boon 

by way of oaleulation of the change in the effective diffusion length 

(otafeev I.e. 1955, 428)* O&e ultiaate ia reached by V* P, Sondaer- 

•Jdi, V. I« Stafeev (19^4t 429) f who prorid« an egression for a 

single ourrent-voltaga point which virtually oovcra a printed page*



4*1.7 ItevdqafliDfl* ^ th<* Equation*

i?o far we have attested to show that double injection ic & 

curr*nt flotr pro***e requiring a different approach froo ohmic flow 

and that under certain conditions negative resistance is a distinct 

possibility. It ha* teen a thaoe of this ? ork that a aolutior of the 

double injection problem depend* directly on a knowledge of tha bound* 

ary ccnaitloae — • in fact that contact (lonctraintE determine the 

current flow, in contrast to L&mp0rt f £ thoeis (i.e. 1964, 430}» The 

eeoond ther^e» in agr»og«>t with Lanpert^ i» that the exact reconbin- 

fttion function is of vital isqportanoe if even a rough picture of the 

current-Toltage relationship it to be given* In the next cectloafi 

we discuss boundary constraints and reoc^/blnation at aome length before 

taokline one or two objections to the current flow ocxiceptc boinf put 

forward* This will conclude the conceptual consideration of carrier 

flow under the influence of an electric field alone.

The

the solution of the new integral equation (A-.?*) by a Runge-Kutta 

process relies on two factors —— knowledge of the inverse injection 

ratio J /J and a value for the local electron oonosatration at the
^W"

hole injootine anode* Thesa repreaent the two constants of iate&» 

ration* le set out to find an estimate for the injoction ratio, 

The current at the injecting anode oonaistc partly of hole» 

injected and partly of electrons removed* Ausuae a p*-n junction
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with a step concentration gradient. She infection ratio my be expected 

to depend on the carrier concentrations just on the p* side, defined

** P«» nl Jmd <*Uftt on the n side, defined as p , n ; also on the total •> «• * o o
current J, the electric fields, and possibly on the mobilities. At 

a low current the forward 1-V characteristic for the junction ie expon­ 

ential and ie reasonably w*U understood (ifclth l»o. 1959 » 431, p. 2^9). 

Carrier accumulation May take place and have an effect on the injection 

ratio, as described \& J. B. .Xrthur, A« f. Gib son, J, B. Gunti (1956, 

432). these treatusnts cease to hold at the high currents to be con­ 

sidered here, the i~? characteristic beooaes linear, toeing deisinated 

by the resistance of the bulk material of the diode; the voltage across 

the junction itself seens likely to grow until it is nearly e-u&l to 

the band gap, at which valu* as Many carriers as are required eon be 

supplied, for example, for a genawaiusv diode at 1 aap./sq. OB., the 

voltage across the junction nay be 0.7 volts and the total voltage 

10 volts. The problem arises over the sise of the injection ratio. 

On this point the literature appears to be silent* Since calculation 

cannot proceed without some sort of eatinate, a hypothesis is provided 

as follows:

»;-<• p.* %
Here the energy bands *re treated as virtually level, and the flow



ratoa of oarriere across <ir* proportional to their local

icatt&. Ifcr Boltaaaaa'a equation, j

"X "

» v j»c
: no/p* .

at the other «leotrodo,

Mobilities h*ve been if^ored beoau&e th«ae do not @ee« to be directly 

relevant, esp*oiaU^' siaoe the el oo trie field is heavily distorted 

at the juact^an.

e ea^*r«6siCB above has & number of advantages. Pir^tly 

only on the nuriber of aleatrona at the electrode, without 

to local fields or density {.Tadiantc. U€condly It is part- 

ieularly suitable for dealing with carrier accumulation, beoauee as 

the oarriers acouBwlat*, ac the probability of their crosain^ the 

junction increase a, and tike injection ratio falls, rnua, rel&in^ the 

ourrent re&ulte in a reduced injection r-tio, whiois at hi^i 0arr3nt& 

to be f uuad experimentally, i robieaa of infinite barrier racon- 

volooiti®^, &ero olootrcoo fields and othar dubious 

., which have been employed el severe (.*. M» ieboter 19 

433; ^ Lindiaoyer, 4* aobodskoy 19^3, 434; &ee K. M« van Vliat 

1^, 4j6)» are eliaioated* It i$ oaphaslsod tlmt for the ti^^ being 

the above &j^refin>iaci 9 which is physieally neaniAgful^ doea allow



calculation to -roco«d. We have thus fi%sd on® boundary constraint,

A Buoge*Autta integration process re^uir** a value for an inii- 

ial point, in this oa*a the carrier deasify at the anode* The fact 

that this is not a know* bound iry constraint does not vein that it 

is undotertalned* Consider equation (4*3) written as fellows:

(p) «

a 
Choose an arbitrary value for p(x*o); than step by step integration

provides a value for p(x»L). Kovevor the integration could equally 

well have proceeded by starting at the cathode, where the hole cur­ 

rent is to be given byj

In fact the correct value of p(0) is such that the current proporV

ions at the cathode J. . J _ match the oarrier oonotmtration p(L)no eo **•
to the cathode boundary injection ratio*

Thus tho two oonstants of integration are provided by tho 

conditions at tfee two boundaries; matching the carrier ccTicentrationft 

and flows given in the basic differential equation (4.3) is perforated 

by successive approximation on the para&eter p(0) until both oondiV 

ions are siaultaneoualy satisfied*



4*1*10

la $t.;«*OQ~Qi~M. 04i *i^v*u-^*.— ^« ^u~-.w -*.,,.;stion t reoostbinatloB is 

* aritieal f eatura. It has ua#*i pain tad out that recoabia&tioa 

tho aurront flow, section 4*1*^ ^ad that rocoobination it

sitas governs the pheaonaaai of aagative r 3 si stance, seoticn 

4*1*3* -^n«*s tiie ne^ Integral aquation h.i& bo an Da^licitly derived 

to deal "ith tiieaa two futures, It is no aur^ri-c that a reo«*inaticn 

funotion Tcras tlM kem«X of the co^ut&tioa. It is thud 

that littio i& kiao«a ^uautltativeJ^y a tout raooabination 

and about rcoombination eitas.

for the meat part a siagJU Vp» of imperfection

in the rorbidtiaa band, acting as both a trap and a r a combination 

sit** if cur iQtiioaa GEL" ooaiJuig with such a iavol -«?111 be considered, 

roughly in order of decrmxaing rigour.

The cslasaical formula tion for rccoffibiaaticKi is th; * of .. S 

i«yf tf-t T. Ritad (1952, 43^)* ^« aotaticsn ei^loyed h^r^s i> 1*1 -;: 

2* H* ^ibe (1960, 437 » i>*305). ^he density of recotabiaatim 

iB N , their depth bolero the oonduction bead S , the band &ap is " , 

the ^robabilitgr of electron oocupatioi; £ f and the electron and hoi®

oapture crofifc-sfccticna C, 0 ; then the electron and hole capturea
^t written ass on op



n(1 - fr' Cn

The two terae relato to capture and theraal ejection respectively. Wo 

puts a f * H

2 n fi>' * a* « N M
* C T

tt * and £> ' are th« deiasiti«ft of free aiectrona and rtalea with

ej.«otrone and hol«& ar« b^iug g«naraxe<i at a constant rate

u, and in th« fitaady et&te, we h&ve: u « U • u • A'iws i' mayon op IT
eliminated to gives

of differential trapping, the relation between n and p ia

not

4 R o
a ^n •*• a Sp •«•

For high injection levels, three reg&aea may be

(a) rXake Q » C y n >> p , unu a control rac, agination level* 

U - C («o +



(b) Sake C » J , n » i , and a central reooafciaatioR level,
** I* O W

*PW^M% tT ** .•"* CL.13MB U - vpbp .

(c) Sake C a C * C, a » p , Sn » Sp * 5 & p o o
fc^ * S 

Then U a CS -& as *o 
romilts for (a), (b) *r« to bo e^peotedj if th* carrier captur®

rates are Tory un«<nial, the r«oort>inAticm rate i» datormlnod entirely 

Ijy the more volatile speeie*. For (o)» n«utr*li1gr demaads that if 

the oapture rate a are equal , so should be the adled earrlar den si tie e*

The previous section has been eeneerned mainly with the neutral 

sentre, which may capture either a hole or an electron. In thia »«o* 

ticn, we consider a negatively ohAr^od raowfiblnAtion o-antre, which 

san only fraction by first capturing a hole. The notation u»od la 

ftlmilar, but f • reoreaento the hole occupation probability.

pC
(p

__- • (4.9)

Conalder n-tgrpe statarial vdth aa Injected oarrier eonoentration S ; 

the number of free holes la smaller than that of free electrons due



to

n * n

r " ftC * (p + P ')C ** P

n p

In a doable injection eosputaticn for equation (4.7 )> the reoorabination 

to be employed is (4*9) and the relation betweon, the carrier dcnaitiea 

n, p is (4*10). It la immediately apparent that equation (l*.*10) y an 

iaplioit quadratic relationship between a and p, is not an easy 

to handle*

3 Fixed hole lif otise.

In this section tro oxaminc the ease when the hole id aeetuttd to 

h&Te a lif etirio t in a trap independent of the electron carrier density; 

therml ejection is negleoted*

Then the reooobination rate is;

Pc(i - f!

f•. *• lit A ,\~(* 'r Hr +pcCp

Let the number of free holes be 9; then the nunber of free electrons 

is: ptC H

n * p +



9
si

Applying this to the double inj«ctioo equation (4*?'),

a 4> • ^ 1

A1 are defined in the equations above, and

a m

Hth these equations eonputation i» straightforward,

4.1.10,4 ^vturat^d trap

In this fourth eeetion w« a««ane that the hole capture probab­ 

ility i» so great that no hole* eaa ros&in free in a region where the 

traps are not fully saturated. The trap saturation front is thus 

quite sharp* Ut the cathode side n*n , p»0, H»0« On the anode 

aide a »^ttt» p«n-«a-n. where a* 1& the trap densiior* The recoa- 

bination rate through the traps will be a function of a. aiia n, while 

soae sub ai diary r®ooobination aechanizia to deal with high o&rrier 

densities aay he added* Soi

a
3a turning to equation (4.7)t



it i* apparent thai on the cathode side of the obturation front P,

n and p are oan»taat, and:
? 

J » J * j to . (4.11)
W* 6

2tM» itttegratlOB boundary conditions have thus been aff ecteeU The 

anode condition resaln»t but the *«ooad condition has aov*d froa tb« 

to the aaturation front* Th« political of ? auat satisfy 

(4. 1 1 ) fto that th* total ourr«nt J can be 4«oount«d for

recombination and l<Mkka^i« But at F, we require p«0 «nd dp/djc»C. 

$kut situation is tteie fully defined; equation (4.?) 1$ solved for 

arbitrary n(0) and F is defined a« the point utiere p«0. Than th« 

oorroct valua of n(0) is the on« for which dp/Jjc»0 irhere x^F and

4«U10.3 BoooiabittAtlop, functions for oourutation,

In choosing a rocuabination function for ooi^utationf two 

linee of approach hav« b«en em^tloyed. Firstly it has been felt 

desirable to d«sion«trat« the uoa of th« now integral a<|uatlan for

ii»au recombination} aeoondly the aim ha« boan to show that 

equation oan urodiic« a negative re distance characteristic for 

recoafcination at trap aitea; ainoe oaloulations in the literature 

have only indicated negative reuisUiic* tijr%&holda (Ashley and 

ailft«s l.o« 19^4, 43^) rather than following the curv* round its 

, thia ia Utou^ht to be a eonaid^rable undertaking.



For ordinary rcoonblnuticn, wo return to the 3 

foraailition of &ygtic» ^, 1,10.1. Thus we u«e equation (4*3):

n + f
idtfe R « eCT ~*—SB" .n •*• at

In this ease the constants to be chosen will be b&sod on

In ti^« cas« of negative r« si stance, th« most ©xtreaid of 

eoixiidarod is oho turn, auction JU1«10«4« Th« aca&taats will 

mora vith on eye to lap roving th» chano»a of negative 

thati to

to Iamr

In the tr«ut»ant givon, we have aasuiwd planar flow, by 

erin£ a 000 dim*msional analysis. Two feature a vrhi&h oay invalidate 

this will be investigatod in this secticsi, rwmcly surf ace «ffeote and 

funnelled flow.

Tho rate of ainoritgr carrier recombination at surfaces is knoim 

to bo largor than in bulk lEsntcriAl (K. 3uhl t W, ShooKLey 1%9, ^^?), 

du« to dofoets and ii^itritias, which form extra roocinbinaticns lovels 

in the forbidden band* Due to these and to other surface layer n, & 

aurf&co ourrwit nay also flow; tiiia surftvoc ourront is nogli^ablo 

.for low r^siatanco apooiaena, a» will be shonn in section 7.4*
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However the enhanced eurfaee reoei&ination is an important factor. 

Uifh surface r^oooblnatioti causes a oosponeat of current flow 

fron the bulk of the Material towards the surfaces* This flow i§ 

diffusion driron, requiring a higher concentration of non-e$uili- 

briua carriers at the centre of the specimen* Ufce offset is cost* lex* 

Consider a lon^ oorliadrioal ^ eoiiien. ^he holes for reoombinatioo 

in an ctT axis aaall volume are proridod partl r̂ by carriers mc-vinj 

parollnl to the axis and partly by those flowing radially towards 

the sorfao«, while th* recoiabination rate depends ori tbe local non- 

equilibrium cowentratioD. ttoder thoa« eirwawtanoea the equipcrU 

entiale th«»&«lveo beeeae distcrtod* The carrier flow and eontiztuity 

•qpations

The radial picture aay be ahown as in fi&xre 4*1«3a* Providod that 

•urfaee recombination ia only a aaall proportion of total reoonib- 

ination, i.$. that tho sain oontributicn to the integral under the 

ourve of figure 4«1*5b does not oocw from the «dns»» surface 

inaticn will not hare an apprecdable effect on the i~V charaoter* 

iatio. The surface effect is limited to a depth of the order of 

the minority carrier diffusion length) if the diffusion length is



10 <EU and the dimension 1G~ oru, thi& is satisfied* This is to 

be oonpwfdd with the f laid driven lainority oaxrior penetration diet* 

aaee dova the apeoiraen of up to 1 on* Sfeac we require LClfcQj&d, 

d< 1- UB), where !*(B) Is the diffusion length la a field S and d, 1 

or* the spooimtsa width and length. These oonditions have boan satis­ 

fied in the «jQ)eriaeot» to be described, and are aesmaed in the

possibility of funnelled flow has reooiired aoan-^y attention 

to date* funnelled flow Is aost olearly demon etra ted as the sp*rk 

diBoharge at ateioepheric preswure; an other «a»aple is a gas plaaaa 

ooncentr*ted tgr aagastio field** In solid state physio a, heat has 

been considered as a flow concentrating factor (fU 8* Burgess 1%0 9 

A40» p*Std), lliufi at very high field atrengthfi a path of hot material 

with extra ijatidnsio oaxriera forms a lower resistance route whioh 

abaorba the main current flow, thus leaTing the rest of the crystal 

in a low curasnt denaily state. This will be oonaidered further in 

chapter 5*

trap sites ; resent a po*ftible oause of funnelled flow* la a 

•eai conductor crystal containing deep level aooeptor iispurities such 

as germanivw doped with siae, oY«rcoa^>en8ation means that each iapur- 

IV ^tom has fcjypropriated two elaotrona. Thus in an impurity dcsdn- 

a ted toatteriaf regime, the extra eloctric charge on the imc.uritiea 

will hare the effect of increaaiiig the aoattering. During hole 

injeotion, tiaeae ia^orities trai» holes, whioh my be lost either



IQT reooafcination or ejection. toil* a hole ia trapped, the electric 

charge IB reducod and henee the scattering la reduced for both holes 

end electrons. For aino-doped geraaniun, a higher electron nobility 

for heavy illwwi nation observed by ft, ®» fyl&r, B. H. Woodbury (19^6, 

4M ) ha» been interpreted ae the effect of hole trapping on the ion­ 

ised iapurity scattering. Further, if the trap ia aa icporUnt factor 

in the rate of raooiabiriation, the local saturation of traps will lead 

to a longer hole lifetime in the region of the funnel,

State trap saturation wy inoreaee the local conductivity either 

by reducing the scattering or the rGoowbinzition. /ta shows, above, 

iun'acc eff eots also favour this situation. For an appreciable 

effect, the noattering hae to be dominated by acceptor impurity 

eoatterin^* or the reeottbination by the trap cite». Under favour­ 

able airoug*atej&Ge&» the specimen r^&letaaoe ohan^e aay be topeoteu 

to be violentf ooaaparable to the spark discharge* rlhis could explain 

the onango by a factor of 1000 observed for ircn-dopec. gertflimiun by 

3f* W. oyier (19^4» 442 )« da»ere oireumstaaeee are lees favourablo, 

diffuaion oounteraotfc funnelling; In the o&ee to be considered, the 

•obility ha* been taken as independent of trap occupation , and the 

hole density planar*

4*1.12 Magnetic Field

So far we have considered the double injection current- v&ltago 

relationship , and havo showa that as the iainority carriers penetrate



dona the crystal, non-linear uhanges in the local potential aay 

expected; experimental avidanoo of this is to fee presented. A 

further method for tho investigation of double injection ie provided 

by th« Hall off oot, with the ag>plioation of a magnetic field.

IB hare already pointed out that diffusion plays an important 

role in balmioing tne double injection jurront and that this affect 

is especially important near the anode; hero the electrons are to 

fejpeetad to atagnate, making tho currant flow due mainly to holes* 

!• «ay thus anticipate a oorr«6jj ending effect cm the liall voltage* 

Th« eff»otive electric field mobilities K » p. are modified by dif 

fusion to |iu(x}» K*(*)» whioii are position and currant ddpend<mt, 

A *x»$let« roapproi 3A.1 of the fonzailae for the Hall coefficients 

thus essential, and thie will now be tackled, tha effect of true 

na^ietor«3iatano« on carrier flow in injection in germanium is 

mall oocspaxed with other effects amd will be neglected.

off «cte produced OB injected oarriora by a sagnetio 

listed \ty %. C. Duraap (W7» 443t p*1?3) a^ foUow»j

(1) Photo^leetroftagnetlo effect (IW).

(2) Suhl effect.

(3) Londauer-Swaneon effeot.

(4) Magnetic rectification. 

Illuain-ition and heaoa (1) does not oonoern us here; attention will
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be concentrated on (2), (>}. Hecent interest in magnetic fl«ld 

studies fcr injected carriers &*ems to be sxmll. Perhaps a reason 

for this is the oatheaatioal ooa; l*xity of the exact picture, as 

de&cribed by H* Lftn&ttter and J. Semnaon (iy53» 444).

The 3uhl effect (Buhl, Shockley I.o, t%9, 445) concerns the 

Magnetic deflection of earriors tevarda A aurfftoe wfaero iaoreased 

recombination taicea piaoe* 4 be»ic probisim exists here* in the 

tuc carrier trejaeport equations , which is glossed over in standard 

texts e.g. 3nith (I*e. 1959* 446), W, 3hcckley (1^6, 447); the

preaented OCMMA from LeA4&uer end ^mn&oo (l«c» 19?3t 448). 

deflecting foroe exerted by a magnetic field on a carrier 1* 

proportional to the carrier relooity and hence depends on its aob» 

ility, while the force exerted by the electric field is not depend­ 

ent on the mobility. Hence when electrons and holes have different 

svooilitiea, a Hall field cannot produou sere tran&verse currents for 

both holes and electron*, '.there are two possible e&oape routes:

(1) Talce Jf * 0 , but with J , w' * 0 .

(2) ASSUB* that the imbalance is corrected by diiTuaaun, so

that J • J. » 0 •

(1) «emu that electrons and hoi** are both novint; to the 

side of the crystal in equal nusfeers, thus preserving neutral­ 

ity. It Is thus closely oonneoteu with surface reooabiimtiunj for 

if surface reo«abioation is not Iar0e enough to support this trand- 

flow, a carrier e>oousfiile>tic«i will &et up an t^posiat <^iffusion
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process. In the limit of nagligabl® surface recoabination, 

(2) applies. The o&themtie&l equations for current flow are:

Jh "

eD 'e

Considering transverse flow, with current flow along the x-uxis, 

Hall fiald along the y-axis and aa^etio field in the £ direction, 

the equations bocone:

These equations are siadlar to those used by R. E. Fowler (1936, 

449, p. 428). Then we may consider either of the two eases by neg­

lecting the diffusion terms or the field driven terms.
2 a

(2) a
A partial solution for the coaplete equation is discussed by P. 0 

Banbury, H. K. Henisoh and A* SJany (1953* 450) but is too complex 

for the expression of the Hall coefficient. It is interesting to

note that for p » h^» tho two expressions become idcntio^l; in fact
e
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tho prdiaoa itsolf ooaa*& to arise*.

lio for in thie eootion we have ooneidorocl oarriar flow whor» 

the only longitudinal driving fore© it» tho oiootrio field* Our 

particular oonoern in for tho modification oau»ed by diffusion, 

due to carrier injection and aocuaiulatic». For this w« r«introduoe 

«ff«otiTd aobiliti«e K* of section 4*1.12, defined

lon^tudinal mobilities are to be ro^laotsd tgr asterickcd 

qpian titles; thus tho transrtrsa diffusion terns are unchanged, 

while ono oocurenoa of (x in tho Hall effect t&rrss, tho one which 

bAlanooa tho transr«rs« field, is also unaffected by the downs tr-eoa 

diffuaiun. For tho two oaso& we have:

Fro* tho dafinition of ^u» h!n ' •

o 
both ax^-rossicaia beooao tho aaao for equal -icbilitio: . For

utatioo&l purposes, this a o sumption irlll bo nado.
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Th« observablo Hall voltage is givan by:

», t are the apeoiisan dimensions and c* a dia*noioiajs.l constant. 

Ife assume that planar flew 10 & good approxlmttcm, BO that H is

independent of y,

H-

H

Since J. and J ar«» ftmcticns «f pocition alee^ the crystal, eo also 

will be th» Ball vcdtafie. At a particular point in th« middle of 

the oryttal, the cxirront at low levels ie ^itir^" an oloctroi 

mirr«Rt sad th© Hall voltage Is given

-/• , , \ « a* »H(low level) «» v n

A« th« ournmt ift incr*^s^<i, th* Hall voltag* is re&weu by two 

faetora; the increase in the carrier d«islV oiiuscd by double 

injeoticw olYecta the denoainator, and th« ohang€ frcaa an ol«ctrcai 

to & hole dossinated ourr«it the numerator. If carrier exclusicai

•troi^ enough, inver*ic» of the Hall voiU^a is to be ox^ootQd

*<hen the miaerator pasi«j» through 2*ro* 4iis givds on anticipated 

ikll mtrv« as shotm in figur* 4*1*4a*

la a oryetal ocataining hole traps, a further yh«n«aanon 

poaaible. In the liatlt of *trong trap rccoabinatdon, ire have
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in the section on rocojRbinatiun, that a sharp trap saturation front 

teay exist. !This front is driven dcnn the crystal as the currant is 

raised; the trap front pa»g«t& through a given point at a lomxr our- 

rant than the Hall roltag* inveraioo, Rlnoe the trap front Indicates 

a low hole current proportion, while inversion rc^reionts 

iaaatoly hnlf hole flow. A ooa^lcttdy ttharp saturation front

a Hall voltit^o picture as indioatea in figure 4*1«4t>; the 

for the apikfi is local back diffusion of el octree a. 4 

broader saturation front is aho«n in figure 4*1.4o» JUi increased 

•jifpwtl f> fi*lu oi^ht be e^eoted to broaden the i'ront, to reduce ita 

penetration at a £ivon. current and to daLa^r the invert-icn pointf 

due to inoreaeed surface reooabiiyiticti.

Purther di^cuaoicw »ixi be left until the experisarntsd 4ata 

on ickjection ha& been presented. i4e*uiT?hiIe c^%utatioiml rcrulte 

will be



» 2 Computation.

4. 2» 1 The Bfttfia. for Computation.

The preceding soctlono have b®«n dirroted to the derivation of 

carrier flow eiuationr, the analysis of reconciliation and of bound­ 

ary conditions, and the consideration of the mil volta^G. Th«re 

»«em to bo four of facts possible, $ir©n th«j right ccaditicrts; a 

loeal aegative rosistivit^, an over?. 11 negative rosiafcmce, a trap 

ftaturaticai front and a Hall voltage inversion* o^ie purpose of the 

is firstly to daocnstrate the powor of tho ^nalytioal 

and secondly to define more clearly the condation^ required 

for these off octs.

ba&ie equation (@quatl(m 4*7'« seetlca 4*1*6} eive.. the 

af oarrior oonoontraticn with position as:

The following aecur^jtions &r«

(a) u * iw « This Is for simplicity in calniila tlon : also 

it ovadas the problem of tlic Hall cooffioie&t di cusced in motion 

4.1.13. In practice it seeass to bo r«d.^onibly ju^tifiabio for 

in the t0u^p«rstur« ran^o 20° K. — •- 77 K,

(b) As discussed in socticn ^.1.3, tha injection levuls ar«

as:
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4*2,2 Stothod.- of Co»mtation«

problem has bo«m reduced to a computation of the fora:

g(x»y) .

pointed out in section 4.1*o, the two integrations of the second 

order equation are c&rried out together; the Halts of the first 

integration are entirely tc one side at* those of the second, which

defined by the equation above; hwico the first constitutes a

in the min 0t©p-by-etezj integration process* 

Hdc varieties of :• tap-by-stsr integmtion prooes^es for dealin 

witii aush i differential a-juatiou are available (U fox 1;>;^, v5l)« 

Biiaio<il\y t!iore are two categories; those which use inf oration frou 

previous steps and those which do riot. The disadvantage of using 

previous inforaaticn is the difficulty in obtaining a first point 

or in changing the £tep length; the advantages lie in fewer couiputi 

and in a calcxilable probable roxmding error* Only the briefest 

justification for the method chosen will be given* Since the cal­ 

culation Is at an experimental sta^e, it has been felt that there is 

no point in using one of the more elaborate methods (0*5, that of 

Adaras and Batshf ord involving six previous points and three successive 

fresh slope oalculaticms for eaoh step). Bacauso evaluation of the 

differential requires considerable computation, due to the coa^lio- 

ation of the in-Ugril, a method using information from previous steps 

tux boen reckoned to be advantageous, ruling out &mge*Eutta techniques*
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So a predictor-corrector aethcd has been ohoaen, as outlined by 

0* D. MeCraofcsn and 1, S, Dorn pp. 330-341

4*2,3 *!?ho Predictor - Corrector

The solution prooscs is daf in«d for a stop of length h from

1 fit

final value

process is halted when y^i - yv. ' < a , a specified limitt 

aean trunoation error for the process is BL * (y / - y . )/> »

This represents convergence to the wrong point; the proeess ehooses 

a new point such that the slope of the chord equals the average of 

the slopes of the two tangents* Clearly it is not useful to pursue 

conver0eaco to this arbitrary point further than to the extent that 

this point represents the true eurve v&lu@«

The proolctor-corrector oethod requires an initial point. This 

is provided in this confutation by a single 2ul«r point:

In order to cope with the lower accuracy of this step, h(S)«h/32 is
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3hi& involves doubling the interval five times before 

the ultimate y. is obtained for step-by- stap progress,

l&r Joyed.

Two Algol ; rogra'araes have been eiaplcyed, written for a FJB?9 s 

hina; PC3R ec^loy a Shockle^Haod rttocobination statistics; FOOT decile 

with ,i trap saturation front. PCOT, which rupreaonts an ext«nd»d v«sv 

si on of PC8R, ie ahomi in the appendix together with tint store lint,

Th« moat difficult feature of the coaput&tion is tb« change In 

the boundary condi-tion vrhon the saturation trap front reaohes the 

far end of the crystal aa tha current is raised* Ihiii takes plaeo 

wh«m trip takes the vaiuo 2 and it acoosplir.hac'. without say anonalottE 

behavicmr. The only operational problem is a tendency for the carrier 

to "overflow" if the t^per bound at the first point is ohosan

to be too large.

Besults for

parameter* tt&^loyed have been*

natural electron 

electrode carrier densities* 

carrier mobilities in the

temperature
-5 

minority carrier lifetime 5 • 10

specimen diamslms 0,5 • 0*1 , 0,1 cm« 9 

field 200 gauss.
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Th<» ainority' carrier density across the upecijaen is siho^n In 

figure 4.2.1 for thru© current values. Notable features are that 

the >sinl«ia density IE between the electrodes as predicted in section 

4.1*2* end that this isini-ium moves towards the centre of the »p«oiaftii 

as the current 1® increased j toifi Is again to be expected; at low 

euramts the pro|K»rticaa of holes reaching the far end ie soall so 

that a aormU. diffusion length solution i& in order, while at high 

ctirrwits and injected carrier densities, the donor electron density 

beccaas &egligable f givine oyoaetrioal eleetrtm and hole flows for 

identical nubilitiet. and boundary otnditlons.

Figure 4.2.2 indicate the coB^ut&tioaal accuracy of the litcp- 

op process. It &hows the minori% carrier domdty at 100 ailli- 

for 20 f 40, 80, 1bO, 320 *tep in-Urvals aoro»» th« cpeoimon. 

?or the conbtantt chcwin, there i& clearly no oauao for concern as 

to whether a true solution is being obtained; other results for i'Cutt 

are taken for 160 ttepo, with • aft O.GCOC6 . Densities irere

reitorated to be oorrect to 10 places of deeiaalfi eo that the error
» 

in aatchlns the far boundary condition i& lest than 1 in 1u' .

for the

a pronounced flattenini; is &|>pAr«nt without a 

resistance. The low field linear rtigica i& due to the negli^able 

^enetr&tion of minority carriers , giYine donor electron behaviour, 

while the high current steepeni^ *s due to & li&iting carrier 

density being reached wlion leaka^o c.t the contacts reduces the
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Injection ratios* It is interesting to note that for a email region 

cf the specimen over a small current range a local negative resistance 

did in fact occur. Because of the recombination and boundary conditions, 

it seems extremely unlikely that any choice of parameters would lead 

to act overall negative resistance.

figure 4*2,4 ahowe the Hall voltage actuating planar flow, an* 

hence ne§leotin$ surface effects. ,«n electron dominated Hall coef­ 

ficient in noted everywhere at first, but inversion spreads from the 

injecting contact down the oxyat&l as the current is raieed* The hl^h 

current reverse tendency is again due to the increasing leakage at the 

contacts* In sections 4*2 and 4*3 all graphs #£ow electron dominated 

Sail voltages &a positive*

4.2.6 Results for PC3IF.

The parameters involved in this case have been:
15 specimen natural electron density 2 . 10 vc»o.

16 hole trap densitgr 10 /c.c. f
13 electrode carrier den a i tie .^ 10 /o.c.,

Carrier aobilitiec in the f.peci«en 10 cm.

77 K,

S 4.375 . 

f 1.375 . 10~14 , 

specimen diswmsions 0«5 • 0*1 * 0*1 cm*, 

field 200 gauss,
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nusfcer of steps SO , 

value of e 0.006 *

Figure 4*2*5 shows the minority carrier density plotted across 

the specimen at four currents; at 30 , 80 mlUUa^, the hole satur­ 

ation front is in the body of the speei&en while by 110 railliaittg* it 

has reached the far end. Again in the two higher current oases, the 

carrier density rises at the far boundary.

Figure 4*2.6 ahowi the current-voltage characteristic. As in 

POSE a linear lov current region is found together with a steepening 

high current region* In between, a negative resistance is to be noted* 

The eoaputatioc. follows this through the ainimua without any difficulty.

Pigur* 4*2*7 shows the Hall voltage; the change in scale at 

20 aY. should be noted* 2he curve is basically similar to that for 

FC££j its exaggerated shape is due to the saich sharper change in the 

nuafcer of earriers in the re^on where the trap front is moving along 

the crystal.

Th« yrogramflw thus acts as a "crystal sisailator" for trap &atur~ 

ation front penetration, with the limiting carrier density controlled 

either by junction lealeage or bar recombination. For the demonstration, 

Junction leakage has been used*
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4.2.7
Ho attest will be nade to 00% are ch&rac tori & tics for different 

pATmwtars* Nor Is it claimed that tho parameters eiapioy&d h*ve any 

special cignifloaned in toras of the experimental results which 

tallow, ?h« &lm has been ta ahow what can be douo with Ud^ kind 

of opprouch, «^>lqying tlie now carrier flow equation, and -/hit sort 

of axpcriiscntal results may bo anticipated* ?ollotdng the path of 

th« ebar&otoristio ttoroo^h ft negative resistance is felt to be & 

trivi%h which 4u«tifi«» thi» section In view of tho di^cui^ioa of 

aactioa 4*1*6 oa
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4.3

Istroauotioa.

«xp«ri*atital r*swlts form the primary feature of tk« work 

on double injection; thus the success of the fore- going theoretical 

investigation 1ft nt&ftured in torn* cf how well the r* suite or* ex­ 

plained* this point will bd «a^>«ad«d upon in th« disoucsion cf th« 

corr«lfttions af t«r all results r«l«Tant to this, oh^ t«r

emttioda and f.:;«cim«ni noewmelaturo have been 

orib«d in chapter 3| only fipocif ic^-illy r*lcy&nt pointe

att •ri»eatal inf oraation h&» IKMSB obt&iiied for 31

and for ^ ohmio contact pairs, as clasftif ied la cha; t«r 

Our coacorn h&ra i& to d«aoaitrute tho «ffect& cf in> 

this purpo**, ten ^jrp«» of »««sur««*rit hav* \>««n »ade, for l>oth infec­ 

tive and ohmio flov* The ««*«urwB««tB and the ros; active alas aro: 

(1) ifeaaur^aent: the e\irr«fiVv«ltaee characteristic cf a short

Aia: to show ta« oatura of th« aaoa«liee for ^hioh an

atioe is attested;

the i-V oharaot«rieUcs of a long »4 acinen; 

to show the spaoif ie aff act» of injection compared with chrdc
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flOVf

(3) the change in character is tie with ftpeoiaeaa length*

to show that a aen»llneftrl1y turr,f into a negative 1*0 si stance

** the) leagtk is reducuu; 

Ok-} tho ve4t&£© fliatrifeutioa almg th® exystalj

to *how the ftpread cf ki^her coaductivil^/ from th injecting

c can tact;

(5) th© looal potential-

to desionstratc tho prerenco aiid jaov&ment of a hoi.© saturaticn 

front;

(6) tho I&IX VoLttigt Ml 4 function of ;, coition;

to doacnctrate tsro kinds of liall of>efficieiit izworsicn, one 

azscclated id-Lh tho saturatiou. front, tlie seooad

(7) "t^ie Ilall voltag© a;: a fimetic^i of oaBy^o nation; 

to de^onctratQ the de^endanc© cf inversion en the

(B) tha Hall voltage as & function cf

to show tho ten^ eraturo dependence of th@ oarxdsr flow paranotors; 

ttt« liall roltaga *;i a fiaiction of aa0i«tie field; 

to 8h<m tfce -affect en ^io inirersioas of increased

effect);

(10) the offeot cdf a oagnotio field on the voltage distributico; 

to ooofins the results of aeaeureneAt (9)»
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^* 3» 3. 1 *ft** gha-*« ef the qwrernVvrlta^g oharac tori s tic.

Th£ ie i-V ciuxraoterlstio for iajesticjn was f ounJ 

to vmiy wj lh ' ,«B length, as will be deacribeu in ruction

* 3* "^J^i tblti S;wai*«i* of lii^h®r r: 5i.ttar;cc; s whioh inay be

with array, of cwxit&ctf. ar»- mor© suitable for analyRis thaa 

ihort r.«a». 3iort s^eciffiane however ^Lve a clearer

tins curreut-v-.:lt,^ character I atic of a 

•hort B^ieciaien, diode JU731-* botfe at 77*^ i^a^ at 20° X. All five

vi^ibla; they &r« labelled a. follov,- : 

no, 1 curr* portion A*B V 

fto. 2 C 1 !)' 

no. 3 B f S f or BC 

no* 4 a*?' 

no. 5 CD

figure au^t oenstitute qac of the r.ost anoimlous current- 

oharac tori s tic pictures over ceon, especially sines ths 

applied field is 20 volts /cm* , for beloir the hot eloctr n. 

t: ill deaoribod by Paigo (I.e. 1<>54, 453). In thic tfcssls, the 

&ia ia to inver.tigato and ez; lain each negative refdstonce; for this 

cha;.»tc;r »» coofin; our interest to the rogienau C5AB, C.l'B^O 1 , j*nd 

the n«*~lineariti$3 vdthin this range tc the aff aota of 

t for roaMDB diBeuaa^d in the next section.

for this iiijootlon r.tudy is tenaijiatsd at B, C* by
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a nagative resistance which is not dependent on the injection prop* 

erty, a siailar phenomenon being found for ohiaio flow. It was noted 

however that tho transition point may be raised by using pulsed 

currents. 3uch pulsed conditions mke it possible to examine growth 

and decay transients; those were found to be coo?)lex, apparently 

incorporating two or three diffusion waves of excess carrier density* 

Ho atteapt will be made to explore these phenomena here* This is 

not bacauso interpretation presents any special problems but because 

it is felt that it merits a project of its own which would be a 

continuation of the present work rather than an integral part of it* 

Certainly such an analysis would rely oa the ideas put forward here 

more than it would confirm them. There was no evidence that the post* 

transient values of the pulse heights were dependent on the duty 

cycle before the terminating negative resistance was reached* Hence 

d.c* readings are employed because cf the advantages in accuracy and 

information grasp acted in section 3*12,

4« 3* 5*2 !Z*he characteristic for long specimens,

iteasons for considering the non-linearities CAB, CA'B'C* ^s due 

to injection will now b© advanced. For analytical purposes we turn 

to the consideration of results taken with th© long thin higher 

resistance specimens 11, 12, 13, Figure 4*3*2 shows the total 

oharactoristic for apeciaon As13H2*- f both for injection and ohraic 

flow at 77 & K* J?i^ura 4*3,3 shows th© injection characteristic at
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four temperatures. 

fe note:

(1) The ohmic contact characteristic is linear, wherea* the 

injection characteristic i* not* 2&i» ie true in general for all 

a, eoiaenc above hydrogen tea$erature»f deviation from linearity for 

one or two ohraio tyvQlmma was attributed to poor coataet production. 

At hydrogen taapereture and below* iajpact imitation ia possible — 

this ia diaouaeed ia chapter 5.

(2) Figure 4.3-2 enow* that relatively little currant flows for 

tan applied Toltag* of ld&» than 0*7 volt*. 2hi» feature was coraaicn 

to all diodae but vaa obeout in th» voltagtt curre over portions of 

the cry&t&l not including tha junction as aaoisi by figure* 4*3*6» 

4*5*7* thia oonfirva the analysis of section 4.1*6 wher« it was 

daducod that a potential drop (t^ital to the band gap ia required at 

tba Junction to auppl^r an appreoiabl« injaoticai current but that at 

this figuro any nunfear of oarri«ra la available* 3fels oorreeponda 

wall with the geraaniuja band gai> of 0.7 «Y« It aeans that tho expon­ 

ential region ia soon left behind beeauao the potential drop aoross 

the oryatal ia large eonpared with that at the junction. Thun the 

preaiaea on which the otaaputiition for the injection ratio IB based 

are fair, even if the foraula derived is not*

(3) 2foe injeotics) and ohraic eurvea have the &aae alope for low 

applied voltagea (figure 4.3.2)j at higher currents, the eh&raoter~ 

iatlo ia Again linear with a lower elope* Thia is attributed to the
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change-over from single to double currier flow. At low currents 

reeoBfcinaticn takes place close to th« injecting (mode, giving 

conditions similar to ohmic flowi as the holes penetrate further, 

increased carrier tensities provide a lower resistance* Cnce holes 

start to reach the far end, a new regiae takes owr with a slower 

resistance variation* 3inee the line does not j>o.ss through the 

origin, ervan the nw linear ran^o r«pres«oits falling reaiatiuice due 

to a swelling carrier dtnti^*

(4) A double injection negative resistance charac tori s tic ia 

not ob&ervod in the 77 £ eurv* of fi^tro 4-*3*3» ^ut a discoii tijiui ty 

is obB*rvabl6 at 0*5 aa^*, which is OT«I »or® ^parttit at &/!'.. This 

region it interpreted aes bein^ ^rhere some spoci.^1 disttirtioii of the 

carrier density is being pushed down the crystal as the current 1* 

raised* Following the thoory f.oction, we eugse&t that the dletcrticn 

rej>r*»«nt3 th« front behind v-hich & set of glow hol@ rec ordination 

centres is saturated* Trapping and recombination are considered to 

be similar in principle to those for the negative resistance coaiput- 

ation of section 4.^.^.

4* 3« 3* 3 'ty*] lohan&o in chagpfatoristio with .a:/eoia>an.

The i-V ohar&cterietic variation as a function of diode l&ngth 

is aliOT«i in figure 4,3-4 at 77 ** a^^ in figure 4«3«5 at 20° 1C. %>eo* 

lam length has a ol&ar eff ect on the negative resistance ob carved 

at hydrogon tempera turo. As the lon^th decreases » 00 the
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tande towards * negative resistance. 3he Mgfctive resistance MO 

yet aharpisr for the shorter specimen afeo?m 1?y figur© 4.3*1. It i« 

deduced that tho negative r si stance region ia due to the aoticn of 

a narrow gone, nhilo the rest of the crystal provides a ballast of 

positive rosistanoe. Overall negative resistaaee is obaterrad for 

fairly short spaclssns, and for still shorter ©nos & apoBtanacua 

tranaition, a;- in 4.3.1 whan th« negative rQsiatanco is atooper than 

tho load lino. Tho ne^jative r^sistano© of 4*3*1 sho«s little hyster- 

QGia, and aajr be ttttvarassd in sitfcar direction* Thin indieatas that 

filaaent f onaatlon is aot si^iif ioant, following from tho sonsideratiesi 

of filament behaviour in ahaptor 2* li aaeooiate the nsffitive re si a t- 

ane« 2 one vdth the region of th« saturation front*

4* 3- 3*4 aiaL.on

Tha potactinl drop bstwesn adjaeftat contictr down the length if 

s; -aciam was aaasurod to «&ov the voltage distribution as a funct­ 

ion ^ th* cijrr«at» this 1» ahowa for 77 °K. in figur® 4.5-^* It desjon* 

atratos tiiat for IOT̂  curr<aatc all portions of ths crystal are ohado 

except R€ whioh incorporates th« rectifying junotion, .^boiro a jrsiet- 

ion voltage cf 0.7 oV« > »«etlai HO choirs a fairly lin«ar «hnractcristic| 

below 0*7 eY. tho exponential dopondimco of current oa the junction 

volt&gft is app-*ir«at. Tfeifi oupportr. the ecnolusicns drat?n froa i^ae 

total charac tori stlc in section 4. 3*3.2. The figure shore that the

delays its appearance to hi^cr cxirreuts as the distaaoa
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froa tbe injecting contact incra&sas, Thi: in a logical consequence

of the inciv-^od ^©iitttratloa of holee at higher ourrer ts; double 

oi: flow predominates over lender crystal ranges, giving a 

local <H»*austivi1i7» *t 0.6 £1%:. the double injection ran^o 

has spread throu£i the whole length c-f t!j<i ciystal to the cathode. 

la the r^gioa of th& cbaii^tt-ovor froa aiagl«i to double carrier floi; f 

a a*§fttivo ro.;-Utance ie caaost visible for come Eocticai:.; 

uio fioctiar^ mth th® ch^ructoristio for the whole crystal which 

IE their volta$» «*a, the relaUonahi^ botvjuoa ^paoiaan l^a^th and 

i^t^tivo re^iotince is cl«ar. for contact pairs still closor 

to^sthor a a«re aarl-od effect i^r be ;yr; t icipatdd, ufaich th© next 

section confira*. Figure 4*3*7 shows the »ectiot\al volta^on for a 

dlfftiront apeciman plotted -ig&in^t the tot^l applied voltago; 

the porticn u^> to 12.;,> volts -ipjliod is r'..devant to this 

Again the concentration erf volt-igt: at the junction for low rolta^os 

and it,: tarun^f ar to other rej* " at the voltag® is raised, 

bcth

Tho Itmg :_ ---v --as- -.'r.- ^"ttud with paired contacts for the 

jsacaaiaalion of the Ilall voltage — with one set (s^ocii 

'too aets (Afi12H3* and 1DC1H2^} or thr«« »eta (A&12HU and 

uince it i& not possible to olaoo these exactly on oiuipctonti-xlr,, 

out of balance potential difference exists across tho i
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in tiie *b«»*uu« of a aagaetio fi@ldf due tc tfca icagitudia&l

vo

Ulto , **Ua *i. UtA'^iWU tuo

stu&Uia fur taw &*«&« cout&ct

^u for

flow iu U«» ct>'«t«JL ^**Vtt <t iiii*M*jr tu«

i-V

Eaa.dc

tiit.ru Are no

curve^ at 77 ^ for the con-Uot

(l ) X ia for ««toh , B f C;

for

i£g@ctiu& i;caitact. It it thus fair to &tat* that

the

from

total otarv* of figure tha oharac tari s tie is

of thy tiiro« at ^, ii, C; tai

la

it b<di

Eduction

(4) <*.

the l

lino^r to

ua be*
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a YiJLuc of three tines the single earrier cae. For can slant 

and 0rAual oloctavti and holt obtllitlos, this indicates a free carrier

-- f tiirco tir.»e* the e>7ui-L:. : -•'.•.• :\V. --itr ; density. 

(5) ?cr "r" •- SRttll reverse potwiu^uJ., ~ - aV» , i~ w •• A o.t Q»5
r.dii :' vorj- difficult tc arr;laln ;-h^-r—,i?;f. logically. It w 

. to o. f "ja thi:.. point that the . ^a-^ni»d injection aA 

.V O(mstruct®d. Results fro». thia su^astQd firstly that

(li^. in oi»e direction was aoco%sur)^ ed by & oorro&p endin 
la the o-tfcer ?md Aaecndly *V'-Q ^- th« m^re nearly opposite the contact 

pairs arci^ tho 1 ..siatent is the baliaviour of the local potential 

fop ' ' '..<Biz, 9 Th«»e joints &r® interpreted as evidence 
of ehuxges in the equ^ot^itlal ^.rfaooi: in the crystal as 1^1© ctxrrant 
i« raised; die tertian <€ "tti© equip otentlAls in fee regiai of the sat- 

XL- ;t o.i^ ^rcbablQ, tshile the double carrier equlpotaatiala 
are not neoen ' the saae aa tl^.o i-icgle carrier aaes whiah preceded 

thea > duo to tr •• ^-osalbilitios of differential nurf ace re- * " atien 

and ftainollod flow. Ko irregularitieo at all wore found for ohoic flowt
To deduce just that the local potentials indicate tho r,evQ 

of a hols saturation front dovm the crystal.

•• e * 3* 2*^ Thn riall vol^a^B. ag a funftffipn of catrr^nt ai:C. ^o

The mo t inpresaive and iapartant results in this chapter are 

those on 12is Hall eff oot. Uhis ia beoauae their cosiplex structure 

l» an eat /lanatlcn which is based en aa understanding of tho
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flow pro&di.£*& In the oxysteu. . reproduction of an

ui' wi- Si, .i figurs 4*3*9* tsro curves

cliff yrwtacet

iu tb* twa *:*li

It apparent fro* 4*3*9

/low

diatgrtioa of the

how tho

tko liail

| for

wu obtaiaud.

due to the i-- _>.. of

in the :kkll vuLtag« 

for dioda JU1>-2^. BB*

Hie in4uctiu& ooaataot

w.ii liaH

CC*.

our?® for diodo /us12il3*; iaare thora

aatura tlo. fruit bo di'ivoa doui eitl^r

•IHW x-Wt^x^vi •

(l ) 'Iha distcrtitm BSVQS doisn the crystal froa tbs injecting

u» tli^ ax^T&at i£ raided. — ' ..U13-^^ this aight be 

Bul tha rebuild for -><>- provide .>trcai4jor evidoaCQ sine® 

tL.**ortiGKi p*4»«a first tiie ^^ir ae^ror th© injc- ' • ^ Uct for

diroction of hold flow*

(Z) At ourreatc bd-- tho r cint at which distorUioa begins, 

current is sl%Iy an olectr.-. •..,-., i.... 11^ .u* :ZcA.e in this region
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Hall Voltaqes for Two Directions of Flow
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exac ". '. ohralc flow In tfed* wtt«rial«

(3) ri"Horo are two rathar -rant offe rhiah both tend

a c' " ; , to t-^- 

is a, ^w.-... Sj^ wVu-«uf AX^,' *i

is eaa.. t?u> n-nrntiv t.stanoa

sJicr,ai by the loool ^c .. n ,

not * " >O1 ^» b«f ore brcakdov,^. Bridfloo* tftkeii froa

G'ridltioiv,, uiid^i- ivii^ch l*r« . *^'---Ti ' - •^.-•l,v*-'<l > cozif Ir - th-i

" ...'..^ duo to th. A .. .':i,g of a ' .' -trap , vAtu, 

boing due to a strong local dletortlc-a of the

:-,u, to iiie

t; to hole flow, ,/rodictad in t' . ution, C.*UA -d by electron 

' n -at the In joe ting ' 't on«2 oca1 nt back diffusion*

t!>a first invar. 'iai '-sffoot, tl\Q Ilall volt^e ris«e

to a yalu.j ,/hiah in somo instancoi oxccous tha aquivalent oludo valuo* 

Yot sjiy 5. 'in the earrior densilgr SIM to trtipp0d or freo holos 

(}} ; fitll;- ised) would rsduoo th© Ilall voltage. The 

rio* is c •' -id to be a pacing c * ' ;1 «if. r.l' ••.•ticai ^iff^ct 

Taatoboa t3-.o invoraion narrowing.

(O *>..-» oharao tori -^ •*-•?«» for curreait flowing in op; nr^te diroot- 

for ",V wars not ' Licai, in & ito of the contact eeoaetrj 

rl-iilar with ros;.eot to th« cr T. This is rhorm by the fa«4
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that to* ettcrtat at which the oittorfcioa reaches AA* is the saa* for 

direction;, of hol« flow though A*k f is not at tho centre cf the 

tal. Alee Hi* t&rainating breakdo^ currents are seen to fee

different. Possible ea^lan^ticsia are:

(a) InhoGiogeneitie. ixi the bulk or surface prcpertieo.

(b) Ddfforeat rscoaLizwition rmtec in the contact Iccalitios.

(a) r)4ff«r«ttt iajootiai ratioc.

Cf th^~e, (a) is unlikely in tho abcence cf at^y corrolatin^ evidence* 

(b) and (o) are la ractioe cquivalontj we point out that th@s« are 

-till coiai£ta&t .vith the model of the injection ratio cf section 4*1*

ainco ro^ulti: iicdlar to those of the foregoing sections did 

not **«i to hayc boen reported b of'ore, it becase tapcrtont to sec haw 

, they are on the c&%ea&xtim ci1 the aaterlal* Because a

cf aaterialL oi Ix^.rai com, wisaiton r&tioe was not 

aridance could only be procured for a crystal of a^proxiciatQly tea 

saa* carriar density, rcokcnod tc be uncompan*at«dU Re cult, for this 

crystal, ocuntod &s 1UC1il2^ f ur« ^homi in figure 4.^.12; tvc iets of 

Ikll ccntacts arc em,lfljr*4, M* b«i&€ closer to the rectifying contact. 

"5e deduce:

(l} There ifi ovidonot that aome aort of disturbance cf the liall 

voltaif© is taking place *t high ourronts for AA* sad for BB'. The 

effect ia ainall but





Figure 4-3-13 

Hall Voltaqes at Three Temperatures
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(2) 2h* effect i& far leas adgaif leant than in the eo«!>«n sated

-iiid it i~ dear that ooaa£ldArably hi^ser current demsiti®£ 

required in VReoqpea&ftted material to pro-duct; positive ovlteM* 

for Inversion.

Tha rel&tivo difficulty- in dMOa£trati&£ «u ^i.jocticn effect i& 

the bulk e£ the aatwrial say be duo either to the rectifying 

or to tl^ic i'ooouibiji&tiQti i>ro^ortj>t., of the ^at&rial it^oLT, It 

f c to Lo noro difficult tc aok® stroaglj rootifji»£ junctions on 

oasatttd «»torial f HKm^ki the production of poor ones on 

isatorlal is quite pos&lbla. If tho anods has a low 

, tbsn the glf^ctraa le>ikftgt currant may be too iii^h for

to boocoe th@ contact

loca-U-y A roauces too CAOO ro«uit. It is aigr.if leant th&t the best 

of £ix jt£icticn£ cai uncommon sated raatorial producod less hole 

tha worst s£ those on overccro, ear^ttid Bat&ri&l» 

result:, th.c fit in ?d.th those en co^<jns^tod imterial

swoh posiuvo avideaacs* ALL further results

in thia ciiapter tdll be for the ovorooi^j«&sated s j ed aat^rial.

4.5.13 chow« th» Hall voltage for a aucbcr cf

for c,. odaoa /*s121!3* aod fi^tir* 4. >14 for speeizatm 4e1JH2^. •• •.--•tot 

(1 } Botr/can 77* K and &»*!:, thaora is littl« cbangpj in the oh ,rao

«riwtic pattsrn. ..& gcaieral t^mdoac^ for aoet specioaaa aad contact
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for the first inveraioa to be isore intea&e at the lower 

^'o censiiitsat gtove&ent to higher or Iwer current
c

mi» f OIBIU. rili© grout*** iuteafiHy cf toe iavtdreicm at 64 K, 

interpreted ** A &igt* that th^ a^tAiraUoti f root 'It* aor« 

dafiaoci &t a, lower te^jNffa^^rt, wiiiie the oooataacy of tht*

too due to thv laok of variation in tiii£» t$&z^®r&tur& rim^ of

of ioui^au «kaiora» Uie Q&rri^r mobilities aad

(2) Betwton. 64 K sad 20 K the &iai& obaAtfO i& & vjiy lar&o 

in ttio inteneiV °f the first itxvarsion. This ;^y 

saturatioa froat wtiicli oorro^xmds with Ui« 0vi4@t&Od iroia
e

tondeucy fur a negativ«a re^iatanco at 20 K actad in

4.30- u

(3) ^itw^a ^iT 1C ^ad 20° £ the first inversion moves to a higher 

oxirreaat. In view of tbd liick cf oviuunGG, no e^Ian^ Uon will be

(4) Uo rosulU are available on the t^iapei-aturQ variation od' 

th« s@o<md inversion, whiob «4fi found to t&k& plac®. If it 1^ due 

to 4 ohim$» frca electro:, to hole flow, and aBLuaing the mobility 

ratio «#v$& in favour <£ the holoa a» tha taa^ oratxiro i^ 

thfia it s«y »e e^cp -acted tliat the oooond inversion will tike 

at & lower current*
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4«3*15 show© th« Hall yolt&g® eurve for AfiHGI"- at

fields. It 4esw3tifc»trat@& the field d%eiidciiCfc ^ tbo firtt

aotsj 

(1 } RMI f irst inversion Is Ju&t eooplett in the lewset

field; AS the fift^«tic field if", raised, tht iimdaiu^ to cros 

is i . ,4* '.hu int<»r^r@ta <U.Q& ^ivtin i^ th&t the inv©r,iGr* io due 

to Oistorti^ cC tiie @qui^ot^atlal£ a^ tho trap saturation front 

x tlic

and reduce

roducud

def l&otod

.: of tho frcmt. Bqitipotoi. 

wiHi itt elT0ct wi U;s liuli voltage 

(2) Slhe ^ciJit ef closest a^^roa-cfe to invei^iou ;acvus to & 

ourrent as th«s a&^etio field is raiced. Cur interpretation

rooosibinaticnthat th«

th» amabor of holts f so tlmt tot^l cun-cnt

required to f crc« the i^turatiea fra:it a uj,v.i>

Th«e« effects -ra

po^iticm to liav®

at the I fields, showing

roaehod* Jtoeordlxkg to th@ discussion 

indicate a ohisn^s free oa.^e (1) to

(4) eecmd orcs&»over i" not viaible* It re.;.

«srved for this under pulsed conditions at a higher
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Figure 4-3 -19

Hall Volfaqes af Three M aqn etic Fields at 2O°K
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4.3»16, 4.3.17 <*ow the equivalent Hall volume curves for 

it 77° i. for four m^ietic fields; figure 4.^.16 refers ta 

the oonUot set KB 9 which ie> olo«**r to the iiijuctin^ contact H** f 

figure 4.3*17 to the contact aet M'« These serve to confirm points 

0) — O5 noted fr«m flours. 4.3.15* but $lv® *dOeu infonrntiim about 

the SQOoad inversion.

(£) Tor low naftAatio fields, the current r&quirod to produce 

the seocaid invoraion risea as the *B0ur&c fluid ic rui^od. Thiii is 

v<-ith the os^l&tt&tioa given in terms gf increased eurface 

is^odiag the change-over from electron to hole flow*

(6) At auntie tic ficxlck higher than 300 gau&& t-^, ourre&t trend 

r- ' and a ruthor di&ooura£int; feature occurs which Ic

iri fi^ur<^ 4.3.10. Hers the second Invoraioa 

is plotted ag&in&t tho r^^ictic fi01d for the tiro contact pairs. 

Than for the higher mystic fields, the ^ecoid inversion appears 

at the further contact fir&t, which &eems dirocti^' to contrudiot the 

i^pothc^i^ ci' hcloc poaetratiafi steadily domi tho crysteJL* ,« prefer 

to o«snsider this afi eviflenoe cf severe dlsru^ticn cf the current flow, 

prdbably Involving fvauialled flow* Hds view is supported T^ the 

anticipated b0h£,vicur at low fields,

(7) !i!he equivalent curves at 20°K, figures 4*3.19, 4.3.20 

oenfim points (1), (2) on the firet inversion but give no evidence 

ca the second inveraicn.
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4-3*3.10 Tj* ifttaot .." ,:. tic fiald en the voltMa Aiatri.. '.I

4* 3' 21 illustrates the effective taa$ao tore si stance in 

double injection; it ahowa ths distribution of the voltage along a 

or/it a for a nttdtar of a&gnttlo fields. 1® note:

(1 5 1T:«i off dot le not ft trua n«»fi?i©tor9r>l£tane® sine* a variation 

not in the ,^in^l^ oarrior ran^a 'but only where a ncrv-linoari^- 

to doublo Injaotlon Is evident.

(2) T*K» crystal ocaaduotivitgr is loowr ia a ascetic field in 

a double injoctioii raag© and by 1200 gauss has virtually reverted to 

its single oarrlar vmlua in i2i« current rogion observed.

(3) ^ '•' -is?f*ot cf applying 220 ^.uss is alaost noslificiblei 

showing th^t aeawirawnt of tho Ilall voltage at thin mft^netic field 

-a reasonable approximation to th$ field-freo car.o, whftr^aa

dottc not. tDbid supports th<* conclusion cf section 4*3*3*9 

that at a field cf 1 l^auss the doublo injection flow has been 

disturbad*
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'*.. 3*4 Ddagussion qf Remits.

**•«.

It is intended at this stage to difxjuss how ftfctief&ctorily the

c£ thic Qjtperiaental ruction have beon achiaYed; ^e leave the 

attempted justification of th©s& aims to th3 coficludin^ 

The Initial aim w&e tiis explanation of th@ particuitir 

cb sorved in tho in.^coticai char&e tori,,; tic for & particular oryst^l, 

sino-dopdd goraanl\Ha, ovurcoa^^easatad with areoiio. A prel 

survey showod that double iB.jacttcn WES being dbs^nrod with 

iabla cdiioriV oorrier penetration. 3uch evidoi'icc wa..;. explained by 

two hypotheses:

(1 ) rrho -aoveKont :-f a front of saturated hd 0- traps with 

rising currant,

(2) Ibe ch«3Bg« frois an electron to A hold current v.lth rising 

ourrsnt, dae to »lectron st&0iatdon at the 

contact*

ffea this juncture our aim has boon to dcvias ox Gri.:ont^ which 

give 3,nf ensatiori bearing directly on ti;«^c

4* 2

The ae43or«aents «sacl6» together with their specific relevance, 

have been rurrtarised in the eeotion dealing with the pattern of the 

r*eultf (i:action 4»3«2)« We point out that four of th« 

do not aeem to have been usefully eis^loyed in double injection s



132

to now (apart from a -srtiltrdn&ry paper by Hatrigailis* and

(1 } Tho positioning of several sets of potential ocntaots dov.n 

the length of th® crystal,

(2) In.jootion freia either end of the crystal usinj; suoh contacts.

(3) &MTri nation of tho ^otoutial diff&re&e® between olcsaly

(4) Ihveald^ttiQEt of the Hall Tolta^t for injecting contacts. 

A f if tt, net; ty Q of cuaa^uroiaent nas cUiViaod, tho aniQ^sia of growth 

iild d«cay trmn»iaats, vr-iioh 1337 b@ uiiod fear &11 tho oontact eets and 

for il&ll voltag» investigation. 3uah s^asuresjisats ar® not reported

the 30 obtained r.-i:oa aor« questions ^.:m the:;' on 

four aow me»imr©s*entv f supplai^nted by mex* ocuvmntloaal 

voltago isaaaursscBats, hav© b©caa invaatigatsd tyith variation of &^

f;43o;iotry, t^ap ora ture , laagnetic field ?Jtiu carrier concentration.. 

further tgrpes «rf* *zp*ris«int are available; dat®cticei of 

, photoexci tuition of oarrlorr, and aaalyoir, of thonao- 

eloctrlc propmrti«»« An invastigation of th© affect of ia^eetlos 

tsi the tlisrmoelootric properties cdf a crystal seems to "ts a new 

field where the results would be virtually tttule$vph«rablQ without 

full loiowledge of the carrier flo^ paranetera* Phatoinjeoticn 

with intrinsia radiation serves as an alternative

»ethod of -troduoing holes | the effective in J action ratio is contr­ 

ollable but would not be eaagr to dotersdn© ausjorioally. 4s a
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method of investigating double injection flow it has distinct poss­ 

ibilities Illuaiimtion at tiie touy of the oryetiu. by extrinsic 

radiation ai^ht produce interesting resulta, analogous U* the quen­ 

ching cf photooonauctivit^y, due to the ejection oi hole*. i'roa trap 

sites, jfoe&e experiments were not tri*4» invefcU^Atiori oi reoond>- 

r«.ui&tiofc ol^ht b& hoped to ^iv& iiii'oiT^-Uoi. c-n tU« local iV 

n U

arc deneribed It oiiapter 7*

»e de4uoe that the nefesttremtiftt^ oonduct«*u &TQ all tiiotc that 

o&t air^c^- rei«v<Mit to tke aui^«gfit»v^lt«^» vi^vr4v«u»i*3tio of 

a uoublfe iujwOvioii diooo, .«e pr&oeed to ooe%^4O*« th« tt^ouut of 

jjof onaatieia obt&i&abl&» the aacioit oL-u^ined A&& tii« aaownt ^rs sen ted 

here*

IxaoATaau,Qu

variable pujraaoteri> are: 

(1) Diode

Cro£&*&ectiai surfaee to ^-eri^eter

(4) Ocacen tritium ci' dofe^, trap sito^ i» the

(5) CoiBj e»icutiGn ratio*

(6) Gon-Uct eiso.

(7) iiOcatioiQ cf potential eoa-Uc-U (ir*



(9) MMPetie field strongth,

(10) Current, 

V«r all oa*ott * voltage i a to bo measured batmen either adJAooat or

ucjo-Uots. Using 10 as the t-a^liag nOTOer for ftaoh poxmiurter,
ajL 

the total a»m»t of obtainable iiaformtlon fills a 10 order mtrix,

with 2. 10 al««ent& of iaf ormtioia. In the ojq?eri«ent£, ovur (SCO 

infection curves, moat r lotted a^-iast currant, v,oro obtaiaed4 each 

^iTiza^ a voltage readily &t about 40 useful abscissa valuer , tiio 

infonaatiui total being about 24,000 elements* Thi^ ha^ involved 

E in all tho parameter® listed ab'/ro, 3i&oe tt» aim it to 

double inject! en ia tem«"^ of tho two hj'potfeM**, frcant

t and flow inver, Ion, we have two <p»estioas to ask: 

(l } Are t^te^Hs l^y; othe^ea consi^tout r.ith the ci&tn?

/ore all alternative h^j-othes^s iiioonsi^tent with the data? 

the answer e to bo in the affirmative, we have to determine 

tbe aoallest voluiae ctf ijof ormatican whiuh ihowi- the l?ypotheeo» to 

bo bo tli sufficient and ztece^&ary; this than is tho oaa^lo of results 

which -ihoijld be presentee. Ae now discuss tho trro

4* 3*4*4 Oio oo^f^fitoncy between t^e. .d\.^

of tho d

Data is no taoro uaoful than its aelf-oon!sist«QQy wirrants* This 

particularly to repeatability, the injoctlcm i-V aurvo shcwwd

a change of ~ 5;' frcn its first run after which ropeatablo readings
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obtained; «inoe the rofiistane* because highor <*ttd oteiic reading*

©cn^taat, this was put d«wm to s, fonaiag off eat at th* 

contacts, - ?or eon tact pairs which were very nearly opposite, the 

behaviour of thus local potential wan not consistent, varying onoo 

aven for tiro mocessive owitchifi^a* Since these rnadiags arn extrs- 

flM^jr a«ifflitivo to the *qui;,otential position.-, this variation \m& 

not rc.^r-.ed i*3 •«*prisin&. H&I1 volta-e readiags takaa & wcnth

varied by IO^D th&n 2J>. fh® aelf - con&istoncy «ct tho 

r««kOR«d to b« quite sufficient for the conclusion* deduced,

Two o^isr affects ^«re noted, whioh MMBed to b«

(1) A dlsoootieail^ *ppearod fr«^icat3^r twt aot 

in tho Ball voltage while at other tiraos the ovirvo was smooth over

due to

uous or continuous, in the carrier flow -treapJlinoi:; a corre^p ending

In tho local potantial wa$ also noted,

(2) At 20° K and MLew taftat'uj^iftent of the Hall volV^c w*» 

raor« conplox lay a chan^tt with a time constant of ^ 10 seconds.

It aj>i-'«AT«d to $ivo A slow dacxme* in the panotration of the hole

saturation front. *1e deduce that & alow hole trap is responsible.

Baaultft plotted show the equilibrium valuo en increasing the current

slowly.
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The aim haa beta to produoc hypotheses consistent with all the 

experimental evidence available after mkiag allowance for any 

Mutual inooaaiatft&ey in then. £jc eri.wnt2 havo ^QGn &eiri&ed to tost 

the hypoifeeses la the nest eff«ctiye wayfej thiB ha^ Involvftd tho U^Q 

of n«Itioont'.ct spaoimno and in particular, in.joctlon frora eithor 

md of auoh a .iiJ«K>iiwai. It i» r@«tetR*d tbat th« hypoth«»*§ «T« 

fully eon oi; tout with &L1 data obtained .dtb th» oivoo^ tion of on*

magn^tlo fields *bova 500 gau»s* This obj«etioii has 1>aen 

tilth in &*etion& 4.3*3*9 *"d 4*3.3*10 «h«r« th* conclurlon is

that the currant flow is considerably U:sturW3 in anch a 

cwgnotio field, so that tho rov-mlte cannot bo interpratoi st 

forsrarcUj; ths obj^etion to tiie J^rpotho^oe is thu^ redno«d»

h'arioe in aa«war to th* first quattion of *eoticn / . 3^V.B. , 

irt conclude that the Itypoth^iEes art as consist«nt vd.th th« data 

QBB yaaMOftbiy bo «3c?»ct-3d.

4, 3.4 . 5 I _

3o far the aim has boon to shew that the h^rpothafcoy ar« suffic­ 

ient to ex lain the oxporinwntal data; in this considerable succor 

has b<&en olaiatd. It is however far mcro diff ic^ilt to dencnr.trate 

their neotaslty. A large olass of alternative explanations which 

rely on crystal inhoaoganeity can be ruled out by the remltr from 

iajection from either and; this is acre effective than the demon stra tion
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of eoaaiatent results froa <mlte * aiirtfciif of epeeinena with «

iaj-soting contact,

the sane tii«» It is «e**pted that saqOaaations basically 

to oure but differing in detail sould be Notified. In

f act it has not toot oar aim to investigate the detailed nature or

m & eithsr invgrsion for roaaons to b« given in soctioo 

thia to|jic, aa on o thorn, tho work is r?- aculative rather than

Finally it it apparaat that tha saapXa of data pr«s«nt«d iu not 

the ; ei'foct one, ae aa«n with hdlndsight* 2vit om^arabHit^r thoro 

is in th0 ait\ is a ataffisre of t^ie auoooss of tha anticipation COEJ-

As was describe:.! at tha ta^.inning of this chap tor, work on 

injection is at a ralativaly early stage of' dovolojinent. 4 

of ingfeiM»«R of negatiT« ro si stance hove be*n published, but 

there >ms :^ .arontly boon no intonaiTe inveati^atioTi at a

1«?«I; rofiult* KPailablo have be«n rcrrio^ed by Lauspert (i.e.

Itore TO GBttly eeneidor lit'watar® ivhich h&i direct relevance 

to ^i<j idea? d^ducsd froa our e^eriiMmtal results.

In the first plaea there is the work of Stafeer «st al. (i.e. 

1950, 456 j 19^0, 457; 1961 , 453; 19^2, 459)j this foraed the starting 

peint for the explanation and inresti|»ticn« reported here.
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*»*&*» are reperled by Stafeev on tho "modulation ef

the on length*, by which is meant the inorease in the 

carrier diffusion lea&th as the injection rate rises? tha danendancos 

of the currant-voltage oharaotarlntic on temperature , aafnotie field 

and int*m;j?,^7 of illuninatlott are deteraJjaed, but no attempt ia mad* 

to ir4v«*tififtte th« electric field or oarric-r eono<sr.trailer.a and tlioir 

variations do-on the length flf the diodd3» A point of confusion Is 

tliat while Stafeav t«ras laia spsciaons ''loas diodaa", it is stated 

by Laapert t'iat th« id**a refer to short >i>ecia«s; our an^loreio 

fully supports thia« This say explain the l&0)t of interest ia 

work*

S$e«ii<Hy th«rs i» the nork «f Hcloayak (l.c, 19^2, /i,60). 

c' rounatancer in this oase are slightly different from those 

in this work in that thia p~i-»n structures w@re «3ployed, Results 

showed ncgativ® rssistances for high resistivity QaAs, SI and Ge, 

doping olomonts eaployei being ,\u, 2h 9 Cd, Co, Cu, Fe, Ni and 14s. 

!Che rosultn ^»re confined to V-i oharaot^risticc, under Toried cond 

ition.: of illusdnation, tec^eraturo and aa^netic field* The sucoea 

with thin ;: soiaans and with hoi*? trars is in Adeordanco t.lth ideas 

ytit forward h@re,

Thirdly there is the paner of Melneaills and Hedikef (l»c. 19^ 

<M>1) on indium -mtimonidc. Hero throe sets of potential and Kail 

contacts ^«re employed for use with an injecting contact, and aeot- 

voltages were recorded shewing the spread of minority



th* «*7»tal vlth in6r«a*in£ current. Tne explanation given 

i* in terms of trap saturation following 3taf*0* (i.e. 1959, 4o2) 

and ia ta-iua ffiinllar to that given here. Ho**rer Mslngaili and 

!tadi!&r givo no Hall results, though those wero available; wo deduce 

that this bocaudt of difficulties in their interpretation, which we 

IMMHI triad tc avorooBt*.

Pinslly thsro is ?» ccnsid«rable 0231913111 of litagfttur® fras Jap«n 

on the effect of avalan<3ho br«akd«w«i CB the ourr«nt flon in a crystal 

(». rj.loiohi, T. ^b* l.o. 1962, ^63; 1962, 4&; 19^2, 4^5; ^ ni^chi, 

Y. Abe, P. Chong 1963 f k66: T+ Aado, a. G, St^ol«, M. A. .lAsa-ort I.e. 

1962, 46? " r.3, 468)» la le&v© an analytical diaeuesioc of ifi^aet 

If)nis5a^.0« to chapter 5§ ^nd ocnftidar hero ju^t ttee effect cf local* 

is el Gloetrce-holo prcduo titan. At 6 physical oonr.triotion in a cerai- 

oonductor crystal, which b^ooaMS a region of high electric field,

multiplication aay take plac^. ^hus carriers aar» iffeot-

l into tho "bo^y of the material. The raault* pres«nted 

th* Japan©£$ authors include tho»« for th« invosti^ation of the 

distributions donca sp«eiaens inoorporatin^ a oonEtricticn, 

•nd alao H It voltag* •»afurt3wmts» Fh««oowia abs«rv«d include

«nA Hall volta^a inversion ns w«ll as sj ontan- 

It IB Interesting to note that Kikuohi ant £be 

(I.e. 19^2, /i^9) noted a second incipient Ball voltage inversion 

slailar to tliat reported h^r«f wnil* th« ifftet of a aa0ietic fi«ld 

ia also eitailar. Hoiwrer in via?? of the xtneert&in ocnditions
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the constriction, it is not f olt that tilt re*ults proviA* «uch 

ocnfifemtion for tho,; o give* her*. The <ac, lanation given to the 

iiall effcsst ixrv-jrsioao ia section 4* 1.1 3 i» rathor more satisf ac­ 

ted? than feai give* by Kikuahi arid Abe (i.e. 1^62, 470} and by 

, StMie, iMpert (l,c, 19-S2, 471} vhloh roliee <m an or^odcot 

field variation ef the oarrisr mobility ratio; o«r exrlan- 

aticn in t ;rt.;r cf tfaa intoiTelation of hole and electron diffusive 

end field driven o%fcrrettt£ cai^r;t be valid for "sogiccna* (seciicond- 

iictor oscillation g«n*r&tora by inaction and constriction),

le ocaialttAa tli6 dleenscion cf exp^riireaatml results bj making 

Hie following points:

(l } Aa * aethod of studying reooofcination nnd tr_i, int , double 

i " ' ' if a uaefol dovico t^iich ha& !>««»

(2) The n

the investigation of tfe© voltage distribution and the Hall voltaic, 

prcivide tools for Investigating the fundaaontal earrier flow prop- 

ertior-.

(3) ?f-1y^-a gewwaittm containing sine labels appears to give 

hoia penetration :^nd honoo is raoro suitfibic for der.onctrutin;; 

voltage invereion than yftoeepenaatad mterial.

(4) The: «x eriiaental results obtained are highly ooaplex, 

giving hi|£h iaf or?a2tion $adn ooH^?are4 with motonlo curves.
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Ih ihif, ehaptor, both c«\ utatLonslly and cs^ariaiatally, the 

discussion baa beet* entirely in qualitative terms, No 

error mrglas are quoted her© or eleewfearo beeaus® no

any absolute significance, Tho primary eaiiee of thl® ic the laok 

t»^L»ag» cf tfe« e-xact co^)oeiticn of tim sr®«dMB s»torial 

As h&s alr«ad^ be«n indicated, the work on double injeoticn ro; 

A pilot sehoae for A fnaiititatiy* ;>rojoct en da0|> l«r«l trkp^ log and

«h«re crystal growing f ioilitios ar« available, 

«f tfe* project aight bo:

(1) Sake high purilQr g*ra*nltti&» prodno* n-tgrpe, p»1j/pd lew 

cimftnr, by dcying with shallow ic^)urltle.:.

(2) M»acur« mobilities in both rsateriale for majority 

)gr the Hall effect and for minority oarriert by the drift ;:v--billty.

(3) Measure fainorlt:/ oarrier lifetiaes.

(4) ^xaodne the Ball off act for injected oarriers for aailti- 

oontact cpecirneni and paired ourroats*

(5) Atteapt tc fit results to computod curves for variable 

retttfciiifttien and mobility paxautetara.

(6) Add in deep level izapurities and eaeaadne the difference in 

roaults due to trapping and extra reoos&ia&tian.

(?) Bepeat for rouses of deep level oonoen trail ens and iffi urlties. 

Tois could be a>;>ll3d to aatsidals other than Ge and 3i* Besides a vastt* 4-

extentiOQ to recombination and trapping knowledge, the result sight be 

a really effective negative resistance region*
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Chapter 5 

t lonlsatioa*

5*1 Introduction*

.4.th the application of a high enough electric field to a 

•enduetor, a reversible breakdown takes place. In the ease of diodas 

it was fir&t explained in tarns of a field induced exciteaent of elect­ 

rons across the bandU-gap (2«n*r effect) but this explanation has 

been replaced in most oases by that of is^act ionitation and the form­ 

ation of an avalanche (i. A. Gtoith, 1939, 501, p.273)» Cadar »ooe 

oircuastanoee it is found that & negative resistance nay aooonpany the 

breakdom. The aira in this chapter 1® to ^mnrtiie the conditions for 

this negative rosi&ta&oe with the aid of the analysis in chapters 1 

and 2*

Ihe line of approach to be taken is this* A distinction is drawn 

between two carrier phenomena with electron-hole production and single 

carrier production with impurity imisation. In each ease filament 

«ad doaain f oraation arc discussed as secondary processes, but the 

eauae of the instabiliV is ocaght in the intrinsic properties of the 

crystals. %phasis is placed on the single carrier case* Analysis of 

the ionisatlon rate equations is to be aade to show that previous treat­ 

ments i&io*. laare clftiawd to exjlain the negative resistance are phycic- 

ally inadcc^ate to provide it* Two features of the aystea which are 

capable of providing th© negative resistance will ^ten be analysed and
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the importance of ocai enaation demonstrated in each case.

jpfcjr&Ual and technological iapliomtioiis of currant controlled 

negative resistance will be discussed.

For a specimen of pur© germanium or one of germanium doped with 

•hallow donor* at a temperature at which these are fully ionised, the 

only source of extra electrons for the conduction bond is the valence 

bead; efetde eleetrieal oontaots are assumed so that double injection 

does not take place from a lens pure r&jp.oa* AS shoim in sGctlon 

4.1.5, for scaiconductor applications i oiascft'fe Law prevents the intro­ 

duction. of an electron 8paoe-ehar$» above the ueglifiabl« level required 

to provide the electric field gradients. lapact ionisatiai thus *eans 

the produotica of electron hole pairs by aa «nerg«tic carrier. All 

extra carriers are aaaaned to be laobilu, since trap-free eer&a&im has 

been specified. "Hie proeeas is cui^ulative, for the&o extra oarrlerft 

aay also be acoel orated to cause ionisation, producing aji avalanche*

a5>eria«nt<il results under these clrcuactancoc have been provided 

by J. B. Gunn (1956, 502); they show a negative ryaistance with incr­ 

eased conductivity. Hefering back to aeotioi 1.2. wo note that this 

atgttive resistaiute should be unstable a^ain&t filament formation 

rather than domain formation* lap&ct ionisation may be ejected to 

provide extra carriers where the electric field is high, while current 

continuity dfff^n^* that this carrier density be lower in regions of high
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electric field. Qunn (I.e. 1956 f 503) att«pt* an explanation in terms 

of hole accaeulation at the negativ contact in the ; lanar flow ease. 

The oaployaent of a oonctrletlon throws light on the situation; at a 

constriction the electric field is automatically higher. Guzsn noted 

that more striking result* were obtained with contacts of higher spread­ 

ing resistance; ioni&atlon within the spreading resistance would fit the 

of apparently planar flow also. In practice avaiaaehe injection

oif ected at a contact a r a ling resistance or at a oonatrict- 

ion is equivalent to double injection with a different boundary coaiu- 

at the injection point* Thus the equations developed for double 

in section 4*1 are applicabJjs in this case* ^>erioental

obtained in Japan on negatiTe r®si»taa«e and oscillation throu^i 

the UM of a ccnfltriotion, (e*g» I. Mkuchi, Y. Ab© 1962, 5^4), have 

been 'iiaoaaced under double injection in section 4.3.4.^« iXmble 

carrier iapaot ionl&ation thur> require:- nc i\irther treat»ent here*

5*3 , 

5.3*1

iSien a ffiMMdnen of fcerMittiflQ oontaine

in tlte f orbiddw gap t a new possible ae***® of extra oarriert eadsta, 

?or n»1^pe naterUl the nuaber of ioni«ed donor* Aepeadi: en the 'c«-t'i 

of the iapyrii^r level, the ddnaity of states in the conduction band 

and the tnocerature (H- A* Sbith I.e. 1939* 505, -.^}. At a te«per- 

ature low enough »e that a fii^ifioant redwotion in the free oarrier



fcee been eaueeti by the freealag out • cf i ioa)ii»ottgl eleertreme, 

iapaet lonisAtion of iaparitieis nay fce observed. In the n-typo oa.ee 

dOy on* type of carrier, the electron, is involved. ^perimsntal 

results on this wore first obtained and interpreted H> «, adar and 

8. Bwrstein (1957, 306); «leotric fields r«<mire<l for iiapuriiy impact 

i«Biiation aro lev la jtittMiflim, do«a to 3 volta per ecu •«9«r«4 with

for pair pro<5uctioa at 1Cr volts per ca.

A differesee hft« IMMB f oood in the betetlour of imeoeyenaateA and 

»peolaen«. Hie«^e&ft%te4 naterlal has Been studied

9 Bwatein (i.e. 1957, 50?) and tjy 3. H. IUxmis>

(1957,503); a ttoep ria« in cctidtoetivit^ i» observed but thic 

is soootauo, gtviai »* ae^atiT© raaistaaee. for eee^em«ete4 material, 

a ouxrorit ccritrolled negatire r*ni^tano« ia obaerred (A. L» 

B. 8. Hedlker 19>9, 509; 1$&), 510; H. J. i>h*lan, ft. JT. Lore 

Uds negative rofiicteaoe will be exaadnod, with ^articular rof or^aoo 

to the iaerteMe of

Domain f croatiaa 1& not applicable to single carrier 

beewaso the extra carriers are not free to ad^r-ite from the region of 

their produoticai; tills la becauae the apaoft • eharge eaimot be aeutral- 

ited ty A aigraticn of oppositely ohar^d cArriors (here the ions), 

aa in the double carrier limitation oa&e* Hence a constriction, real 

or imaginary, is not suitable for e^laijiing a negative reaiatejaae*
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fimdaaental difference between one aad two carrier icaisation , ro- 

lies in tho role plftjr*d ty •? too charge MtttraXi^tioo; the 

icaaoft of thia fieea* to Dare first been noted Vy *• v* Paranjape

a crystal ha* a ragiaa ctf curreat ocutrojULed negative resist-* 

aaoet it wa* abeim ia aeotioo 2,17 that ttoe i-V oharact«ri»tic exhibits 

an area A&C& (riiftsre 2U4li) in &iiia& iilaaiojaUry flo« i» allo««d9 only 

the bounding line* AB, CD repr^sentios homogeae«u> flov* It was sug­ 

gested that the &tea4y fttate pofiitiot should be dsterviaed ty the fitat- 

itiaary state ctf a «uitdbly efle^ui.. - onUx^y producticn luncticw, subject 

to eea&iti«ttA iaijoaed bjr the lemd Iia4»» ti.c r.u ... takui Intc the area, 

and the relati<m»hip bctwtjcw fluotuaticae aaA the mlnleMm viable f il- 

i"ro» the^e the working i-V oharacterictic ean be ar;,lained* 

MM that filas^nt I'&naatic^ it O4;ruly ^%'toGL.tic cf an intrin- 

aio iaetabiJit,, i& th& «Iectrio&l reaietanoe erf the

i&«, lability is to be c<m&idar«d here la ter~s of plaaar 

(i.e. aoft-n Uraantftry ) liw,-; the aim is to find which - of reiat~ 

ieBehip bat mm ttte x&v, ,-.. ... ..., L;^., the iuoaUaiicxi d'o^^sectiim

and the auibility can a *ww^ .., . .^^tive re sic twice and which cannot. 

Features found for plenar instability will them be eta, Iqyed to disouaa 

the possible £.ulsc^u^t fomatiaa of filaaenta.



Hi b«6tn IQT dsdnotof m ioniaatlQn rate eqarttcn la tentt e* 

0enerutiQG and reooefri nation, f oUexlac tfce notation of a, II* Keen!*, 

8» 3» 4rem, u, aohminger (19&2, 51 3). ,U, A- ~a^ genera tdctt rate* 

to thoxml excitaUon and iapact itmiaatioo, B_, ^ ars the «qui- 

oooffibiwktlQii xutea, W^ MA> a AT* tfe* tek«rf a^ot^t-T and ooo- 

aleatroo ccuauatruiiiaae. UMB the rate of ccaiducti n elect­ 

ron produotitin id ftiv«u by:

» R - a) -

The density of states in the conduction band is incorporated into 

JL., .U. In the zsteady state the o&rriar concontraticn it 

giving dn/dt K 0 *

Ihe iciiisatioii rate eqiiaticai will be considered in two 

firetly w* will exMdne the ortiiodox equilibrium criterion oaf ?• J« 

Price (unpublished) *• dereloped by Koanig, Broun, Sohtllineer (i.e. 

1962, 314) and then introduce aa approach suited to negative resist­ 

ance breakdowu

2be orthodox approach (Ifcoonig, Brown,3ohillini;or I.e. 19^2, 

515) sets On/dt to sero. Field induced recombination of electrona 

with den or*, the ^u^»r prooess, Is neglected, so BX = 0 . Hie oarrler
2 density n 1ft assumed low, so that terma in n any be i^ored, and

a <& Nn - » . Bemoe tine rate equaticra gives;
</ A



The breakdom criterion is then B^ « ^(H^ * H ) . HBMriiiiiig thft

behind this criteria, we note that it aia^ly defines the point 

vfeieh the prodaoticn and rsonstolnntijn rates no loafer balance. '.Hie 

concentration b<acomes infinite beeause the linitiag tera^, those in n , 

havo been i^oared* xhi& at t>roaoh is unable to define what happens at

or

treat the behaviour in the broakdowa region itself, a more 

esaot nnnlysis of the i mtijj.satAum rate etBifttl'M i» r&auuurcd* &® return 

to the original equation, again setting dn/Jt to aero and negleoting 

the f lela induced reoo^in^tion

- n) * 401 - » - n) - nB - tt ) » 0 .

chooso to consider initially only highly con^en sated speoiaens; 

for these, cutting »D - K, • H , we have H t H s >> S , ao that tlxe 

proportion <£ unionised donors is snail even before impact 

baft ta&ea plaoe. Thus the thermal recombination rate nBm(N, + n)
•i* »

be tatai as nB; the density of ionised donors is ocnsldered as affect­ 

ively independent of the state of ionisation (n^H^N,). The ion-
. v

IsatLon rate equation boocmesj

- n) * Aj{» - n) - aB » 0 *

At sero a;, lici vcltage there is no field induotjd lonieatim; then 

the prir of detailed balanoc, the thcnaal generaticii and 

tion ratec er© e^nal:

n - nB * C .
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^^^f ^^^i^Wi^^» ^PlP& ^WHf VPMBnHVMv 9

- H) + -i— . (n - nj . 0 .

att&inaant of a negative resistance turns u on the Tarlaticn of 
the coefficient

5* 3*4 Ola&sifloaUcfi of

ering back to aecticn 1.2, the criterion for a otirrant con­ 

trolled. nogativo

- ~ * 7J i 0 ,

^. o .
dT

?«&tares cf the electrical conductivity which may b« rtjlerant to the 

uatiaf action of the criterion, and hanoe giving a negative resistance,

(a) A rise in ths lattice tasperature may increaae the 

of carriers.

(b) A riao la the-/ aloctron t«H|>«ratiiro aay increase the nuabcr 

of carriers.

(e) A rie* in th« lattice te^p«rfeture oay inore&i&e the carrier 

aobility when this is governed by ionised i^^iurit^ scattering as in 

heavily coc; onsated material at tea^araturoc. suitable f or

(d) A rise in the electron tefB|»erature my increase the currier 

nobility for siailar conditions.
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(ft) 4ft l»ef»eiieA Mirier density my reduce the nobility ; looe 

it increases the degree of ionisatiou

(f ) The carrier uotility aoy inoreaae as a fur.ction of carrier 

density electric field or current density for special reasons.

(g) The Icodsatica rate aey increase as a function cf oarrier 

, electrio field or current d^nedty for •p«eial re&sons.

featores are favourable to breafedem with the exception of 

oasatiQn ratio is increased* the relative propertied 

of the donors whioh s^y be ionised In tine breakdown is nade mailer, 

ee the «favcurable offect of (e) is reduced.

IB tte enaljrsis aade beret HM MibiliV and the ionizatlcn rate 

are takea to vary witli ***« earrier demsit^^ the &

trie field and the current doudtj/* Oiree particular coabinatico 

are oon&idered*

(1) liormal

>:

in n

single-valued ia a

in 1L

(2) A carrier Oifemdemt ioiisatdUn rate. 

single-valued in X 

single-valued In a 

ocmstant in &

eoBstaot in
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(3) A wrent density depeatat aofcility.

constant in 8

A-/B constant In n

(A. fdnglc-Taluo^ in J

^ •octant in n.

It is intended to show that no mtter what sdn£Le*valtted functions are 

chosen, •.,-,. jr.-:.: TV- r^"?c t-rs:- V not -;)cssible In (1), but that suitable 

function ca; t provide a negative r®sisttno« for (2), (3). nir.ce 

constancy is a special ease of a single-valued function, it is clear 

that (1), (2) inolude all ©usea (*acoept tte imlr.teresting cos AI/B 

constant in Ef £in£;l^-^Lluea in n), t^tieh a»y be earenined with the 

oritoriofi ^h'/^r < 0 . (3) is the ain;:lefit ease incorj; or.itinc a 

current dflnsii^ dependenoe and is to be ejMMltted *itb the oritoricn 

1 - J/cr . ^"/<3.J <- 0 . «l9 now investigate the tiuree eases*

5.3.5.1
,_ „. ;or the aegative resistance fcgr Redlfcar

(I.e. 1-?60, 516) and Isgr J. Yoaashita (19&1, $1?) fan into 

this category. Bediker end MetttGrter have suggested that noighbour- 

laf donor , air:; oot together to form the oaefigaratian of a singly 

ionised ^fdro^Bfi aole<mLo; this is to act as a powerful scattering 

a^snt until its ionit&tion takes plaoe; as total ionisati n i.- 

the oarrier mobility rises strongly. Thus the mobility is a strong 

function of the oarrier dansitjy wtiioh itself is a strong function
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fee Ac * fioT - a *aie& «r IfcMMfeita (l.e. 1961, 518) ia 

in that a poetulatod ^attraction bet»ee* ecnduction and i»- 

level a buuukte* Mailer as the ecB&teiion electron density risee* 

the steen rise in mobility (tue to 'toe increased currier density 

ie stated to load to - negative resdatanee without any attest to 

pr«««nt coaputationAl «rid«Bo« for thi». T. XUTOMWI h»» ^d 

out (19^5, 319) that the o^pUafttLon ctf fiodihor and BeHicrt r (l.o. 

19^0, 520) is not in food agrecHUnt wi-Ui cx{MGriattEital rasuite on the 

variation of tht to^Jcdoim intensity with tho ooasrflRaation ratio*

Hcw*v*r we go further in claiming tlmt for tha pbyaical proe**a*« 

Irjdlt into ?5q;;l«Batiais undor ess® (l), ne^ativs resistanoe 

in fact occur. & qualitative arg»B«nt *^r *M- la giv^Et tjy 

5*1. "^n^lQ-valaad marv»s for i*. at a fwwildon of n, n as a funotion 

of 2, tho conductivity,- r*.®^ . a f^ictdoo of 1? and the currant 

ae^tS as a ftinttion <^* 3 are afeoim.- It is dear that such 

valu«<l ourvea cuanot provide a eharacterlctic Ts-hich bends back oa 

it?«lf tc give a corront ccaitroll 3d negative resistanas. 'A« arpn 

Bent cf ^diker and Ko^horter (1, o. 1^0, 521) is equivalent to try 

la^ to pull oaetelf up with one's oun

Thia aoy )>e doacn^tratad sore ri

rete egaatlau » |mt ^/^ « K?W. where V is the total potential 

difference a-r-.lied to the J.» a«ew«ed to be tmiforaly dintrib-. 

uted and K ir Lra-j- c-,r-;t of V. ^8 postwl^te tfeat F(Y) is a single- 

valued f--.nc-lim cf V -.•. : rod for case (1), cc th*t plotting ?(v)



i» equivalent to plotting V on a distorted ftoalo* This i» 

with th« aBwwpticns that the distribution fuaoUon f (v) is

fanapad, that it b*eoB»a uooUgr dicjplaccu. in too diroction cf th« aleo- 

trio ficid as tho field is raised and that the i animation cross- section 

ie * regular function of the electron velocity* Ustcrtioa of the 

distribution function iUoif is to b* C4»ai0«r«d in caee 3- In this 

it id det«radja*d that <5f (¥)/dV 1® f inito and positire for all V*

i» ass«««d to b« a siagla-Taluad f motion of tho carrier 

for oa&c (1).

da/dr i» finite and positive for all valu&£ of n .

ionisation rate equation for stro&gXj coar«nsat*d 

s found la aecticm 5.3*3 to b«s
•*W

* 
o

"*' *v) - fnr^T • sorrftr •
The negative resiotanc* condition in the absence of currant depend-

• ^=0 .• &<r *

- r n * a
A.\———L_. .- no

the above ^ondlticns on F(V) y ,

2 * 2na + n Jf » 0 * o o
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But V la largar than n^ i» all dLrcuastanoas, so no real turning points

insist, ;ii.;ou lio^u v... . ... io not ^ossifel* under the cirousa-

•taoevs of oaso (1). la procaad to examine case (2).

Iba oonditioas of ease (2) ar* that tho iocdaatiori rate ootffic- 

ient should be sin^o-valu .u la both ¥ and & and that tho ac^ULii^ 

oboula &« ooMtAat. It le not eaay to abov ^pialit^ lively tbat tharo 

is & differetnoo in priaeipl® bst^een a carrier (tensity

and a oorriar teisitgr dependent ionisation rate, so we pass 

to a aathcaatio&L f oraulatiosu Sfe* ioaisaticn rata ccwffio-

itnt i& tAkfic to vaiy ass

ft

p is eaoaan for oonvenienoa *uoh that p»1 gives tho carrier dansitgr 

iaAspondent situation. A oaso for euoh a voriatiai may ba sada as 

follows; tho donor sit* is fenoim to have «ocoitod states irhieh ore 

of espadUl si^iifieanee in rooosBbinatian whan tlnay act as giant traps 

(H* Ls3Cf 195?, 522); thaso excited states o^y ba of {significance to 

broakdown in unooi^amsattd material du* to A*£©r recombination pro* 

oassa« > as doseribed by Koanig, Browi, Sohilliagar (I.e. 19->2, ^23); 

auoh excitod states ara shown to have short lifeti^s (10 saocnds) 

but it raaslns true that tba proportim of unionisad donor? excited 

at any ttaa rif?as as tha fraa carrier population ritu»0« Ic^isatLon
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of an «x«dt*d donor is clearly po*tibl* for * Uvpr pr«i>«rti«a 

fro« carrierE. 3f ttois jproooa* i® significant it olaarly 

to A *a*ri«r oausiV 4q?«utat ic/ls Uon «ro*»-**cticn. 

particular fora of espre^ion eho*ea has caicjulattenal &draat&$0» 

more physiwOly aeanlni-fttl ex a k«(l -»-*n)?(V) . 

to iarertigat^ the b«haricur cf

lor (n - i-4)^t^) * «' "' ' " ' (B - a ) » 0 .
w •• a^. O 

O
n - a

aot« singular! tiee at n»H, n*no ' Els:^» ^> 0Mi«r&L fora

ia figure 3.2. (2h« only pfcQfdicftlly «amin<Tul i^gioa ia toat

n«n and na*I» in which id act ionisatiow t&kes ;-lace« ifor a ©
r«4>iatanoo, dV/dtr is to ^-aos throu^i xero* Since we 

thftt ?(V) is & monotoaio f \mcxi on of V, and that tno 

is oonctAnt, this ia equivalent to the criterion dr(v)/(Jn « 0 9 as 

•aoma. in figur« ^*^.b. (I!h3 equati^ ie to show two roots with 

a <. n »n2 < li • reifonain<5 the diff erceoti* tioa j

ir F(v) -

If p^0 t a^H,

2 f nol n ~ BJN + no - ————J «• B0H « 0 .
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Two real root A exist if:
n

This nay be sioplifiod to:

H CP + i;

For a negative resistance to be demonstrated, we require two real 

turning points Inside the range n < n <H , The negative resistance 

regions aay be examined with reference to a contour plot as shown in 

figure 5.3, Hero p and n A' constitute tho axes and the narked area

is the region uhore there exist two real turning points vrita n < n < K »o
Figure 5«3 also ahows eon tour plots for ^vs two roots*

1» art now in a position to interpret a negative r« si stance in 

terns of the icnization rate equation oo«fficiont A./B of section 

5»3»3* Orthodox treataent puts A-= 1?(V), B»ocwatant, giving p«1 . 

Raf «r«ioe to the diagrae shows that negative resistance is not shown

at &«1 for finite n » Howrer for a given initial ionisation n /If.• o
a negative recdstano^ is shown if p is large enough, that is if the 

ionisation rate is strongly dependent «aou^i OB the oarrler djeaasity. 

As p rises, so does the magnitude of the negative resistance region. 

?or a acre rigorous analysis of partially oost^ensated material, 

m MT tak»:

and oany out an analysis in tare* rtf «., e instead «f p. IMs does not
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lend itself to qualitative analysis, as preseated for p. However the

diagram ahows that a onxre&t ooatroil*a r.a&rtiva r*&iet*i»o« is pro- 

doeed if the oarriar dea&ity d*peaAea$e of the icaisation rate ooef- 

fioiaat in strong e&ou&ft* It i. 4^par«nt that a favourable mobility 

at th« sajse tine earn e&lia»ee th© neg&tiv« resistance, but

rate vaupiikticii is still c«&£>«Hitial* 21ms tto ooaditioEUB of 

ease (2) are sufficient for the oocurenoe of 

wfeilQ those of oaw il j

in tiie caruilti^ns of ease 3} f th« ictd.^4ticm rata coerficionts 

are ^edfied to be ia&spe&4®nt of electric f ieu.& oaa citrr-^r density 

This aeanc that the c^rri^r density is &p«oifi«u as o<msta^t* It 

would henoa app^^r that oase (3) ^* "^ r^ovaacG to

we j&eaii in ease (5) i£ that lay act ioai^itxoa is not raaily 

to the negative ro£-5tanca, ^ui>t as iu c&&$ (^} n. /:.•.. ^ility 

was fomid. to ei^mtio^ a negative r^si&taae« y .viihoai 

i'icieat ci' it-oif to oause CKM witbo^t aa ionisation rat@ 

so ^9 eTf^ifi* the oa&fi wh^ra a o^rrier daaasil^ iaoroa^o oo'i tributes 

to«ardsf out doe* a^t b^^IooJUy cause* a ^itaiiir n^g^ti?* rasistance. 

w® oc&£ia$i- ^ ^. ^-- -, .._ in c^^s (3} 9 tlie oan-ier don^ity is 

to "fee MasteA'*., .«-, *-iU'a effect <^ a densi^ iacr^is® will be 

considered folloiniaf Uiis.

Ulth a fijced au^b^r at carrier ii, a eurraat c^rt.



reel stance requires an increase IB th« carrier mobility. * «*y 

apply the negative resistance criterion* W/V - ° eaxuiot be sat­ 

isfied, since this would require that the mobility should

the value infinity at some eloctric field, the criterion to be 

ififiod is thus;

A specific dependence of th* eondttctirity on the current density 

bouad tc W rooted in the energ? balance equation. In thi? wajr either 

the electroae boooiae hot or the whole lattice does so. In this seetion 

ve ocnsidar Hie hot •lactron eituatioo.

If en el eo trio field la applied to & crystal, the equilibrium 

et&te is dotermlned. by the energy aa& moaentua b&lanee equatioafi* 

the Aobllitor Is goreraed by the eejie ecatt«rltig pnme«ses a& the 

balenoe, as in the case cf aoou»tic phonon se&ttering^ the carrier vel­ 

ocity distribution function ir,ay be considered to be th© •'Twilibrium 

BoltRaann shftpe displeeed proportionately to th« eleotrie field (J. M. 

2ia«n 1960, 524, p. 261). No carrier heating takes plage and the mob­ 

ility re&eixts constant. %en the raobiiily is governed by elastic 

prooessee suoh as c*rrier-carri«r soattarlng, or ionised or neutral 

purity acatterin^, ttie energy balance eqwiticrc o<mnot be satisfied in 

this way. The velooily distribution function, besides being displaced 

«» the eleotrio field is raised, beooaes distorted. If the carrier 

density is high enough for oarrier»oarrier scattering to be appreciable,
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function m& fe» r«t)i"omt»A tgr * IrttMMMi dtapt at
abov® tiie lattice teesp«ratur*. tteU glv»» th» to**** 

ature of tbo hot carrier tyutcau tfe Cfurtdar * t&stam «tor« a rirc 

in input power causes A rie« in oarrl«r temperature *iioh duo to ion* 

is*& iapurity fioattwring car auch rasults in & ricu in the 

To dttarnlfi* «^tbtr thi» i@a4s to a n«c»tive reai»taao« t 

hatliHK* and tte Kobili^ h&va to be *3Kualn«d a© funotion* of tbo oarri«r 

hating.

«Mar&r lo@& rata ia given by an «aq&*ft&tflt& «f th« form:

the tera^ r«pr*s*nt aoowstio mode» optical mode, 

«td other «n«rgy lo»e rates. At the &s»» tisao the current Is detcr- 

by:

J »

the dictribution function is <l*t*r@ine& by the 

Boltsaann

/ Af * fit
I *••• 1 ** ^» I 4MVV

/^ "fe ft^jBL^t, ih^yy \ ii

application of apprcodjaate methods of taoiclint this : robloa has 

reviewed by li, G. S, Fai^e (l'?^ t S25). In vi«w of tha

of th® probl«n ssnd the fliffieulijjr found in dealing wi^i the 

otoic depeodenoe, no attempt will be oa&e here to look for specific 

criteria for negative rosistance for authentic physical ecnditicms.
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Instead we rao&U that the ai£* In oa&e (3) is to show that negative 

Fesistinoe i» logically possible under the given conditions. Shers- 

fore we take the sijsple oase of a hot oarrlsr systea with a well- 

defined temperature; the aa&lysis is a more general Torsion of that 

fUwn toy S. X. Kogan (196;, 526).

Th« t<»p»mtura of ti,e alaotroa ayitaa is takon as T and that of

tho lattice as T . tte aobillty is asswssd to hav« a power law dop-o
ea&enc* on the carrier tea^erature; with tho nusaber of carriers spec­ 

ified as constant, this gives s

following Kogan (i.e. 19^3» i>2"/), we consider the energy transfer rate 

oat of the electron, tystea to be of the? form:

- TO ) .
But <r *

P « JB

dS 1 (n « « .<L 1)7 - .(& 
dJ* "3T (a * » 4 1)? - (nMsjiee

for a oavtmt een trolled aegatiYe rssiatono* the auaeratcr i§ to go 

through aero so that:

ionised i^jurilor soattering • nay be taken as 3/2; Kogsa shows 

that for acoustio aode eaer^f loss, n equals 1/2, asking negative 

resisteace in>osfible, but for piezoelectric soattoring n equals *
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requiring T >f 27^. Piesoeleotrio scattering is not relevant in germ- 

anim, but may to »i«aif ioant in indium MitLmoaide. Nevertheless 

the mrfmmtftt show* that given suitable temperature dependences for 

the seat-taring processes, ft negative resistance can be provided,

It i& interesting, to examine the effect of varying the compens­ 

ation ratio for oft*a (3)* '.fo :-E t:\tLo tliat T is oho&ea »o tiiat at

thift teaperature ioniaeu ia; xirity scattering i& predofiinant imd m is 

5/2. For a aegative re&iotano« tJie elootroa tca^eratura has to 

a certain critical value* The effect of oosspenaation ie to put 

t&e teaper^ture at wbieh acouatic aode eoatteriag bccoaes important, 

MA lMB« to atdatain m «t 3/2 to higher temperatures. Henoe it aay 

happea that for uaoeapeaeftted aaterial A drops below 3/2 before the 

critical electron temperature for negative resistance is re*4&»d, but 

that for O4Bpea«*t*d material the critie^X tea^erature is attained* 

Urns in ease (3) nesative reeietwioe i» more probable

tte no, orop the Iloitation <£ & constant carrier density of case 

(3) and exaodn© the elfeot of irapa^t icaiiratitai or, the negative resis» 

t«Aoe. In the caee ol hot c&rrierfi at a well-defined teaperature it 

it reasonable to assume that the carrier density is a single-valued 

funotiGa c£ i and f; we take n»h(^) . J^ain from Kogan (l«c* 1963,
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1 (a - a + 1 )T » (a -

<r (IB «• n * 

?or a current controlled negative resistance, dS/dJ j 0 . '

powtbility of dh/drj? going through infinity has alp«a4jr bo^a ruled 

out by the specification o£ a oin-le- valued function, so the criterion

fttt tbl» eacactly repoatt the condiUon for ae^ative re&istanoe 

obtained in the oa»e of constant carrier d«isity. It i« thus app»r«it 

tbat the obanfe ia th« wadNHr of oarri0r» ha@ no bearing on the attain­ 

t of a negative resistance for a hot carrier oystea* 

It au*t be pointed out that in the above calculation, it has been 

that the energy loa» proeeteea are laiependent of the carrier 

density* 4 contribution to a negative resistance can be &ade if an 

incre&te in carrier u^atity re4nee& the average eaergy IVCE rate per 

carrier. Investigation of suitable aeehanisas is beyona the scope of 

the present

bar f

Is are now la a position to extaia* the explanations of Hie 

tive r .sistajiC« in iai>act i&nis&Uoa given in a recent paper by 

Kttrosasm (I.e. 1963, 529). 3he follcniag eriticisms an put forward:



(1) Hto method of deducing a negative resistance is fallacious*

(2) His braakdoim jri-Urica is act useful*

(3) His introduction of the opttoal phonon is uanetesaaiy* 

let in spite of theae failin&s in the treatoKSit, the paper is felt to 

be of eoiicidarable interest because several of the idaaa for which an 

maljrsi^ has bosn attested here, am in^liaiUy included by &uroaa*a,

Our aofit funciao«ntAl objection is to Karofrawa't awthod of 4»^Mia« 

that a n«efttivQ rQsistiBMi occurs; it is not explicitly stated but 

appears to be this* He firstly determines a criterion for instability 

in the ioniawitiCB ^rooeftfi] aeoondly he calculate^ frott tills the critical 

field as a function of ooispensation; t: irj^y he oaloulates in a ooia^ 

letely diffor«iit way the enEtaiaiag field in a fully ionised speoioan; 

beoause tho vu&t&iaia^ field obtained i« lower than the critical field, 

he reckons to hare ftjtegtt that a negative resistance exists; so all 

that he then redeems to require is a seohaaiMi which raises the crit­ 

ical field as the oonpensatlon is raised* <& claim that in the ab&eac* 

of certain safeguards this tsehnifiie is fallaoiou^* .hers the calcul­ 

ations for critio&l and saetaiziing fields are independent and aeeurate 

caal/ to orders of aapdtiida 9 no rolianco is to be ^laeed on their rel­ 

ative values; an obvious deduction froa Xurosawa*a ourvts, shich he 

does not draw, is that negative resistanoe i& to &e expected even in 

meee^ensated speoiaens^ «hioh is Gjcperisetitally inoorroct. The nec­ 

essary safeguar^ for this toeJmi<pe is a ccrrespomdeaee prineiple*

oaloulaUons should b« positively related to «aoh other in the low



QMiieu nation ease thrtwgfc the application of the breakdown criterion. 

It is to iVijid 1 i :ort of trouble that wo have specified as the only 

satisfactory criterion for negative resistance d3/dJ < 0 .

This leads to the sewati criticisa ef Surosavm, n&iaeljr that his 

breakdown criterion is not useful. Me reckons bo-tti here and in an 

earlier pager (19^2, ^0), that the rate of icnisation at lov fields 

1» lover then the rate of recoafcinatic*!, whUe beyond breakdovi^ the 

ioniaation rate is hi^er tetea tho recoebinatico ratej thus the break- 

4cnm criterion IE ^en the two rates are equal (I.e. 19®5» 531* ; . 

foot of colunw 1), Thi& is ridiculous ainod the rates nmflt adjust 

tbenftelvoa to equality at evezy atablo sorldlng point of the 

istic; this is th« reaftoxii!^ behind the ioiiizaticri rate equation In 

a se^itiTc reaistanoa re^on it is possibl© to balanee the rates at 

cue field strength for more thsa one «mrrentj ^e necatiye rosiflteaee 

critcricr. is thus the sxistanoe of turninf points , a® hat been eaplqy 

in previous section a. Kurosawa should look for points «liere acre 

than one solution to his aquation 3 i& pos&ible. ih« fact that with 

m extra degree of freeAow, his reaxtlta show oonsictent rariationa 

to teMftetrate the deagexa of co%utu.U.ca since a neutral 

uould give raaifin results*

Our third objection is to Kuroaawa's introdu^ticsn of the optical 

, firstly because it is unnecesaary and secondly because its

rffeet is unfaYoarable* m dttdnee that Kurosawa's interest in the 

optioal phoii«i steaia no,,. & Ldtccnc-r Uon as to how ae«a.tive resistamoe
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•iiflto* •» QOBoidorg it to arlto in * Boitoo (figoro $*&a)l

fttorl&l i» to follt ,-,--,th "^ and eiulvolont ao 

CABGB. B«ace it it moocrary to find * notfe*jiia« which can 

tho qy&to« iu ocoponsated a*tori&l cnly. Cwr lnterr?rot^ 

of how nogatlr© rfisir-tanoa irir,^* is shown in figure 5*4b, It 

r*pftt£«mt» th« tnm^Tor fro® cr ' r . . : ' : to aaother, 8«y fros 

« low carrier density, loaisod iaurlty somtttrlac «Tf» 1 to a high 

carrier density phmion ocatt«rinti curve 2. The interesting fcatur© 

i» thon nhotbor tho tranflfor la fast ofieufb to provide A negatlT« r«»»

co ai i:i (b) or not, (a), (c). The tranafar itcclT tak»a place 

all oasos and not ^edf ically in oo2p<nftat®d material*

Essay now rmtffilft* tha affect of introdueing optioaJL phoncn so&t^ 

DM «ffeot on the equilibrium to^pornture branch 1 which is 

dtttafctod % i on is ad is; urily soattei-ing my bo o^pdctod to bo «RMdl f 

but th* cffoct on the hot eleatr n branch is bound to bo ecosldora&l 

in t:ie roduction of tJao noei3Li%« -hi£ displace* curve 2 towards 

ourva 1 a^u. ^ju^.c^ any n©gjatiTe raslstaxioo of enftll^r ertent, 3dnoo it 

prcvidftft additionftl Mioygy lo:,s, the attaiMMnt of a U,.^iur electron 

to^poraturc, nooofttfary for tr-inaf'cr to taJoo t-lac« t is aaae loss 

likely. It la roa»cu&bla to 4»dtioo that th© lot£ o^Uoai ^himom »oat- 

toring thor« i», tb» «oro iikaljr negative rosisttoeo is, aal that the 

groater th® do^rve of eoap an Ration fand hen±a the greater tho **p&r- 

atloa of i, 2) t tbo nore likely ao«iUve rofilfttftaeo 1-* it i3 not 

to d»duo« that tj^ro is a r&UUau.hlp botvoon . J.
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scattering and oo^tneation in the way Kurosaim doe*. His 

c&lculatiua r.tani to be based on the iaocnsistanqy that optical 

phonon scattering is important for curve 1 but may fce a«&Ucted for 

curve <..

Hot jetties Filaaenta. 

So far all tba features encouraging a ourrw.l controlled neg­ 

ative resistance li&t*a in eeotioia 5«j>«4 iuve b«MB •acam.'meu except 

for thos« dspencLLng on a v*riation of th« lattice tosper^turo* 

questions arising over h«at traasport at th*

win b* daalt with i& oha^t«x ?• B«W v» o«afin« OUTS*IT«^ to the 

idfto- of a hot f Uaaeat ia an oth«rwis« iftotiWRMkl orystal.

A^lioation of tbe i,rincipl*6 cf irr«varaibla ther»o43rnaiaics 

MI devalopod in e)»pt«r 2 ahow» tbat a hot filaaaat eaa exiat pro- 

vidad that All forces aad fluxes balance, mA«r which cirouawtancos 

the eciiropy proauotiaa xut« has a «t&tionary voJ.u«; tiii- liiaiaflnt is 

stable if , at all a^ighbyuriait points, tb« entropy prcciuctian rate is 

stationary, lor th« oas« u. a hot fiiAtteat, «• i^aoro tharao- 

aff«ots and coafcid*r )-h« 2wat tram%ort to b* radial and 

WflNNttt fl«y» to b« axial*

th« ludial toiler* ture Etruotore at a fil-. -

mumt An annular «l«B«nt at radius y is takaoa. than th* rate of 

of Joul« h»at iasido this inuilus i-
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Hth theraal conductivity k, tho toaperature drop across this element

g .2 k(y,$) y

Thus the ten^erature at radius r is given in terms of the 

at tho centre of the filament by:

: icn for th* t«9«r&ture *& * foaetion of 

tha f i Iftmtnt radius *<;~icu i* analytically in tractable, fee theref or« 

tc *3cudA« instead * ei^HTied situ&tiuiu

length cf a f UUmuat of r*diue y is o<si^iu«red at a uniform 

above that of the main port of the I^tUcc, surrounded

fey a aanrew annulufi of wiiith x in i,hicii th« t«as»«rutture gradient is
2 wiifora* Th«n th« Joule heating in tho filaseot is JVi?y s.iiile that

iu ti.t uimuius &ay b« n«fcl»ct«d, *Lu iia^t flwA roue Jui ll.w aanulus is 

» jizu»e in aquilibriua th«fte

It is fair to atmw that under thaae circumstances Tirtually the 

whole current flown in the f ilaaent so that y J » I . Nunerical ral- 

IMS are now put in to giye the sise of a viable f ilaaiefit to an order 

of nagnltuuts. & take W as 15 K to give ccsaploto ionisation froa 

Vx, the theraal oonductivitsy as 1 watt/^K/ott*, whicti is a conserv­ 

ative estiaata for garmaniua> iadiua aatimonioa ana aost

ors, (M* a. Holland, 1^, 532), the elootrio field as 3 Tolt/os* and 

a current of 1 aaqp* »hioh is ioaense. IMs ^ive^: x a 10 ceu
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aatiafy the original oanditiai y » x , this requires & filament 

of rauiu& IX feiu in mterial of resistivity after bre«kdoim 3 • 1C4 

flta «B* It i» olear th&t the formation at a fllaaent osf hot lattice 

ia out oi' the question beoauae of toe &i%e of th© theimal ocnductiTil^r, 

h*&t tranefer diffioultier, arise t it is sore iikaly to be at the

7 yj^H 5hOW»

«R i* in direet ocatia,aicUon to that of 3. it. 

>'5>» 533); they have eunaladeo. that a iiwi 

a aati«factory explanaticm to their ez^eriiaental remits on

'^he ttiffefenoft arieea iMoanae they eoonjcUii* not the 

but the ittoay tiaa eoaataat; beoaufte thi& i& found to 

XMUBMP tAm tiMi pul&e ri&e tise* tiMjr ^ n-iirtf tt»a.l a riluy^iit. will forst*

An iacoBsi£t«ncj i& involved b««au.ee while th«y find that the
•2 au*t be oeaoeatrateu insida 10 of the oi'o*6-«eeti<», th^

the tiro aca&t&at i"ur the vhole «sxysUl. ^«oau&e of the pacific boat,

is lesa liitelcf vuider pul&e4 •emuitione, and th*

calculation i& aore difficult; thus dxoidjtiation of d.c. ocnditione is 

e, «or* reliable approe>eiu for thesse reaswia we feel justified in not 

the conclusion* of Eoenig aad Brown,

The thr*e proeesses vhieh ean pro¥i_ - . ^rront eon trolled single 

oexrier negative reaistanoe in e> iveaieonAiotor oryatal, obtained froa 

th* urcvioua s^otioas, may be luamrised asi
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(1 ) 4 rise in the ioniiution croee»eeettai *i tte oejrrier 

denaity increaeee.

(2) A faster rat* of rl«e ia the aobilitgr than in the average 

earrier energy loss rate*

(3) A fall in the carrier aver*** energy loaa rat* ae the

carrier density increases. 

It eon aider the soccnd process first.

In the fteetind process the ooeurenoe of non-lin«iritiy and poss­ 

ibly of asgative rosiatane* 1* due antir«iy to th« oropoftles oT 

carriers tbtt&Mlws; it is the tihange in scatt«ri&f du« to a 

ia the distributim function whioh affectively altars th«

lattioo itself ia unaffoetvjd. Tims it is clear that thore is no

for »j>a«lal diecrisination of any sort; the eleotrraia oarrj 

their ncu-linftariV with th»a as ttagr diffuse through th© crystal. 

instability a^adnst filasaot flow is ia electro*

acid not in n^al lattice apace; (tee section 2.11), ^artiiermcre in 

tilt abseaoe of prc««*»er. (1 ), (3) of this eeotion, oar^nal lattice 

•ffeote are noa-cooperativ©; tte nain affect id that the mobility is 

lever rtere * higher degree of icmlaation exists 4ue to higher soatter 

by an Ionised thra by a neutral i^oriV*

On the other band for prooseses (1), (3) the cause of the non- 

or ae^atiTe retisteiee is looaliied in lattice tpaee; a 

^iMr carrier ajonsity io associated with a locally higher 

of iapurlty looiaation tlirough Pol«»oa'& law. Henee lattice
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f JUUments can exiat. Wwthar or not they do may be determined f roa 

the principles <tf irreversible tfaarmodynaaio* ia ematly the way 

eevloyeu in the treatment of tberml lattice f ilosenta. la f&ct in 

thl* *m*e it was shewn that diffusive process** ajre so strong that ft

filasaant cannot be stable under atMnnl oryatttl conoltions. 

stabilise/ of & carrier 0«asity dep^iatint filaiaaat dtptndfi on the

in tlie filaawnt «aU»f but baaioaliy the straftgar the density 

ia, the aeve likely * aeffttive reaistaae* ie «aa t2ae acre 

•table & fila&emt will tend to be. In praoti*$ it seems faxrly otirtain 

that a decree eC current noo-ueiif oraity will «et i& under «aust con- 

Icn^ before a negative resistance it oeaif eetcd*

!&• aia of thl* ehapter U- . ^ to

t ocatrolled negative resistance oan or oaanot t&k^ place. 

3be analyai* tea* been oaneenMNi with ona physical prooefca at a titae 

with in moftt o&fteft considerable oversifflplif ieatiou The work dene 

up to the ure*«tt ie thus a neoeosaxy proliadaary survey for one of 

twe purposes; the eeareli for a new negative resistance, or the explan­ 

ation oi* oae whieh h**> been diaocyvereo. In view of the effort already 

pat into both of these, it is surprising that no such survey aeeac to 

have appeared* 'IMa ^urvay was tmd»rtaken for the purpose of explaining 

a newly discovered i^)act ioni&atian negativo resistance* It hac »ub- 

•equently been f ouad that the phenomenon is not rulevoiit to this chapter;
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it win be discussed ia chapter 7. Mnoe till* thesi« is e«\oer»ed 

with the whole subject of buUe negative resistance, the analysis of 

this chapter foams an integral part of the work; we proceed to exaa~ 

la* briefly both the experimental results Already available and the 

wey ahead to the disoovery of aew arables of greater potential use­ 

fulness.

£i|>eristtntal results already discovered will act be treated in 

eny great detail* this is beaause sueh would require a ^tailed troaV 

aent cf eaoh aoattering pro*e&fi t en e«tij»ticKi of tiieir relative 

fttrea&th* ead variations for a ^iven aaterial, and as elaborate coa- 

putatioa. It it do*Atful wbetiier the result* ao far avail^ble justify 

thia and it is well outside the *®ope of this work* ^ stay however 

aaaigja the pbenooena observed into the oategories of the abavo aooticos.

BeeHltft m germanium are considered first. A saaaaary of eaperi- 

•emtal pro^ertiea of the negative raaistanoe with references for gera- 

aniuffi is given toy ISoroawa (l.«. 1^> y ><%)• She three siain feature® 

are:

(i ) It is obs&rv&d only ia p~type

(2) It is obeertfid osily ia ooa

(3) Ihe currant flow after breaMom ia fUaseatary. 

QM «x^-Laoatioie of fiedikar and Hoohorter (I.&. 1^6c, 53>; onu of 

laaashita (i.e. 19^1, 536) were restated in Dcction 5.3.3.1 be*e*se 

they eem&ot lead to a negative resistaaee* It was aooepted that the 

hot electron effect, whiah roarosava (i.e. 19>5t 337) iiicor, crates, can
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give a negative resistance, but suoh a negative r* si stance is not 

localised in «paee. Since localised filaments do occur in germaniui 

an explanation in tents of * local denaity dependant phenomenon is 

repaired* Localised tneraal fce*tiag of the lattice was ruled oat for 

normal aised specimen « in section 5.3*3 because of the high thermal 

conductivity of the mterial. IMa leave* proeeseee (1) and (3) of 

eeotion 5»3*9> * carrier density dependent ioniaation croBa- section 

or a carrier tusaei^y dependeat oarriar energy loos rate. Neither of 

tbeee prooeeeee eeems to have been treated in the literature.

3eeondly we consider experimental r^^ulta en indiu* antioonide. 

A negative recletasfte ha« been reported by ?helan and Love (l.o. 19 ;4 

53o) oomected with taw coourenoe or ia^aot ioaicatioei in co^jeneated 

eaterial, rXirther details of thi* Jwre been obtained by M. A. Kinoh 

(t^> 539). It would appear from the liall roltage readiags of Kinch 

that thi a ia a non~loo&li£e4 effect Kfcioh would export an interpret­ 

ation in term* of eleetron heating, along the lines eoafti&ered by 

(i.e. 1963> 34-0). Die contribution of co%.eA«atiott to this

,, as ea^lained in . action 3. 3.5. 3 is in Aooerdanoe with 

ioent.

5.3.11 DgvQQ ^otenti^J. in.

It would appear that a current controll&a ne^tivu r~istance 

am* beem larg&ly written off ** a devioo basit, in favour oi the

ptia^Ue H» aethed of ea^loyment



of a stable negativa resistance Is relatively independent of it* 

ty. o; the eource of difficulty ia the provision of stability, against 

either fil-m«nt or deaain formation. It will bo shorn in the next 

Ohapter that domain f orsaatlcn is a rather mow fundamental 

obstacle to stable operation than filamnt formation* Her* we 

ine nethods of stabilising a current oontrollec negative reeiatanoo. 

It ha« been noted ^mt two typ«» of current controllea negative 

reaiBtaaoe aaj be obtaiaexi, a locsJLi*«a one idMre the ucuureaoe is 

doe to the properties of tae lattice and a BOEKloeaIi«ed cme where 

tlie) ooeoraaee is due to the properties of the carriers thet.selves* 

Henee there ia no filaneftt formtion with hot carriers, it would 

koverer be ineorreot to &&mim that ^f&terddifi a&d stabilitj ^ro 

associated direotiy with the t resenoe and abseaee of filaaiaits* Tbe 

problem of b(jr»l«resis w&« ocoaidereu in chapter 2; the ia^crtant 

featurt) is the eataci oc^t ui^ sha^e of the e»tr^»y production 9a1» 

ia tii« filaaent foraatic« r^cai* it ma ooiAtefi out ia 2*1? that 

it id the inhibition cf the initial form tit* of th« filament which 

eaB8«s the l^st«reaifi* etero this is absent stable operation in the 

a*gaa,o re^ifetanoe region can bo coabiaod with fiiaeient ^i-oirth and 

dooay, ^feero aro no hysteresis problems of title kind ^ith a non- 

looalised negative resistanoe* A aetaod, of avoiding fiLaa&at form­ 

ation for a localised prooes* is to produoo a speoiaen of arem of 

•ros»*i»eotiosi mulltr thaw Uut r^^uir@4 fur fil&aent ioliiatioa. 

results on v^ry
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of epitaaduOiy 0raa eenwaium til»« would fee ef iatereat. At the

tine centiaus^i ju*v.. ^,^Uos c£ the &o&tt*riu£ iirocostea in

antiaouid* and other seedeonducUrs could proviu^ u mtorial 

with £&vour&&U kot carrier Jproi)*rtie».

limiting f•atar»» to tJie us«fuliM»fi <tf ii^act icniz^tion 

stood out, 'ihe es^lqy^ent d' a &i&^l« earrier proe*M 

Invclvos, for aoet seadconiiuctor materials, the «M of occled spec- 

\rnnt; the •a^eris»mtaLLy otseized r@%uir®&ent c<f effl^-entwticaj ahows 

the iqportgaoe of ionised ia^-urit^- saat-Ur^ig to the attainment of 

JM^tlve ix sit twice, i/rdch invclvsa the use of liquid bc-liua t«%-ei^ 

atursa; and the occurence of r&eo^inatioa and tracing autoaatically 

the speed of rsapctase. fbere is time such tc be s*i& for th«

of a curra&t conti'^llud aa^ativo resi^t^noo i£ which a 

denaily ohaiise does net iak@ r Lace, ujaio^ would th ,;,.•. be 

liaitod onlir by the ansrfiy rclaxiticn tis^* Carrier heating ia one 

•nob possibility; the diaoorery of & process truly inverrc to that 

e%lcgred in the CSuBB cfT^ct i. aaotner (c@o section 6»4«1 ~'ar a 

<2i80UL;icn of the parallelfe). oich a :;j'-tem eJcuwld be subject to 

neither filament nor
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Obiter 6 

Voltage Cor. 3d Negative

o.i

the past fern years interest in voltage controlled, bulk 

a*0*tive resistance properties of Beadcon rs has grown con;

erably. It •••» to have been generated mainly by a ,.iuely quoted 

paper of B* K* .aaio;/ .,:id T. B. .*i ( • ,<61 , 6u1 ) ,>iring an .anal- 

ytioal diLcuisioti oT tiie possibility cf eo^loyin^ bond struetura 

properties to give nefjative rai-ictance, together with Hie alr,o; t 

. -. .. ^ . ^ranoe -Ji" a LJ, ly siiailar p^er by 0. 

(19^2, 602). xhese :r», preaxct^a^ nc^tive resistanee, u.oi.^in 

formtiun and ^pcntanoous oicilLation, foreshadow in a remarkable 

subsequent experimental devalopmentr. Bulk effects have been 

in gernMiiluffl doped with gold v :'« K« Ri.,Vioy y H* &. Pr.,lt 

,, J.J.HLL" :,u- .o-icl, —— the Gunn effect (J. B» Qunn .,

<SO^, p.1'j^;> &UJLJ.ui'A ^vr&eniue —— low fr - -. ~:\vy (A* Bor- 

1963* 606), indium phos$>hidja (uuan I.e. 1^ 

uo (A. ^. ^'tyt, A. L, Mc&orter /, ca .

> -, x> ,.

" '' • i sine ide (C. !

» 610). 

but interrelated facetr to an imder-

•tc, , .1 eridanoe* lr j the iu^

anoe it to be ex lainad in tarus of the i il pr in tho
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Secondly
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pi q ure 61

Sub-bands in a Semiconductor

(From B.K.Ridloy T.B.Wafkini 6M,l96f)
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.2.1 Saa&-3t«qoture gffeets.

This Is a feature of prine i% rtanoej we HMtt&rlse the diseus- 

of I&aiey and mtkins (i.e. 1961, 611).

The eleotrical conduction properties of a semiconductor are 

determined by the band structure; the conduct!cm and

valenoe bands eoasiat of a norther of sub-bands and for normal 

uotion only the sub-bands with the lowest carrier energy are effect­ 

ive. ttM*£F §a?* betpeea sae-eaads may exist, or a normal 4*§&s»» 

eVMgr «&y be split by the application of alec trio or magnetic fields 

or by strain* 7h» effective mass of a carrier varies according to 

«fei«& i-ub-batid it is in, due to varying band curvature. Hence the 

nobility depends on the y-axtloulir sub-band peculation 

^plication of ;m oleotrio field produces carriers of 

lergy; if these trancf ar to a lower r.o"bill^/ sub-band at 

a Mffieiantly hlgli rate, the on suing currant ttay be lo^er for &

applied field. Thus a differential negative resistaaoe beooaea 

i* DiagreuMatically the band structure is to be of the fora 

of figure 6.1. Hare (a) refers to sons oecupatioti probability <s J

at an electron teaperature T 4 and (b) to the probability at 7 0 ,e i cjt
7 ( < T - t defining these temperatures fairly vaguely.

After giving tho above qualitative discussion, Ridley and 

%tidns (i.e. 1961, 612) haire ->roeeeded to make a fm-antitativ^ anal­ 

ysis, lifting tno siaplsst possible distribution functions md scattering 

forrsulae, the conolusion drawn was Moderately favourable. However
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this calculation has been overshadowed by the discovery of sdcrowave 

oscillatictis in gallium arsenido by Gunn (i.e. 19&+, 613) and the 

explanation of the effect in terms of electron transfer between aub- 

bands. fccuerimental features have been accumulated rapidly end are 

MMMiri&ed by Guim (l.o. 1964, 614). >idence for the explanation 

Is suanarised by P. N. Butcher and V. Fawcett (1963, ^15 )> «*« give 

a set of osculations with ^ecifio roforence to ^alliutt arsenide 

and a detailed list of references. It is not our intantion to invest­ 

igate band structure possibilities here,

6. 2, 2 ffiPeots due to an .jnor^y _Dep.eg>.d,ant Oar-.turo -Cross^

?or the first and third headings of features which can cause 

a voltage ecntrollod bulk differential negative rtciatinco, we oon- 

aidar modulation of the nobility dth tho number of carriers held 

constant. In this section we consider a f ixod sobiliV coupled to 

a reduction in the carrier density. This has been discussed by 

B. K. Ridley and T. B. ifatJdns (1961 f ^16 j 1961, 61?) and by B. K. 

rddla[>' ind R. W. Pratt (19^3, ^13; 1 fJ^5, 619; 1965, ^20) in soae 

detail, so that we ehall do no more than refer to these papers* A 

couloab barrier aay «x±^t at a partially coapensatod deep inpiudty 

aite as described in section 1,3 so that only an energetic electron 

oaa penetrate it. fiance the relative proportions of free and captured 

electrons may change a» the electric field is raised. If the capture 

rate is strongly dependent enough on tha carrier velocity, the electron
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dansity My fall sufficiently sharply as the alaotrio field rise* 

to civ© a neeative resistance. 4n effect which is interpreted along 

these lines haa been observed by 3. K. Hidley and a. W. Fratt (19&3, 

621; l,c* 196f>* 622) in gold-doped ^or^miusu /*$ain no analysis will 

b« made here.

i&stributlon Pimotion

Thirdly- it aiay be poe^lble to obtain a negative 

through a ehan^a in tho affective carrier mobility due to diff arcnt-

ial scattering* ?hir. situation is considered in the literature,

vrith reference to plasaa physics, but %ith a stir; rising

lad: of clarity as to what negative rasistonoe criteria taaan, as 

wilt bsooae apparent* lie intend to exaffliiie to what sort of ax ton t

aeattsring prooa*s«» can or cannot lead to a negative resistance*

negative resistance criterion df section 1.2 is given byj

.ff" *r *>

t «" "tr<r

In this chapter we are interested in a voltage controlled negative 

rasiatanoe, requiring (section 1*2; either:

(a) r + 

or: (b) ^ « 0
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In this section, our concern in for field dependent phenomena, so 

the critorion is (a). \te require ti«* current to fall over a ran^e 

of increasing voltage; interest 10 thus confined to scattering 

proo*a*e* nlxich reduce the saobility ac the electric field is raised.

The effect of an electric field on a carriur in a crystal of 

siaple band structure is to accelerate it in the direction of the 

field* The energy and aosentUBi thus gained are lost to the lattice 

thresh scattering. Xh* distribution function represent;* & dynaal* 

e-uilibrlum ead is given by Bolt2mann vs equatic«i:

1L \ ( *£- \
it 'field * ^ it Scatter * ° * 

In the abaenoe of an electric field it is of ton convenient to do scr­ 

ibe the carrier distribution function a& approximating to a Maxvrall~ 

BoltBnann normal distribution function* Further, the effect of an 

electric field aay be considered as a displacement of such a velo­ 

city function bodily in the direction of the electric field, (J. M. 

2iaan 1960 y 623, p.261 ). .&en scattering anoisaliea take place , 

severe distortion of the distribution function my be expected.

A knowledge of the distribution function at a particular applied 

voltage gives the current flowing. We haves

jf(v)av«H ,

j f (r)vdv * J/e .
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In the absence of an electric field, the distribution of velocities 

is iqriMWtric about the aero point, so that the current is zero. She 

iaportant feature is the development of the distribution function as 

the electric field is raised*

It is important to distinguish between the effects of elastic 

and inelastic collisions on the distribution function. SLastic 

•ttattering presents a paradox; if all colliidctia are elastic, there 

is no energy loss and hence there should by no resistance; since 

as many carrier? are scattered into forward moving states as out of 

1&em, the scattering seems ineffective. The solution Bay be seen as 

follows: consider a crystal with an electric field applied, In which 

both elastic and inelastic scattering pro ceases occur; neglect all 

elastic scattering first, and work out the distribution function for 

the carrier velocities for the inela tic scattering; this will &ive 

a displacement of the peak in the field direction which on integration 

yields & forward current; now switch in the elastic scattering; since 

elastic scattering affects all carriers and acre carriers are moving 

forwards, elastic scattering reduces thia forward bia* »o that the 

Beltwaann equation ia a&tiefiod* Thifi is the ^hyfiical basis to the 

use of energy and momentum balance equations as described in sectic* 

5* 3*5*3* It soeme that a change in the energy balance can have a 

considerable effect on the distribution even when the wonentua bal­ 

ance is aaiaXy deteroined by elastic processes*

Vie now postulate a stronger varying scattering probability and
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Fiqure 6- 2

Scatterinq Fu nc t i ons



c; -ler ita effect on the distribution function for different

conditions.

6 * 2« 3« 3 3jipj||pian.t IhejjAatlc Spattering with 3&r * 'Id,*

The tgr^e of scattering function to be considered is shown in 

figure 6.2. $hen we take a situation to iti logical extreme, as 

we do in this section, it is to clarify issues for subsequent sect- 

ions; thu* He take the .-.oiittering threshold to be quite sharp (curve 

(a) rather than (b}}» 13ra vital questions are than seen to be: what 

h v , . COB to the electrons which are scattered at the threshold and. 

hoi&oe *fall off the end* of the distributican; and still more iai^ort- 

ant for aejp&tive resistance, wlmt ha|>p@£n@ to th^ distribution funot* 

ion a& it mores up with the electric fiold?

Iler© we consider the ease «here &11 aaitt^ri^g prooasaes oan 

be ignored earaep t one inolar.tic proeees with a sharp thresholl at

oarrier on«rey 1 which rettores all energy and aeaeatua. It 

iwMdiatel^ dear that the earriere which are reaoved at en^r^y 12 

are fad back into the system at energy sore . Thus the onar£/ dist­ 

ribution function matches at energies sere and 3 end has a reotMUfr*
0

uUr eh&t o. Since thermal velocities and extraneous scattering are 

being ignored, the velocity distribution is similar* Ilenoe the 

currant has a fixed vrJ.ua corresponding to the aoMnt of the area; 

raiciag the applied voltage has no effect except to cause the aorry- 

go-round to revolve faster, Th© diffenmtial electrical resistance





F i qure 6-3

Distribution Function Distortion

(b)

v, v

v, v



in this oat* is neither positive nor negative but infinite.

6.2.3.4 Non-Donirunt Inelastic Scattering ?dth Threshold.

* aow consider a crystal -' - ijtelaetio ^/roce^ of the 

saae kind aa in the last section occurs, "but rrhere ordinary scatter­ 

ing determines the shape of the distribution function. There is 

no longer any need for exaot correspondence at energies 0 and 12 

because of the variation of other scattering processes with carrier 

energy. Tho ri tuition is made still more oosiplox by the need to 

transfer to a velocity picture for analysis of th© current flow. 

Illustrative diagram* are ahoisn in f injure 6.3; (a) shows an orthodox 

distribution function; (b) shows a distribution function after the 

consideration of the scattering threshold; (o) shows the effect of 

increasing the electric field margin .illy. It is apparent that a 

negative resistance is possible if the advancement of tho function 

minus tho contribution from the leading element causes the sdaont 

of the total area to fall*

A staple calculation my be made as follows, the difference in 

current being taken for a aarginal advance W:

1/e . SJ * J'f(v - W)vdv - j f (v)vdv-*• *,

a . \ "?* 
J d V

*~ 
V

-V,

* *..
J
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H is the total ausb«r of carriers in unit volume.

is $LV*B If the dottaa rectangular area of figure (d) is 

tiiaii th® total area of the diagram covered by the- carriers. 

pj$r&ioajL. ^oriaa the negative r*$iata&<te criterion xs thiss doe»

abcf?it th* »9ro axis in the velocity picture cT Ui© extrm 

carrier itrea »oatt®r&d fur & sar^Luol i&or9&&« in voltage exoe«d tae 

uuo to tli© ^or^iimX iixoaroadd in velocity of th« r^st i^* th«

at its aimpJUtrt thi& oritericm la girea by th« 

ion calculatwd: 1/e . SJ « l^v * f.v, Sv ^ 0 *

In the £&&$?&&& it has t@«n aa&utaed ti:^t the uiff eroaca

scatter rates out of eaor&y E anu into «ci@ray zero ia exactly

countered by tha scattering of cmrrierft by the threshold at a for­ 

ward velocity lower than v,« fhi£ is to a lee^er extent illicit

the OsU.ouLitiuo. it ifc u,ue«pted that a £»«att@riaj| t

is act sharp; & 

likely siaae th« fast

oil ia^ortant ooatribution to tiia positive 

ourroat, A full ^taiiod timtaMmt of the iioltsmann 

including ths corrsi^Uva oi" oaorg^ and ¥@i&oi% 

for any useful quantitative criteriou for uaga-tive 

we hav« tried to »ho« is firstly aair & duu&i@ uunp«d distribution 

, and aocondly wljy & double huisu can bo favourable 

of
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6*-% 5 P

So far the tiyreahold has bean considered a* on* for inci 

scattering at which the whole of the carrier energy ir- removed,

Her*? ro exanino the o-^se vtt<?r , at the t!.r<.. .hold, clitic ^oai 

tv1.'.--: ;>lace and afc&ua© that the redistribution i.' .-erf ect, in that 

th«r« is no persiatanc* of forward velocil^-. Aa wt??lalned in recticaa 

6*2*3*2, thero met also be fltreaatl inelastic scattering ecpeoi&lly 

at thi» «i«r^, If tlie situation Is not to be ;mlf-c:r-tradi

2h$ carriers soatttrttd at th« threshold are not r#tunied to th* 

origin. a« in eeotioi^. 6.2,3«3, 6.2«3«4 but •qoally to all velocities 

in the raag® -v. to v t « In this vray a double huciped diatributico is 

not prcdiictjd, but the acaent of the sou tiered oarriorr> about the aero

is fttro ae in ; reviou^ oaaee. iieaot? ^M criterion for negative

Is a relative mowtit- rule, &§ in 6«2»2.4 *ad at Its 

is

Slastic Sc&ttcrinf with 'niro^hold and i'erg-ir.tgnce of Velocity* 

we eonai-der the Q*M of mirri»rs scattered

at a throehold for «tdoh the forward raomcntun 10 not totally destroyed, 

% Ofl»sidor the eaee i& which th« aarri^rs are scattered into the 

sane distribution as that already existing;. This clearly aakes 

negative resistance far last likoly than for i^otropio scattering.
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i.'e chose to ccndixLer the special cass of an ex$>G&6&ti&l distr- 

ibutiun function, for reasons which will soon beeom elear.

ax

v

]**•** xdx

As r tends to s*ro, so does <f* :ienoe for thess conditions an oxpoo-

. aha^© is neutral for n*sative resi: t JIOG; to j^r one, a 

still steopar rQgicsB at the threshold is required, !ThuB under this 

given oonditioiu an eo^coenti&l &tv*±-v i^ ^riticul for negatiye re si a-

^^WB^Wi^BHP

6.2,3.7 aetboda of

so far haa b&^n in iddoli&Qd toras v,-ithcut 

asntion of physical proo«»s«e. Prooeeecs which EJ^J a^.u&@ a di^tur-

the dir-tributlcHi fijnction are: 

(1 ) \nomli9@ in normal float tor ing mechanise.

(2) Litar-vallay ^Tohmngei

(3) Aeoustio phonctt produotioa. 

(4} Optical phcmcai product! «i. 

(5)
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6.2.3.7*1 Aaomliafl la ncraal

The normal scattering atohanisas are considered ac thoat without 

any well-defined thresholds in term* of aarrier «a«rgp or valocilQrj 

thej tnalud© ionised i&puriV soattaring, neutral iapurltgr scattering, 

dislocation ncatt^rtn/;, deformation pctaaatial ftoattdrln^ and carrier* 

carrier *oatterinst Cro^a-wotions for thes« haT« sow gw«*ral da - 

on th« carrier enftrc^r, so it is possible for a chinca froa

to anothor to t-sJce placo. Hofaranoo back to sec 

5*3*5*3 «hew* ifeat fert

tbfli a0gativ« re si stance criterion ia:

Si m —L ft ..r. _^
* _ _J3dJ a i n -i- m

< 0 .

For tha voltage ccai trolled ^rp« f we

n > B §

n 4- a < 0 *

It is thub ttsaentiol that 22 should be negative, ruling out ionised

la ^raotio* it does not s^««s posuibiu to 

conditiijas for uarai&l &aatt$rift$ istttchaai^M^ fur 

voltuge ooa trolled ne^tive reelttanoe; this is not rosily surpri»i»f 

cino« it has boon showa (section 5* 3*5*3) that aoradl atohaQiacifi are 

f aYourable to current controlled negative



€.2.3.7.2

A scattering atohinisa iaeorpormting * threshold Is described

Iw ft, ^»inr©ichf T. H. Sanders aad % L. mt* (I959 t 62?). It is 

V*ft*d en ft ea. ture-oj««ti<m aaAOhanism at an ionised impurity sit* 

<£ tbt ^rpe described in section 1.5; if the lower levels of * snilti- 

ao<»ptor iwjurilgr are t«|p«Da«t«4t a ftirther elootron WQT %•

in an excited state if it has sufficient energy to av reoua 

retmlsire ootilorab barrier. It i3 an elastic maeJwtfiis^ in ^pttire

* but ^oi^ntim is dc.^troyo'i if in feraanius or silicon a 

of valley takes place. The Srrelonaent in tiae cf an electron

results in a radintribution of the valley probrbilitj 

te that the length of tiiuo of the electron-iairurity interaoticm 

adneo the scatter rate. The prcoes® coaes undar the heading of 

^.2.3.5 as A perfect elastic process with threshold. Since inter* 

valley scattering is aaall conparod ^'ith intra^vsdley scattering 

««pen«ated gensanius ( »einreich, Sanders, ^bite I.e. 1 

scattering cress-section introduced at the threshold ia 

not necessarily significant. l!he pcssibili'ty of observiaig nra>- 

Otaic effects or even a negative ra>iitvUnee seecj higher ia material 

with carefully chosen impuri^/ cc'^ositicfn. Such Material has be«i 

discussed in soctica 6*2,2*
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6.2.3,7.3

$bt Mattering of carrier? by the absorption and eatiUsiaft of 

aeonstic phonona, as may be treated i?y a deformation potential, 

has been considered wider nonaal processes* Aaoaalcus behaviour is 

possible however if the earrier drift velocity coaas up to the velo­ 

city* of sound in the material. This has been investigated in ter- 

of the attenuation of an acoustic wave in a semiconductor; in 

•ndartuat sulphide it is found that acoustic wave aaplif ieaticn occurs 

when the electric field passes through a critical value (A. R. Hutson, 

J, H. MoFee, D. L» Hhite 19^1, £26). It is necessary to use a
4 O

conductor, n < 10 to llrsit the current density and hance the heating

at the r^iuirttd field atrengtha (H, H. Specter 1962, 627). 1?he 

rosulta of Hut son, ?£ePoa, White (l.«, 19<51, 628) d© not show tfee 

effect of passing through the aaplif ioation threshold en the voltage* 

current oharactorlttic; sinoe power is being transferee from the 

electron ayat&ffi to th« acoustic wave, the aobillty is progressively 

reduced as the electric field is raised* The question arias s 

whether this eon load to a negative resistance. ?he process may 

•erne under the handing of section 6*2.3*4 as a nan-dcidLnmit inelastic 

prooess with threshold; the analysis there shows that if the ecat- 

teriag Gross-section at the sound velocity Is etrong enough, the 

diBtributioci function may be distorted sufficiently to produce a 

negative reaistiaco. 5o far acoustic ami lif ioation has been demonst­ 

rated but not electrical negative resistance (Hut^on, 2to?ee, iKhite 

l.cu 1961, 629).
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6# 2.3- 7*4 Op^tjlo&l ^honqn

It ia e«norally rooKozied that optical phoMB seramtuB etattoring 

at lotr temperatures is important, ttaagh it «@y have an appreciable 

effect on the «aerQr aoattering (S. 0. 3. Palge, 1964, £30, p. 133); 

thi* ic bacausc of the high «aorgf quantum involved* However it 

M«BB that extremely high «laotric fields repair* optioal phonon 

production as th« limiting factor to tli« cuiTijJit (a. A» Sttith 1959* 

^31 » P*162)« The titnaticm th«i r»4ffiO>l«s that ost ftoctloii 6.2,3*3* 

The possibility of obtaining a nogativ* resiBt*ao« ia an intermediate 

condition i& to be iiiiaw»r*d by the analor»ia ^ section i"«2«3»4*

aroduotion.

free aleotrone ia a oryat&l with fixed ionised dcaiora fora a 

ain&le oosnr-crtont pXam&a ayat«£a. FluctiuAtiona of 

SensiV h%ve a natural frequency glv^i for an idealised 

atructure by ^M> expression (l»» tonks, I« I^uagsaiir) 1(1929, 63*')

This motion i* quantised in units of %.^ denoted as plaamono. It 

i* apparent that if a earrier has a kinetic energy such that:

it ean transfer energy to the ^lasacan system if a coupling 

tadsts. Such a pla««on ayatem ia dashed by aocustio and optioal 

phonon *oattering (Dt Boha, S, P« Groaa 1%,9, 633 )• ®* 2. HoGumber
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and ... G. Chynoweth claim (19 4, 6$r ) that the emission of 

ia stiBt*l£ted in the neighbourhood of ionised ia^uritUs; this is 

said to give rise to *n 'instabili^jr', However there see** no 

reason wtogr e,s the oleotrtc field i« raised, equilibrium should not 

be aain tain«$d, with the pla*»on denail^r rising steadily in order to 

balance the rates of production and decay at each field strength. 

use of the term Hnr-tablli^ ' for this is as misleading as was

's use of it in a aioilar situation in ii^aot iimi^ticn 

(see section 5-3.7). It is thus possible that as the electric field 

is raised & strong extra inalastia seattering ,i«<5hanl&& i§ switohed 

in as tho drift velocity approaches the plasae velocity. Whether 

this ^ves rise to a negative resistance is determined by the effeot 

on the voicKsity distribution function as eonsidered in section 

6*2,3.5* 3uch a aepttive resistance, due to a distortion of the 

distribution funotion liy a scattering resonance, Has been observed 

in a gae plasm (S, Ohara, 19^3* :'>35).

Critique of Papers by T. ^isha and ?. Toehidu 

tr^ateent given in the stations above has been in idealised 

physical terms and may seem inconclusive. Th* is^crtanoo of an 

understanding of the basis of a voltage eon trolled negative resist­ 

ance i» well illuetrated by the aisooacaptions ia papers by T. Jluftha 

(1962, 636) and T. fcSusha, F. Toshid* (196^, 637), in »feich negative 

resistanoeft are predicted for syetems with orthodox distributions.
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In the first papar Mush* deduce from his aathematiool equation* 

that any Itm frequency a*o. modulation upon 4 d*c. bias voltage 

r»roto**« a reverse shaea a«c. current} thus he aaows in hie diagram 

that toe distribution function moves baokmards for an extra increment 

of alectric field. How he fail a to conclude that thic gives a 

negative resistance in all eases, whi -h is clearly ridiculous, 

not certain. '.The cause of the falla^ aecac to bo an orror in 

in his writing of tho Boltaaaim equation; if the third term on the 

IMS of hiii equation (1) is corrected to b© ponitivo, tho 

resistance disappearc and the analysis becomes useless* Tho 

error i» carried into tho second paper. In this a complicated 

a*the^itical tr^atoent for a high freqiwwicy modulation field, ooiapl- 

eted by computation, results in a negative reeiatanee. Correction 

of the error roiuirci: the si|in of f, ., * ' to be reversed* It

unlikely that computation for this oaise mould result in a 

r :3istanco t sinrply because insuffioiont physical ingreov

have been put into the tre&taant to yield one* This paper 

has been quoted by MoOWbcr and Chynowoth (l.o* 19^4, ^53) to 

import tlie-ir roaconiag on drifted plasm* -la foal that the papers 

of Mu&ha (l*o. 1%2. (>y)} and Musha and Toahld^ (l.o. 1^64, 640) 

cannot lend authority to any phy&lcal consideration* This under­ 

lines the need for a pijysioal understanding of the features of a 

calculation before intensivo computation is undertaken; it ra^res­ 

ents a justification for the analysia of the preceding sections.



!The discussion of the distortion of the distribution funoticn 

as a aethod of obtaining a negative resistance will not be extended 

further. «* have es&sdnad firstly vh&t tort of progressive dist­ 

ortion with applied voltage is ateessary for different categories 

of *c attar ing and eaocsidly ^hat physical proems-@s are available 

to provide it. Tho conclusion reached is that if such scattering 

procsaoeo are invoked as eauftoe of negative resistance, it is essent­ 

ial to work in tenas of the distortion of the velocity distribution 

function; la the literature this has gone widely unrecognised, as 

by the effl^loyr,ent of shifted Jfcucwellianc by Slusha and Yoshida 

19^4, 641} and JtoCujaber and Clx^noweth (l,o. 19^,, 642). 

Further we have shown that th« extra aoattering process must have a 

crose-section who^c velocity variation is both sharp and atrons, if 

a negative re si stance Is to be shorn. V&llst this r^y be observed 

in a gar pla&a& (Ohara, l.o. 19o5, 643), the possibility of obtaining 

a large u»efttl region of negative resistance for a oolid state crystal 

thus aeemc fairly remote. It oan orily be advantageous howevar to 

knew what is required in the roar oh for negative re si stance, or 

iltat ej^lan^tions are plausible if one is observed.

'ihic ooa^lete* our analyeic of methods of obtaining voltage 

con trolled negative resistance in the solid state. % now sovo en 

to a consideration of what happaas when it is procured.
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6*3

tar 1 v^ :::,;-,• -d tfc«*t a bulk aegativs reftlfttanoe i« 

tm stable against the f crmtioa of domains or f ilaaa&ts, In chapter 

2 the etsady iiteite domain si a ft ms considered and It ms shotm that 

ocnsidsration of irreversible thenMyBaadca Is relevant to the 

situation. 3h both plaeea ae&llit^ ourves of the fora cf f 

6.4* ««Te postulated. ^ now «x&aina tiw iXAture of the domain 

and their contribution to the fttsa^f state current flcv/.

An intor<n tiri£ feature of th@ doiaain struoture is the 

if domain movement; thir: is an eaq^orj/vicntally attested n

and Pratt l*o» 19^3*

i fisohlarwHatoai and ^LlliamB I.e. 196^, 647), ^fee vel- 

of aor«®ent is GdT si^iifioanC'3; a cwthod of ©stisaatint; it has 

fesea provided by B. K, I&dley (19^5* %3) t baaed en his laterprot* 

ati^i of the principle of irinlTinm e&tr^y produoticn with which we 

have alroady disa^oed* Our analysis her« plaooe nore ea^haeie cci 

inveatig&tin^ possible stable doimin configurations -ttaa en Ba 

theory to currmit oxj ^ri^ontal results,

Before uritdag d<nm the carrier flow equations, a 

picture of the ctamda structure will be given. The mobility-field 

relaticaiship of figure 6.4 M aay be ^swaged into a *looal f voltage- 

jurront curve f figure £#4 (b)j lay 'local * is aw*nt that ttiia curve 

is relevant to the s»t»rial iUelf , bat does not neosss&rilor apply
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Fiqure 6-4

Domain Representation

E

(b)

(I)
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to the assured V-i curve duo to the distortion prorided by 

Figure 6.1*. (o) shows three «paei>a representation* of a domain: 

(1) ap&co-ohargft, (2) the electric field, (3) the 'otential. These 

art* interrelated by diffonntlation. 'I® c<m»id&r operation at a 

find currant i.. Refarenoe te figure 6.4 (b) shows 13iat over the 

tiro r«,5jious narked H in figure 6.4 (o) (2) the field drivers current

Is hi^ier than th« tru« value i, while erer the regions rmrked L

it is levtr* In f «^ct th^ affnot <^ the atgativa rasistanoe is to 

try to heao up tho si>ao»-rfsargo into a narrower ro;^cn. l^ils io 

opposed bgr diTfusioo* Bat wher&as diffusion acts proj>ortian?it6ly 

to the apaco-o.'ujr^o sraci*l distribution, the alec trie field act?

to tha negative resistance aimp® of the V-i cimraotari; tic 

6. If (b). This aaaaj 1feat HM equilibrium aha^e f r the doa- 

ain apae«»char0a is determined by the 'loeal f V-i characterlatic. But 

it ad so ffieans that a f oroe is available to drira tii© donain dcim the 

cryatal. In f aot it oan be intuitively seen that a given eh&r~ 

acteristio aiill permits an equilibriua domain shape to bo found to 

correspond to any required domain velooity ralativa to the drift veloo- 

(within lirslts), let nhat detemdn»£ the equilibriuss

now exuudae the carrier flow equations for the dcmain. He 

consider n~typ« aaterial with an equilibrium free oarrler coneentr- 

ation n , the spaee-charge den.nit^ being; n. Planar flow is as
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Th» current density is given byt

Carrier continuity requires;

Pois«on f « equation for the space-charge iai

it , _ at .
>X ee. * 

Substitute:

F « 

oo that & repr^acmts th« waveform and T th« domain relooily, Af tar
«

elimination of n » writing ft « d&/du ,

is a second order differential aquation to be ftolvtd for G- la 

term* of the conatante j_ and v . Th« two constants of integration 

oun b« eiaployed to naticfy boundary condition a. An in the formal 

theory of collective oscillation* in orystali^ we first a*ra»* cy«l 

ioal boundary conditionaj w« hare in fact a kind of aingle carrier 

pl»sn» vibration* 2h« two constants «ay be eaplcyed to natch the 

taroth and oecond diff er«itial§{ matching the first differentials 

effectively "quantises" the motion for an oscillatory phenomenon 

since this aeana fitting in an exact number of dcoains into the 

ring* Higher order derivatives match since the equation is of sec­ 

ond order* Ae thus postulate that for a fixed relation between ^ 

and % and for a chosen current J , there exists a set of allowed
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values cf v, each giving an exact minfrtr of domain* and each having

it* 0m field di&tributicaa &» Integra tica under G over the ozystal 

gives the total applied voltage V* :,oncc a unique aaoro&copio cur- 

retrieval fc^c £u. .r-etariu-uo is not defined — as ooaaidered la tine 

eootion on irreversible theriao4ya&aicii, & whole set of dottain shapes 

aeem* to be available; the physiee cf the toemia well space-

merely to ocaitrol th© v^loei^y of doffiain movsiaent.

point out that the term Mo«sain structurQ' ie being 

used in a wider &ea&e than ia generally found j it in not restricted 

to flat- topped dipole layers, but nay r f or to any kind of oteillatory 

t with the &i&U£Oi&al form of Kidley (l*o* t^Z>t ^9} being

Just 010 eaGiflple* In f act for arbitrary choio* of j and v, theo
is oscillatory, and the flaVtopped structure is a 

liaiting oa*e« Since Hie dooain e^aoe~<thargo is itself aeted

by *&e «leotric field, -Ui© doaain velooiV v ^ s aeaeured with 

ol .ctrcn drift

6* 3» 3 l^tondoil Uae. of Batoher's 3q^&l Areaa

Solution of the domin atructur® equation (40 eg thic 

vaidsr fixed bowidary oonditions is not a trivial prcblon, Ho«ever 

F, H. Butohar (19^5, opG) has developed an interesting t^ctaiiquo for 

the situation niiere the diffusion ccnaff ioient D is aaauaed to be 

constant; the result is the 'e^ial areas 1 ruls && applied to the 

ea&e of the fl.it- topped dossain. .& wish to suggest that this technique
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F iqu re 6-5

The Equal Areas Rule

Equal Artas

(a) Butcher's Discrete Domains

Equal Arvoi

Continuous Domains (cl Small Signal Domains



alao applicable to « generalized domain structure. She boundary 

to which ir irorks ia that the electric field outside

the doeain is to give the ehoaea steady current j . For an oscill­

atory &<ALutlCi4, thit boundary oaulitdxm may be r«*lax»dv ^ f ixeu. - :c 

line ecrree^onddjis to an arbitr&rUy chosisn tairraat j for equation (4)

, fro* ^ioh the •fuad aro^is nil® is Applied; Just as in the 

dtaaain case, th* aro^i oos^>ut.iti(m i& e -topped a£ «oon AS 

r^as point it r^Mataed (figure 6.5 &), &o in this c ,:e truno* 

sticn til^3 pl&ee on both iide« (figure d.5 1>). In this ,.:o', instead 

there bein^ 4^^ t one domin o^tfigaritico end IMRIC® ju^t one <^er- 

w vclt&^e at CK& curj-tmt j , th&re are now an Infii^it« range ef 

L4bilities« At the **&e tiae t tho ie^o«dtl^n of cyclic boundary 

ooodi lions rc^trlctB the working to ^uat a few cd? thc'';« 

u nditioos arc cquiv.dyiit to the ftc^.'lqywwvt of 

electrode; cc«uiect?u to a. u ens tact voltt^s $&urc$* This is 

parallel to tlva e^erimmatal use of a dry o^ll ccauioctod

betoeem the eud» ctf1

It i& inntnictive to captBtiae the ®mll aignal oacill ,tion 

ities cjf the Ckmn effect, .o employ tho equal area.; rule in the 

region shov.Ti in figure 6.5 c. The ailoulatiGQ starts from the equation 

by Butcher (l«c* 1?65^ ^51)* rewritten in OUT notation act
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Sft .
O O O

equation it obtainaa by th* eliaination of z b«tw««a (1 ), 

4UUI subsequent Integra ticwu tier* w« uav« «ri«ctiv6iy 0£?»0ifa.*a

e line io be tjivtj.ii by v « V D . >^» asfcAJtae a j.lci«&r 

between v(&) $o& ^ with » nogatxve al€^0 t ftod apply a

4 about v » if | tiua
t Q O

the bounuary ooauitlofi i« thai &o*U at 4 » ^ +, ^

-o

give? ta« waveltMMstb oi' the osoiliation as:

'X « 2ir ^ 5i£|r « /^ .2*2. id7 H.K.S. vmits at 77°K.
J * "^ 

tbe field and mobility parameters from P« N* Rob o on, S» M,

and VH^ as $ » Thonz

V as 100 gC*/£«<U

a fre<n««iGiy for siaall si^ial conditiona,

an \x$p&T frequ«noy liadt when working on th» etecpast portion of 

natural oharactoristic. It is olear that for operation about a point
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tho slops <H i* •ha.Uoijgr, or for larger signals where it is 

effeotivol^ xso, the wavelength is «r**tar aa& the frequency cf 

Iteration loaror. *rhls frequency ia siadlwr to the eutimted

tiraa of 1C."12 sees. (J* g, Carrol 1965, 655).

c-a the abort Mir4yeis it appears that tfce curr®Gt-voltage 

Eristic vf a s^>«ciraKi is not uniquely dotenained, /Vfc a given

th« currtat ssay tak« oea dP a range of values, 

with its oiwi dola.^in struoture. However tho *ssia|>tioR of qyclic 

aonditioaa tauater. • tlw aHowid ournaatfi to take discrete 

f.: then the ozystal runs in tho ssodo which ia prefGrontiall

y, crystal c hav« bs«n fowad to run at

3. H«eks 1%6 f 65^» ) and 1C

(B. W. Hakki t 3. Knight 1966, 655 ); ^MW frei'tucnciea are not 

correlated wit2i total length «od la sisny aasos represent

strueturo« ra^iar th^rn individual

s (Fq^t^ Ho^hortar l.«, 19^6, 656; BafefcL, lai^it 1.0. 1^» 657). 

- ther@ ia »oae WEiJeriJiWCital «vid«no« for the oscdllstory 

st meturea ira^pi&t«d in ili09« ;-cctionn. Qarrior doping

in tho bul'-i of the crystal havo bo®i «dto-« to exert a «tr©ng

on the triggering of dosmins (Ds» B. MoCaa&er, A* G* C53;ynow«th

€3S). ite point out that if the slower oscillatory teaadsnoies can

be 3dpp**ss9d, froqueneiea tip to 100 £C./sQc. e«©^ ponsiblo, according

to the Mill «i|En:d a-aloulatiofi, without any need for partioularlv
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y ** Sil»t§ei&il Solution.

The s^c<3~c.,..._. solution obtained abov* wader conditions 

^ lication of the equal ar«a» rule

Sn » SaA o
/*isn 

k «

Th«n th« waT«l«ar*^ <* thA aaaU stfinal osoill&tl«Q 1? fixed by th« 

propcrtioE of the ciystal itself, in particular by the Ivi 

rt^i. tance «£« If a non-linear negative elopo is ecmt-ldora^, then 

A l-i, fuacti<ai cf S and the integration oannot t rooesu. 

tat ,il.; otsftslilurea th« wattll signal c%s« (l,c. 19^5*

a rkinusoidAl ^pace-charge variation and attespt^d to 

a ouwning to 1., tho cjq cnent. How«yor be allcwc k tc vary 

down the cryot&l and suggest* that tlie oscillation is contrcli&d by 

the region vibtiro k has its largest value. 3fe fsel that for our Act 

cf cyauitioriC, which iiro within the £HCO|»e of I&dlpy's work, «• have 

ahowi that a sinusoidal solution 1^ onij valid if k is fixed by the 

crystal ^H;-V .^t'rr an-* is ccmstant dowi the crystal,; then Hidlny»r 

daductiori: ur^ invalid beoauae cf a 8elf-inc<sasi:.tenc7; he is using 

a crystal whoa* voltage-current characteristic is ccc^^lotoly different 

at dlffej*ont places and diffar^nt tiiaes* ^This is bcrn^ out by the 

int rprotation £iven to fic;-!are 6.^ in section 6,3»^«
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Wfect 7oohaiaue».

results which were apparently due tc doaain

formtion vere f ouu* to be* caused by a thermal effect, .,; ill be

~*~,+* *j* *UAW xiext obiter* However it is felt .vcrlh -..idle to die- 

—— Hall effect techui^Uwfi as aean& of •xanrlnlng doaain structure. 

In tUi&xv the iiill affect differentiates between a change in 

fer density ijoa a. ehua^c in nobility, A hi," f datura is d* relev- 

to -U*c fciov; z£ovitt£ doaair.s cf B. K, i&cU«y and a, U-. I-ratt 

w-,., *«w. 1>J 6^, 661} associated vdth carrier trapj^iti^.

i which arises ccncornc the v:\luc dT the liall vcltago ehovn 

by u. -ut of domin& when the domain wavelmgth 1 , -II co^^ared 

wit*; W.G ^iv'-icai &i2@ cf the iiadl probes.

..u conU.dc;r tlic Hal 3, contacts to be regions where the conduct- 

ivitj>r io fiir higher tiian in the apecincn bod|y; also ^otrantial diffsr- 

onoct asrosii the contact interface ^'.- neglect« ;l, ,'iilo t'-.*.n is 

probably not utrictl^' valid, th® osperioeatai |jh®noFi@anan of lar{;>? 

arei ooat&cts acting : / Aort circuits shows that it is not unwarran­ 

ted (3. H. i\itlarjr 19^, ^2, p.45). Thus the boundary condition at 

the Hall contact: for a pctenticiaeter reading of the liall voltage is 

that no net current should flow; the Ball vcltag* is such t&at the 

C'Ai'fJ: - > .:^ca flow across tha £r aciaen in various plaoea duo to 

too earri^r u.oQvi^' variation in tho doai&ina exactly eoapenaate each 

ether. W? divide the portion of ?•: ocimen between the contactr. into 

as in figuro 6.6. Than the eoanon Kail volti.;e is given bjr :



A

the currants:

For a shortly defined single domain d in a normal crystal r, of

proportionate sixe S. : 3 , we 

V,. . A r **•*>. * ^f

For & domain where the mobility varies and the carrier deaaity is 

imal tared:

,a a

but for one where the carrier density varlea end tbe 

unaltered:

VV .H Sji, * 3 aa d r r

the latter case "teie oticived oonduotivity i»t
« . t.io>. 4 <>d r

the effect of the dooain r-tructure on the Hall voltaic is 

the inverse of that on the oonduotivity in terms of the number cf

c The •' •; in the liall volta^o produced by y. ^.^i-ro
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ion cArrior density domin is ertaently raitor small f

t*w thanta produced by a lew nobility do^.i^ iu a~ro. 3o the 

ilall effect i~ uot a suitable :^thcd for differentia ting between 

domin %pe& unlasc ©ith«r the domain sia© i* ooep«rabXo witb the 

fc cf the Hall ocatact* or the high field p&rt of the domiri is 

appreedablo f raotiuu of tho iatar-dosaaiii di^taaoa*

X& aj,sea ^u».ro a iiall voltage reading i« useful, ^vr unre4.-^,t-

iu the doioain wavoforn KaJ&es a d*c« ro.,diii^ vmr«liubl«. This 

is be«am^o yf the unknown contribution of t:-v. ^ut^tial drop between 

tlia iiall oont^cts i^iieh is nortaally eliminated by rover -jinf the 2a 

aetic field* 4a a.c. technique overcomes this, in '.?hich the 

field is required to awing . -ivcrui tinea during the pAcea^e of a 

through tho contact region, Then the Hall voltage ewin£ id 

a 2 the dcemiri &tnicture passes betw«ea tbe Mail contacts* 

of an oscillating oa^netic field will be described in

6.4 l Jar-;il.lc-:-.s between CorreB^ and Yoltante COP trolled Ne^ativ

*^*

In ^ootion 6*1 at tha btfiiimlng of this chapter, It war, 

that the three ca&e« treated for losp««t ionisatiuQ ocrr@apond to the

ttorso sections cf 5,2 on volta-ge centre lied negative resiatanc®. This 

point nerit =-•,.* •-'.-" in.
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Th» tfcrats eases for iKp&et ionisatiGn are giv«i as:

5OO-1 formal ioaijsatiGa*

5*3*^*2 A carrier daneity aepnndmit ioni*atioa rate. 

5*3*5*3 A current dwaaity dependant &obiilty, 

three &«@tionfi for voltage controlled aagatite raaistaaea are

asi 

6*2*1 Band-structure effects*

6.2.2 ISffeet* duu to an ancrQr cU»p«nd*at o&pture crcL^

6.2.3 l^airlbuUcn functicai effects.

the ooi-reai-oadtttce ife to ba oiie-tc-oi\e iu tfce order ghoioi; it 

Is more ft corre£por*danoe for convtoniaiioe than a itrlot a^tl^aatical 

iaverwiui of roles b«twe«m oarrier mobilitl@^ mad carrier denaitiec.

In UitJ fir&t instance wo note that «r.ile a baiiu*tiructur0 of foot 

in the voltaic ^o&troXlaa cu^a, iu& in ^iiiiu& ^r^^nid^, does produc« 

rufii>toficc, th« wttois effort of the argujaent of »,Gctlon 

to feho'i. that the inverot* bond-structure, wtotber In terns 

of carrier aobiiity or deu&ix^, duG£ not produce ons. 'iixiu is sii^^ly 

beoau&d a c<^l«U inveridi^ b&& not takan place; ioi the ourront 

controllea CA^O, a current density UOA.©udoiice c^ tt.e iav^ri^ bdtnd- 

structure i£ required fcr ne^tlvo r^:ii,tiuic^, but only a voltage 

dep«tideiioo i& provided* In tlie aeocmd aad tiiirc in^truiecs ., true 

inversion «f conditlims is provided so that in the::o z :.-*&<> negative
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^Ilaaoat

Currant controlled nagativa reslatana* was treated before the 

voltage oontroiXad V'-e because of its greater sioilioity. This is 

dtte to *i aca-oharea sOTwaont in tha voltage controlled typ** ^^ 

•pace-charge is a diract result ci' rolsaon'a ^aw* in the ease of 

filaments it sae&a po»sibl« to ns^dct this and itr flo* ia tte 

local oiactric field. In th« Otise of do^in^, tho r'lo-* of Uie epaoa- 

aasoaiatod with th« doaaia wall is an integral part of the

^Any attaapt to aaiplpy a voita^a controlled bul/: nog -live 

for aaplifioation purpoaas sautt hanaos.. thic dosuin flow 

rathar than attaapt to p reran t it. In this oonUxt the developiacfit 

of a sst&ll signal sinuaoidal solution in section «So-4 may have

ire^licuiioat: in tori^ ul an amplification obar^atori«tio t 

for tiia f .a<iu«n<r>' resuonse and

This ooa%>arison of the oaus«s and effcota 01* the two ^ «s of 

nagativa r*sifetanoa con elude a the tr^ataant cf fundamental solid 

state ^ro^trtiftc wiiioh aay lead to exth^r* *3e now turn to oonsidor 

surf 4vo« and sia« «ff Mis,
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7.1

The anatyftes i& the two previous ohapter* on i«j act ionisaticn 

and on voltage ot ntroiled negative re&ietanew weru undertaken with 

the Si eoific aia of e3q>lkinine experiiaent&l retvlta which ••••<& to 

display both of these phenomena* In fcpita of the use of an approach 

of maxiaMai generality, in which all proae»*«* leading to a negative 

reaistbHi'.' ,• .-ijaoii to be being treated, at lea&t in principle, it did 

not appear V< be possible to fit the reaults intc the pattern in a 

**a£ Qcoi&iKtent ivith ether 3mo%ai properties. It nva^> only at a relat­ 

ively late sta^e that a eldiik in tl;o logic »as discovered whicl: can 

^rovida aii adoquatu ex^laa&tioii. In previous chapters it hat been 

ihotm that it %ould require unreasonably large specimens for thermal 

rilti^cnta or domains of appreciable efi'eot to be stable. It was the 

realization that there can be irregularitie;': in the heat transport 

at the »i>»ei2HMa boundaria^ itjLoh con, leted the piuture* As a direct 

re«»lt, the &1& of thi^ work has been widened from an investigation 

cf the particular negative re&iatanee properties of overoom,>enaated 

sino-dopec geraaniua to a aore cotaprehenaive study of bulk negative 

rosd^tanoo in eesdconductors*
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She ic^os-ibiXity ui setting up en appreciable tea|>erature 

in a fteedconduoter at a low teo$< era tare hae ulr^i

*«- (section 5*3*o). In a no**-infinite svoelsea, the heat 

transport has to be aaiatained across tht) boundaries; to obtain Oovd 

thersMitl flow, it is couvenient to iss&i&r&e the roofrinton dir^otiy in 

the liquid ooolaut. The r«te of heat flo« which can be avuitdJuied 

sgr diri&et contact without ariy apparent teznyeiuture gradi«mt ii> iii^> 

but if this liLdt i.a oxc^«dc^, a now phenomenon £et£ in; this i& film 

boi-Liii^» rTh^*;.e points are BHtde tejr P» C. £&&tMH im4 w. li« «&i«Ar«» 

(1963» 701)j our aaol^sis follows theirs*

Ilie ei'f oot produced by a heat production rat® which requires 

.... bcutidaxy transfer lialt to be exeeededf is the fonaation of a 

-i. cvui layer around the ^cciaeti aurfacoj this layer or fil^ 

^ relatively low therml conductivi1^t so that a Go&@id£r&ble 

atore gradiwnt aoro&a it is required to transfer the he&t bein^ pro* 

duoed in the sas^le* ^be {specimen risee in toa^erature at this 

jmiQtarey causing a eb&n^ in its resistance* 'Hi^t at the onset of 

film boilin^s a sudden transition along ^* external circuit load

takes pl.':^c, following the apeoli8*a reaistonco until a stable

point is foimd. Because of the large specific heats invol­ 

ved (S. U* Eoenig, B, D. Browa 1959> 702), this ofeanu© is 

alow. It atay tiiuii b© ez^ect&d to b© possible to follow the 

oha&gea due to variations in both carrier denaiV ;*ad aobili^y as the
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tMp«ratur« of th* apeolson changes. Where no stable operating 

point on the load line exists, the result wist be disintegration 

of the specimen*

A critical parameter in th« power dissipated in the specimen 

ptsr unit surface area* 'in consider & rectangular specimen of cross* 

Motional dimension* at b and ignore tiM «nd». Than th» paxunetor 

ie (Sastaim, D&tmr»» !,&. 1963, 703):

Th« constant £ d*p«tida on til* operating condition a, 

diff croncea bstw«on diff ar«nt coolants nay be expected due to infl­ 

uences such as different latent beats of raporlzatlon and different 

»urf*oe tea&ia&*. Variation af the teopermture by tiM reduction of 

the p re c sure orer the coolant aaj be expected to hare some effect 

OB W due to the teaverature dependence of the rate coefficients! 

in the case of liquid helium at the superfluid transition, & consid­ 

erable effect map be anticipated (C. Hanney 19^2, 7%). ^He surface 

treataent ic * feature which is likely to affect Kj however for 

carefully prepared semiconductor crystal aurfacoe, any ehangos in 

the MicroBoopic surface structure produced by dislocation, goratehiag 

or etching, though they are of considerable inters &t in tnrrs of 

surface currents , should have a aarginal influence on the value of K.
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7.3 __________
" " ' '' " • ^^^^^^^^^^••••••MOI

. negative resistance has boon ob;erv»d over the 

tesserature range 14" K — 77% It was first noted under conditions 

of double injootion; after its observation without injection, itll 

5ubue ju«at osaalnatiQa w»s undertaken under the siller conditions 

cf ohiaic flow. Boaults undor d, o. ^plioation will b« oonaidored 

b«for« tiioae for pulsod or eftoillatoiy curreets.

^\n «otaia|)l« of a ourr^xit-voltage charaGtaristio id ^ivon in 

figure 7«1* Th0 arrows shon the fc^etsrosis of th© cycle, AB and SI 

are spontaneous non-r«v«rsibl« transitions along th« load lino and 

con3Utut3 tlie ne^tivo r^^istiaoee. Ihose are to be oxjlainad as

ro:mlt of fila formatioa and fila disappearanoa. The branch BC 

near vertical for <*11 cuecinen;:, shoaring a nogative alc^a in isoat

To shoa up the internal processes, th« Ilall offset has been

at the transition. Tho Hill voltage la ahovm In figure 7*2

for 220 gauss with oorrdSij ending notation. ~fto conaidor a strai^jit- 

f orsKird interjirttatic/n In terme of the ntL«aber cjf carriers n and 

mobility i*., with ooaductivlty <pr « n«^ and single carrier Hall oo«f-

fioient H, a 1/n® , At th« trmaeltloii 4 -* B tha n«»bor of carriers

has risen bj 15/' whll® the mobility baa bnaan reduced by a factor of 

2.3 . 0?sr a range cf toiaperaturac the values showi in the table of

figura 7.J ar« obtained The hydrogen reading is conplieated by th* 

ionisaticn csf f roses donor eit«s and will be d*alt with In
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3!jg» era tore 3csaateic.e. Of Breokur-m

220 muse

Temp era tau O IM»re K

Cttmmt M^« 
Current aap. 
iiall voltage isY.
Hall voltage «V.
Potential

Fo-Umti^l
ft
a
h
K

factor in
Factor in

1 refers

2 K*A*^ JUT* 1* Jh s*» Br JP £*

dr^p V.
drop V.

1015
1015
10*5

103

n

h

to iho values

to tb« v^iuo»

1 
2
1
2
1
2
1
2
1
2

inn

1m*

<••• 

77

0.45 
0.26

26.2
14.2
4.3
4.3
2.31
3.23
7.31
3.52
1.15
0.45

70

0.42
0.24 

27.2
13.6
3.8
4.3
2.72
3.11
0.54
3.78
1.14
0.44

.' prior

r «ft«r

€4 20

0.40 0.19 
0.23 

31.7 35.6
15.0
4.0 6.4
4.4
2*22 G.%.
2.70
!;.46 6.64
4.07
1.21 4.21
0.43 0.41

to feniakdom.

fcreakdowi

20*

0.50
0.31

41.5
13.8
5.6
6.0
i.12
3.97
8.83
2.75

* r«f*r* to tho hlgh@8t eurrant reached (point i) f of figure 4.3.1).
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totail later. Th* eelusn headed 20 * relate* to th« situation iia- 

«*diately if tor ionizatioa has taken plaoe, ;md oorre 

to the

Kligtination of

5*v-3V'J. -itornative exploration' \jf tho ne^tive

been rejected from exp*riawatal evidence. There is the possil>- 

ility that it sdgjht be a o on tact effect, a^eooiated with the ir.j«o- 

Ucn of holes. In this oai>9 the straightf orwaru inter^retatloG 

the ilall voltage just ^v«a would no longer be valid.

ar® five points:

(1 ) 3esuQ.ta for injecting cotttaots oa this material hav« 

be«n «xa«iit«d in ch^ptar L. It^joction off c etc

thare but the sudden Interruption by the negative resistance being 

considered here did not seen to be a feature of injection*

(2) Potential and Hall voltage oeasureiaents at several probe 

<-= nations GO. an ohado specimen show that the whole crystal is invol­ 

ved to the sejtt extent at the transition, where:,a the oain deduction 

fro» similar oaaeureaeftts in injection has been that minority oarrlers 

spread dew* the crystal from the injecting oontaat,

(3) Th© i^V olmraoterlsties of well-constructed ohmio specimens 

are linear up to the transition point as in figure 7.1; a sudden 

Spontaneous re,-Q:.table ohan^e in the contact proportiee Is unlikely*
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(4) She characteristic is identic*! for currents flowing

«j>«ciawn in each direction; the reprodueibili'ty for this 

as shorn by the arable in figure 7.4 is raaarJablo. ^e probability 

of & single pair of injecting oontaots having similar properties is 

wall, that of a nuaber ef paira negligible.

'Xh« physio/a nature of the ocntact oeetta to have little 

Pairing contacts of different sises wade no dilTerenco

between different currcmt directions; also the use of sulphur-doped 

indiua inatdad of tin-l«ad a» a contact material had no observable 

effect on the breakdown,

It is reckoned that this evidence i& strong enough to eliminate 

Injection.

Afl a seocnd possible oauee of tho negative re&lstanoe we cons­ 

ider electrical surface ourrente* Relevant e-ridonca is as follows:

(1) B. X. aidley and H* a* Pratt Jmve estiimted (19^3, 705}

that tiie surfuco current for a carefully prepared surface of germanium
-•3 is of the order 10 a^» per volt per OBI* TMc is negliisable com­

pared with the ourreot aaployad which for figure 7* 1 would give 

1 aap. per volt per en*

(2) Specimens out fro» rav na to rial shew properties similar to 

those with carefully ^dished «ad etched surfaces. Preparation of 

the surface would be expected to have a verj large eff eet on the 

electrical surface states and hence on the nurfaoe current* The oor- 

effect on the ha&t transfer should be
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(3; A s ed»en shoved similar pr^ertios before and after i»- 

•eraioti ia -m etching relation; the change iji '..-. • tr r. itio» point 

consistent with the change In the physical dimensions

If ourfs.ce electrical flow was the cause of tho 

transition, a considerable effect would have been anticipated.

Again it »o*in /•• possible to eliminate this feature as a cause 

of th® negative resistance*

It has already? been shown th >t tksraal filaaonto cannot fora 

inside the bulk of the apeeiaens because of the high thermal conduct*- 

of semiconductor materials ia tfcis temperature ran^e.i a similar

be «a4e for doaains. ie consider a crystal con tain ing 

has absorbed virtually tho whol j appli-^d volta^o of 

10 Tolt.^, running at 1 aap*/3q« tan. current d«a^it^« Tho therml 

conductivity is taken as before as 1 watt/cK/co, froia H« &. Holland 

(1964, ?06}« Tbon tbc heat production rate is 10 joules/eoc./sq* aaa,; 

even at 200 °i'. ten, <5rature excess above which tike »ato rial would bo 

intrinsic and c<f low r«6i-tivity, the length of the zc«e of temperat­ 

ure gradient and hanoc the nini^au^ total speoissen length, would ruiva 

to be 5 crsj this is wiliicely to be realised, and does not ccrrerpond 

vdth observed effects in 1 ass. Issigth sp«oloens«

Ie are thus led to a consideration of the intrinsic ;>: 

of a bulk seadficoductc-r which can lead to a negative resistance 

either voltage or current controlled ty^os. This analysis, has be«n 

in general tarns in ch^^ters 5, 6. The ex^riaentra results
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i vil to fit la to the .:.<•* ttarn on two coast* $ firutl/ the ;.v eolal 

•* required o£ a fiee^.conuuo'*. r '^.t:-l,a to T /a negative

""> «T« not those \?hioh th* speoismns studied may be ea&eoted

<-v ' • - cvor the r&R|j«s of t«a^«r»tur« and «®i%7&idtia& on .loyod: and

- th« rritananwnA ob«i«rnsr«i5 varv In wa^s inccmeistant with e
*' 'n' *rf

iitl^ns in torsis ctf oarrl looi%- or dwisii^- tbrt^hdda, 3»tJ\o 

thun chow f^jr arery possible Beohajniaa of this t^ve i® to b® 

atad^ whioh would be difficult if not is^oErdblo, v^i turn to oonsidor 

the evidence whicsh ^tron^y indicates that fila boiling is taking

7.5
obtained ^diieh f-.upr.orts the «a^>l-&natiai f film boiling 

be •laaaifiod under th* following hooding a i

(1 ) Hi« applieabill%' of tJ» ponor dissipation p©r unit surf act

aroa formula** 

(2) fhs o^&errmtioa of "breakdown in various mteri&JU at &

powsz* dissipation,

(5) Instances of s^ ecicwrn dieintagraticn.

(4) Tbe Ofbeorr&tioii of fluctuations.

(5) Tha eff«ot of a pulsed field on breakdom*

(6) The detection of «rtsittod radiation*
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_Sta..tiatlcs for .Qr.oarecay.>.Qna»t»d

type AetlGl^ Asl2HV A»13»2* AS12B3*-

area S-J.CBU 0.^5 0.536 0.54-8 0.355 0.26

<^* 1.J35 1.0^) 1.01^ 1*027 0,10

t!on s^.en* 0.027 0.018 0*018 0.0072*. 0.075

vottss E 12.^ 9.2 9.2 10.2

© 15 15 14*5 5.6

«a$, a 2,0 2.2 a, 35 1.28

<mrr«r\t 0 1.55 1.55 0.9 0.93

mtto/ R 27.9 36.4 39.4 36.7

surface area cq.em. 0 41*7 42*4 3^.7 21.1

volts/ R 9.3^ 8.77 9.05 9.93

«*«. 0 14.3 14.8 14.1

Curr«it/«nlt «u^>./ R 72*1 125.3 1J50.3 172.1

sn.osa. 0 88,3 36.1 121.3
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The Power DJral.

orltcrlca fcr fila telling ..,.. writ** la aeatien 7.2 as;
. ,,2
p 2 (a * b) *c "

This nay fee written in Urms of the total applied voltage and current

Elf!" - > w
0

available are not suitable for a. detailed investigation 

uf thic kind of relationship or it- tezs^exuture or eoglant variation. 

For that purpose incta&d cf % »««iecmdueting crystal specimen* a 

rc-i-Uuicw tsdre would be far more satisfactory. In our ease

caused bj the existence dT up to nine contacts 

ca the speoiaaa faoes each witt* a ccpper lead; ocp^cr wires act 

cooling fir;i> and raise the required power (;&»t&an, Da tars I.e. 

707}« <&&c ^ certain amount of the vclt&£$ is developed across the 

current cc.uU.cta; the ^uosticn ari£0£> Aether it is better to ooiploy 

the tot&l power delivered to the speoiaen, or the power daliv&r-l to 

a specific re^on; the latter aagr be in error in view of the high 

thona.il oondoetlvity. ?or injection speoiiaenB it seeas incorrect to 

treat Ljrv'tliiii^ eXwC. I tiie whole*

2a view of the&e pro^leas^ »o very great self*consistency is 

for the results. Our purpose i* ooa^ariscn of tho oriterion 

diefiipatioo ;>«r unit Burfaoe area with two othor p 

fear broakdcrm, curi'eaat par unit oroas*section and 

par wiit leii^tli* In the tabl«^ of figure 7*5 t&e values of these





7.6

Breakdown Statistics for Different Materials at 77 °£

Specimen

I*aSth

Pot. laagth

Width

Dspth

i

VH

^ ( io15)
h ( 103 )

*^*Vx«*jfc,*a V*>$ ri _±mt. 
Pr^rrB ifcnrf i>f f*lti

V breakdown

Power /uoit 
surface ai*ea

Voltage/\ailt

Current/unit

units 2UC6H1*

CJ8. 0.3

oa« 0.266

oia. 0.1

ca. 0.1

aap. 0.2

aV. 175 

V. 4.0 

/o.o. 0.31

OfiB^ f v • ^KJ

aap. 0.49

V. 15.2

watts/ 
&q.om. 23.2

OB* 1^.0

aap./

1UC1H2^

0.73

0^,9

0.09

0.09

0.5

55
4.1 

2.7

0.67

9.4

23.9

12.9

3EC1H1*

0.75

0.39

0.1

0.1

1.0

6.9 

1.4 

40 

4.4

1.5

4.4

22.0

5.7

0.91

0.20

0.06

0.06

1.07

9.5

21.0

10.42

croas-sootion 49 150 89.2
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tsprossionc ore oeqpared for a rainber of different s, oeimens 

77°K» It is Ayj'iirant that th» $ew*r die,, ^ Ion criterion i* th* 

rest e-atiafaotory.

..on

& shows at

aaiua and &ltw cue of itidliiia auti^nonide. It is virtu^^lly

to ist-giao a aieha»iis» ©t&ar than film beillci^ i^ioh eoyld work

7»5*3 O

Oa 

fetmd that

of oeia&Biotia ^arly during ths 

ooatacts booane datachod

it was

the broakclowu

of |jr«v®atiii£; thie w&fi found to Le to

shallow ^nou^h load line, to that tho obwi^a in curront w&& aatched 

a saall voltage ohan^e — ~ to have in «ff«ot a n*as' ocmstaat 

voltage ao«roe. In t: i way th« power -lisfcipution in tl'.c &p«oiaeQ

to cni« thirti of its

value. It was this reduetian i» powey diasip-aticm which

bulk t.;enaal «ff»ot£f to be rejactod for ao lorig. '

fouB4 t« tw p«rtia»«ntly toamgtd if run at volta^a far above
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-* ci^,, wi- C it fca* bftta shorn that tha fozmtUa odT ateady 

lliii^ dooaiuft is tw be «x*.aat»d for a voltage ecu trolled uu 

r»*l*t*uicti. ror tfcia reaflen a March was oad* for dcmin structure, 

*dth a^i>ajr«»tl^r favourable r0«ulta« A voltage fluctu&Ucai ^ac f ousd 

with « j$MB fr»qumcy cf about 40 ay«l«s ^«r &«&a^u «a& & «wy u

thut of &oi&@* It was cost t^iO^ obtsr*«u LeUv®»n liall 

ia th* ab6«MM ^ a *ftgR6tlc fi«la &-h«r^ th« ^Q^ vo 

3 &Y. ; tiieoe f luctuati<ma ver«

br^^cdom took plae«« It wa& felt to bo important to detar- 

the fdouaia3 f -ero oaus«d by & raduced carrier d«naity 

or a r^uucc^ con*10r aobil.i'^r. aone« « 10 gau^s a. c. 

fiold ^at s^pliad at a i're iuouqy l^rge coa^ttre^ with 40 

liall voltage rndu^ of 0.3 av. V*^L obt&ixied at 1000 o/s

d«ductioii ^ade- vras that

of Uio Hall vcltuga wat in-^et eadent oi' the fluctuat;.(m& 

«od ii«BC« tti^t tiiu fluctuations did not ropre&ent ch^a^c^ In the 

local carrier density* *^ ar^asoot ©f swotion 6*3*5 chows that 

this ctJiciuaicii aeedj <jii~lific&tiui to deal with aarrovc w,o:^in^. 

Jiailor riuctuaUoRfi have b««n reported ly 3a*tBBuat Batars (l»o. 

703) and ID^ Hanaay (i.e. 1>?62, 709) and ^w» easily ea»>l^inod as 

£iobiliigr variation, duo to cha&$&& in leap era ture oaused in turn 

by turbiLUnoa ia t^« gas film, Th© structure and band- width of th© 

noise ss&y be eos^^ot&d to be partially determiiwd biy bubble
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from the filau The process was observed in an un silvered glass dewar; 

'the rate of bubble separation from the crystal was high but not exoas- 

sivej no visual change was noted at breakdown in contrast to i&nney's 

reported observation in liquid heliua (I.e. 19&2, 710).

7*3*3

Effects for which hi£h electric fields or high current densities 

are required may be observed without specimen heating through the use 

of pulsed fields. Then the effect of heating nay be demonstrated by 

increasing the pulse on- off ratio i.e. the duty cycle, this is illus­ 

trated by H* J. Goldsait, J. M. Corsan in the ease of the Ssaki effect 

in bisauth (1964, 711)*

Besulta obtained for the germanium specimen As2B2^ are shown in 

the table of figure 7.1. Ihese values were obtained with pulse circuit­ 

ry with a rise time of ~ 1/10 msec., employing Newmarket 404 transis­ 

tors in the arrangeisent of figure 3.6* AUY 1C's being limited to 0.75 

amp. Uncertainty in estimation of the duty cycle accounts for aost 

cf the diaorepaneies in the power figures.

%ile this evidence is consistent with film boiling as an explan­ 

ation, it is equally consistent with any effect with a tiste constant 

of o.1 — • 1 seconds. Trapping mechanisms of this sort are known 

(a. S* Fratt, B. K. »idl«or 1$^5» 712} C. Fisehler-flMoni, F. & 

, 713).
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It la fitting that this thesis should be concluded with a descr­ 

iption of the project which was initially to have been the basic 

topic cf the work, * study of reeot&in&tion radiation in overcoiapet*- 

sated sinc-dopod germanium.. It shows how easily an apparently ia$>ort- 

ont effect oan be relegated to the realm of trivia*

The strategy for the investigation cf extrinsic recombination 

at the sine site for the 0.09 eV. transition has been set out in 

section 1.3. ?he apparatus ei^loyed is as described in secticne 

3.o, 3.7» 3*3. A act of BeaeuTeaenta for diode As1A8<^ taken with the 

generation-detection agrtttea i& shown in figure 7.8. The line mrk@d 

tblaok paper* shows that there was no observable enange in the noise 

level arising froa a riae in the currant paBsine through the diode; 

thus probleas over electrioal pick-up had been overcome* ?or the 

linear rise up to 3 aas>. peak current, any proportion of signal 

removed by a quarts filter ie not detectable, this 8i&ial nay thuo 

be a a mimed to be due to intrinsic reooafei&atlon radiation at a wave* 

length of the order of 1*7 ^ Points above 3*3 &*$* peak represent 

the post-breakdotm region, the lover one A beinf taken on the return 

part of the hy store sic. It is oleir that a considerable proportion 

of the radiation in the breakdown ease is being absorbed by the 

quarts filter and is henoe of a longer wavelength than 2 ^
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I&oda As;l.;;> fur* the following figure* just beyond breaVilemr; 

1000 oAj du% cyolo 5/12 j peak aurrent 3.7 a^>. deteeter 

uttwauator 50 j total radiation figure 0,73; radiation p**a«d by BaP^ 

filtor 0,463 rvdi^Uon p*a**d by cjuart* filter 0.11; aero level 0.09 • 

Here the total si@ml at breakdom was alaost 3C Utao: higher than 

for diotie As1Ji0*- «o that intrinsic recombination radiation aay "b«

a in ooB^ATii on to breakdown radiation; this ie A0mmctrs.ted 

the negli^abl® proporticm passed by the quarts filter. The bsritns 

fluorine filter, with a cut off &t 13 r , p^aaed Just en half of the

.tion, Fro® the ahapo of the B&JL absorption edge reported 

(T. F&isor, W. G. $»itMr, R. H. iCaiaer, L. S. Howard 1962, 714) 

it w&s ostiaated that if the radiation represented a ein^lo sharp 

line, its wavsloagth shcnild be 14 +. 0.5 ^, e-iuivalent to 0.09 *»V., 

whieh Is oxictly Uie uppor sine level transitiot enerfir vhieh it 

vafi hoped to aee* It wae however rather disoonoerting i^iat diodes 

showed different ;>roportiono of poet-breakdown radiation transisltted 

by bAriua fluoride.

It K:T, tlion decided to aaJke a stu% rf the «peotral ocmpcsition 

ef Hda radi-atiGti, This involved th? construction of the optical 

dowwr d«soribed in aeotion 3*^« "iirthirig mad electrical shielding 

j./roble»s were found to be still ^ore severe in this ease, but never­ 

theless A valid fti&i&l raft obtained for diode ls3C1^ imaerscd in 

liquid nitrogdn in the post-lttr^akdowa ran^e. This cisnal was not- 

large enough to p&cs threw^ a Let £8 speetroaet«r, ^rhich had been
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calibrated trith the miter vapour spe strum for the purpose• Ti?c alterna­ 

tive «€>ra available; either to ,r^ U^.,u to ia^'rovo thw s-jncit 

and optioul alij-ient no as to get a spectral distribution, or to 

eptioal imaurtasients into abeyance until a fuller under static ing of the 

electrical proportiee of the breakdown waa available; in this w«y it 

me hoped to dealga qpeoiaaaa of far hijjh&r rawlintdyte output v;IJLOh 

would not rejoiro iiaaersioc in a coolant.

-"he ^•coona .atom Uvo was choeen aad tfeere eau be no doubt that 

ohoico *ms correct. It is now apiwwrent t!aat the rise te long 

lji£l& radi&ti'Qn' output pr»duoed after breakdown is easily «xpl- 

alned by a ri^o in £^ec;:.ctcn teasers,tur$. It vnr e'-tlrastted at the 

time tbat the figures above can be produced by a cpeoiaen at 2(X) K, 

wbieh no looker aetaB unreaftORable, llio vari&tioa in spectral dirtr* 

ibutioc as cfe©err0d with the B&F filter ia ea^jlained by differenoe* 

in tho 4>ost^br©alid-o«a stabilised tasiperatur© for different ^ooiw^ms. 

^be Initial project was to find whether or not radiative trans­ 

itions between the yppsr ainc level and the valence b^nd oan be 

. Dus to & diver&ioti of effort into other channels, aii 

Halt to the pyeVabilitgr has not bsea provided. However the 

asaion of eection 1.3 ^ggttts that aino is a relatively unsuit­ 

able choice for the investigation of deep level long ..ivoion^th 

radiative r0eo^>ination» and oiir e^-QriMAtnl evidenoe 

- -;rts this.
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o

7r- ~! J V? above evidence, thctro seems little doubt that film 

toiling is the cauaa cf the negative resistances noted at the 

breakdown* For a speeisien in liquid hydrogen, 1fce first trend is 

tfe* ioaiiation of the roaaiiiing donors, giving an apparent aiia act 

tic^*1 no^atiTQ resistance* The r»si*tiviV ccmtintios to fall 

aroimd 50 K, wh«i th« aobility jaaximua is reached* After 

ihia, a:* for specimens starting in liquid nitrogen, the 

rise* dua to a falling phonon doeinatad aobilily. Finally 

intrinsic region mgr %* r«aolift«U In any instance th« stable op«r- 

atin£; point is dotemiaod by th« surfaoo h«at transport rate and 

the load line.

So ouch thf»n for the Mtoaalous «^)@rim«mtal nagatiTo
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Ceneluaior..

It h*e been afcown to section 7*5.6 now the initial aim, the 
investigation cf extrinsic reeoaibinatlm radiation was §e»«raliz<sd 
••oauie of anoaalous remits, so as to bo A survey of negative 
reel ot. :-»o*. Thus tho at& has been a eeeprwheBtive surrey cf all 
?recee:-ea which might cause the effects ofesterved and not a conpre- 
heixsivQ swrvoy of ail proeeases which night in general l»ad to a 

tiv« resistance. ?fce possibilily cf uring quantum anomalies 
in higfe ^a^jotic fields has not b@an consideradj aiallarly there 
is no treatBKsnt cf off actf which roly on crystal anijsotropy fmoh 
a« negative effootive imae (H« Kroner 1961, 301} or applications 
of the Ssokl effect (L. 3saki 19^2, 302; H. J. Goldasit, J. ?l* 

Coras* 10^, 303).

In tho dirounsion of the available literature, di^greoaent 
has be«ni registered en a nuabor cf occasion P. However -m attos t 
h?,r bocn aode to confine oritioisa to tho so iu-trmces Trhsre a treat* 
aent nhieh surnount^ tho croblenj* is presented for s^stitution. 

ttiis Trorlt mist be eonaiderdd not in ter-nr of absolute 

, bat as to whether scao thing more aoourate is re&eonablv 

Td.thin reacht

3ovoral ol? Joetlemo to wke work aay bo ral^d. The fir.,t is 
whether it is «dthin the field of low temperature sesdeonduetor
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;c h va ]ust pointed mit thr.t the aiffl h»e fcaea to exaMne 

osaa^ vrliloh sitght be relevant to ft current-voltage charact­ 

eristic observed between 20* K and 77°K* If the mibseiuent discussion 

ia r$lev,int to other material* or at other temperatures th«n so such 

tha better. rUudlarlj It ssay be olai^-a that wo have ohns«d haroft 

in toil of :;^6;'ing to th« main path. But programs in research has 

to fce ohaft^d whore it osn be aoente-1, rathor ^an down * prearranged 

trail; thoa tfco oatoh is it* CWBI Justlfio&tiGn,

the tiork aey t>* aaid to b« speculativQ when it should

The ,iim ha» b««n to d&al with tho philo»o|^hy 

, in j. articiilar for irreYeislble thermc^ywud-fc* and for 

ativo r-,-ciat*no«« In the lit^ratar® for the BO fields, this has 

negloctodj as has boon Indicated, authors have pltmgnd in intuitively, 

avtn into clr.'bcrato cont utation, without wcaraining tli« basic picture, 

sod tlio ra.--t of tho world seams to be following their load. At loa&t 

at tea. t ha. boon &mde here to chart the phUocophy* even if th» 

t ir not altogetliar tmobjaotiafiabla.

6b.j©oti<«i taay be rileed to ^e cnrosrall lon^th. The 

hat beoti th» diffuse nature of t&« subject of negative 

and the fast rate of growth of Intorent in it at a aupar- 

fieial level* Aa noted in the prafaoa, an attest has been made to 

k^ep th© length do«R» -Se try to conform to 1M3 spirit by closing 

the discussion at this point*
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PCS F

FAPBA01 
PC3TF 2ETA-+

begin library AO,A6$
<'^ ,i t,b,s,knc,kp- ,F,c,

integer i,p,pp,ppl,ppu,l,q,»f i8mfmt,li,ul,t,k,kk,hf,hg,hf 1,
fu,n,rm.ls,3l.trlp,fi# ,figc,figd, 
f ,rf lnt[0:40O] j

procedure 3pan(yy,L7B,L9B,L10B,Ll2B) j 
v. lue yy; 
re&l yy;

df
:« f [p-1 ]-f?xdfj 

dfsi- drh^ 
if z<0 then ^oto L7B;
TT- o^
L11 : w:« z;

] :» (sxt! t+bxw)x(aa+w) >
[ 

dfh;-

dfai-
if z£0 then goto L7B;
TT» i4ij
if ~b3(z~w)<exf [p] then goto LI:

*jf5P *i -* *"• J— t—. X. T 4 •(••"^•••••i* ^••••^••"^

T7 wx5*^>• i41x{m-p-1) then ^oto Li 1
I—""jft A ^^ L. JF*^.J<^^ IBHi J** Hi x<f j
if hf>33 then ^oto L9B:
goto L12B;
Lf: w:« ffp4l ]r»
dfs:- (w-f[pj)/h;
if w£0 then qpto L7B;

trip«1 thei 
'gin JLf dfs^J then aoto UOP;

end;
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procedure bridge (y, L9,
Vt> lue y ,"' 
real y;

rooedure sptnj

LI 2: ra:~ lOxhf, 
- hh/hr/32i

+l ]:
« int[0]:«

df:
0

for I:* 1 step 1 until 8 do
>n wz« z$ 

.-,:« df/b.
I£ ^i0 then goto L7> rl 1 Ji« TaxTt+bxwmsa'
ctfh: 
zs«
if the L3;

hfx?: 
hT>33 then 19 j

w:» f [ 1 ]:
1£ wi° then goto
TT trirSnrtV-.?:.

n JT dTs^ tnen goto L10;

ps« 1 :
for wmi- 1 step 1 until 5 do 

span

1 until m-1 door

trip-1 then
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trip:- 1j
hh;-
hft- hgj- n»ad{20);
for kki- 1 step V untij. k do
begin switch sw;» 01,02,03)
goto 4»wtre&d(2O) ]^
Oft^lii- read(20)|
02t
03?

hfls- hf; 
pai- lixpjf; 
111- dflx- 6; 
Xi5« ppl:« 0> 
djlli- Oj
for q:« 1 step 1 until 7 
be$in bridge(pa,L9A f span) 
if 81—1 or jhsc<0 then 
^-^n lli^pa; 

;- hf i

:« PPji 
dfl:- dfsj

wrTt«text(30,ifailure*for*p&J.)

write
write (30,figc.hf
write text ( 30 ,

u:- 
hfu:- hf j

fpus- f 
ui:« i 
djuli-

PP, 
lppjj



1£ trlp-1 ,$^0«rlt.t«tl30^1,f>^n^1*illjLl^4«l4'3»ltf 1

Ii' 
. U9sJpH.l3s llsRIlMTl 3¥]hfu[5o Jlllfislullooli;

write(30

write ( 3O,fi#it ,ul) > 
if trlp-1 the

write! 30,
write(30,flgo,pplh 
write (30,figc,ppu) $ 
and 
else

wrltec 30,
writ
end;
wrTt
write (30,figc,hfu)j

write (30,figd.ui); 
writetext( 30

1 until t do
ll77tII Q-T"&M m*Q iM d>4 then d-1 

10);
Is ** l *
us- nls- if djll«0 then (ul*ll)x0.5 else (ulxdjll-llxdjul)

/(djll-djui);
hf i« i£ hf l^hfu than hfl else hfu| 
L3: bridge (u,L9A,8pmn) | 
if ftnH-IJ-0 then

trips*
write text ( 30 • 
pjfs- 1i 
goto L2> 
eno

»-t .or Jhso<0 then

hflt- hf j
PPls- PP5 
dfl:«

u:- u-fdij



lSl« 13+1 j
goto L5j 
end;
iflaXl then 

ui:« u
hfu:~ hf j 
ppu:« ppj 
fpu:- f

djul:« Jhsc;

ui:- i^
djul:« Jhacj

bridge (u,L9A, span)

f tnH-1 ]-0 then 
bgin trips- 2':"

pjf:-

Jhac>0 th«n goto
hfi:- 
ppi:- 
dfls- 
Ui-

hf

f trij>«1 then 
riteT35 

write (30,fi^,f pu

write(30,figc,ppu)j 
end
else



_tn write (30,fl#:,djilh 
write ( 30,f i#£ ,djul) j
write (30,fige,ppi);
write(30,flgc,ls)j
end;

30,f lga,hf l) ;
30»figc»hfu); 
30,fi®d,U)>

write
write
write
write
write text ( 30
end;

if 3l--t or Jhac<0 then wrltetext(30,lL[cJJ) el** writetext~^ ———

for q:« nm step BW until »t do 
write ( 3"d,f iga ,f I i J ) i 
q]*0 then mt:« qj

for q:» ism atep mm until mt do write ( 30, fige, j/emu/

v:- Oj;
writetext ( 30,JXCJLU *
for q:- BJBS atep Baa until mt-1 do write (3^,fige,botex( Jx&a/——

wrltetext(30,£[.ccJLl) 5
for q:» O atep 1 until »t ^o vi» v+J/eiBU/(£a+2xf [ql)|
v : » v+ J/orau/ {&£ -c t)x(m-mt ) ;

write ( 30, f 1®K , (nl-Hi& )/(R: ^kpa ) ) ;
writef^^fig^^w/fkno-^cO); 
write(30ffi^ t J/eniu/(fE-f2xf[0
write (30,fi«Fvxhhx10/(»fl)h

: end; 
GloseT30)j 
close



Variable E

indio*te& a, parameter to be asiugnod an initial value fros a data tape.

«* * n-type donor impurity concentration;
at * hole- trap concentration;
% * bimolecular recombination coefficient;
bb dftuoqri
bridge procedure to tx averse the crystal;
bot* * magnetic field coefficient, B/te for Hall voltage value;
• * reoot&in&tion fa* tor;
4 * factor for uae witi, initi&i value in stareb for lower limit;
df free hole ooncantration gradient at tofeitiou, p;
dfh free hole concentre tio& gradient at projected position p+1j
df 1 free hole concentration gradient vher* sero concentration

i» reached at lower lioitj 
dfs working iraltie of dflj 
djll error in current at cathode, produced by lower limit anode

fr*e hole conocntnatioai; 
djul error in current it cathode, produced by upper liait anode

free hole concentration; 
dl interpolation Increment in finding new bound?- for anode

free hole concentration}
• * error aargin for predictor-corrector arooass; 

* output factor for voltage, o^;
array holding froc holo concentration at fixed crystal

f * diffusion factor,
f Iga out|mt f craft t;
f ifio output f enaat;
f igd ou%ut format;
f ige output format;



fpu fr*e hole concentration wiwre &erc e«uee&tratira &r*dieat
	is reached at uppar linit;

gt outtulatlv* roundinfl error ia j rodictica-ccrroction;
» step length;
4£ * factor deteraiaiag number of stepdj
hfl value of hf required by lower limit;
hfu value of hf required cy uppwr llait;
b« * initial value of hf, retainedj
bh * oxygtal longth uivided by tan$
1 count for nunber cf loc^r in bridge;
int Array holding values of rocoeblnaticm integral it fixed

	crystal points;
J * value of citrr«nt;
joa oloctrco leakage current at anode;
jhse extra curreat which chculd flow aeroec oatocde due to hole

	conc^ytration there above what cathode will accept; 
k * wtffeer cf valueo oi' current for eo^jutation; 
kk rorking value cf k; 
knc * eathcde electrcn conocntratiotij 
kpa * anode hole conountraticm; 
1 workia^ value o£ step nwabor;
li tot&l number of corrections ia deriving lower Haiti
H * lower liait value of anode free hole concentration!
!• nraebor of interj olatica'ii. ia deriving new lisitai
m aifcebar uT sto^e;
m » - 10 (integer division);
«t working value of mj
A * nvober cf parameter sets for eoo^utaticn;
nl interpolated value jf free hole ccaooatr&tioa at anodej
no looj> variable for nj
» pofiiticn variable during bridge procedure: 

	starting free hole concentration at anode}



* «Hltlplyiag factor for pa f rca result of *rtsviou» •alcul- 
	ation (for working ^et of i¥ points);

pp position where bridge procedure is abandoned;
ppl lower limit value of
Pftt upper limit value of
f main loop variable;
r array holding; values cf recoatolnation function at fixed

	crystal points \
» * trap r*«oakinati<» ooaffioiant;
si Btor« holding reaton for bridge abandonment?
fipan proo^dxar* for eingle step;
*m * awitch to determine what a«t cf initial, values is to b«

	read in;
% * muEbor of doci«ftl places to b* obtained;
trip criterion for boundary omdition for trap »Atiiration front;
« frw hold cono«ntratioa at anode at bridge eall;
tti total ouster ct" corrections in dariTin^ uprer limit;
Hi upper liait viiluo of anode fr«« hole c oncen trail on j
T total roltage;
w currant Ttd.ua for fro* hdU c<m«e«ita^tic«i
X initial value for iron hole oonocmtration
j value cf anode froc bole concentration local tc bridge;
yy Talue of anode free hole ooneantration local to
a naxt value for frae hole oonoontraticai during
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