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Abstrac::t 

SClllicollductors arc typicalllollliuear systellls ,vhich arc suitable for uuderst audiug uou­

liuear dyualllics because their dyucullical yariahles such a.') electrical curreuts aud fields 

cau be uleasured ycry accurately aud the expcrilllcuts ou thelll 'au be perfonlled uuder 

precisely cOlltrolled cOllditiolls . Recelltly a yaricty of self-orgauizatioll aud patteI'll fonlla­

tioll ill SClllicOlld uctors haye attracted cOllsiderable attelltioll alld haye heell studied by 

lllauy researchers. 

III this thesis VI'"e treat thrce typcs of lllcchanisllls ill selllicoud uctors ,vhich glye nse 

to curreut oscillatiolls due to thc dOlllaiu iustabilities ullder stroug excitatioll couditiolls. 

\Ye presellt the ulOdels for these systellls aud giyc thc results of our uUlllcrical sillnllatiolls 

ou thelll. 

First, ,vc giye thc rcsults ou the Guuu-effect dc,"icc . 'ubject to the dc alld thc rf alter­

llatiug fields which is all extcnsioll of a. periodically driYell llollliucar oscillator with 110 

spatial degrccs of frccdOlll. -ext, ,'vc discuss the behayior of thc GUllll-effect deyice ,vith 

the illlpact iouizatiou ill which clectroll-hole pairs arc gCllerated due to cOllcluctioll el 'c­

trollS accelerated by the high-electric field. Actually, its po. 'sibility has be '11 poillted out 

by SOllle expcrilllelltal eyiclellce. Third, ,V\' prescut a OlH.'-dilllell. 'iollal systelll of Au-doped 

J/-Ge ill ,vhich the H.'COlllbillatiou illstability leads the systelll to illstability alld CUITellt 

oscillatiolls. 

\Ye dcscribe the SyStl'lll usillg the partial differclltial equatiolls alld pursue its spatio­

telllporal behayior by the fillite-differcllce lllethocl . Iu gClleraL threc types of lllOeles 

of operatiou, the Olllllic, the qucuched, aud the trallsit-tilllc lllOdes, are foullcL alld arc 

classified Oll the basis of spatio-tclllPoral behi:LYior of the systelll. l\ou-periodic oscillatiolls 

are also foulld ill th ' trallsitioll regioll bet,veeu the queuched alld the trallsit-tillle lllOdes . 

Theil' origills arc clarified frOlll spatio-telllporal eyolutioll of the high-field dOllWiu. 

11 



Acknow ledgements 

The author owes a debt. of gratitude to Professor I\: yoji Kishikcnva for his COllstallt 

su pport alld Cllcouragelllcll t d urillg the prepara.tion of this disscrtatioll. 

The author ,,;ould likc to exprcss Illy decpcst gratitudc to Professor Hick'o \ Tahata. 

who has suggcsted the field of research of the presellt thcsis alld giYCll hilll COllSta.llt alld 

gellerous guidallce ,vith great patiellce ill prOlllotillg this work. 

Doctor Kallya KusallO alld Doctor Hiroyuki Iori haxc takcll au illtcrest ill Illy work 

a.lld lliadc IllcU1Y useful COllllllClltS. Thc au thor greatly appreciatcd their gellerous aclyice 

ill this llla Her. 

Ackllov,;!edgclllellt lllust also be lllacle to lIr. Yoshio Suzuki alld tIr. :Iilloru Halllada 

for their excellcllt cooperatioll . 

Fillally, the author ,vishcs to express his sillcere thallks to all lllelllbcrs of Nishikawa 

research !lro'up. HiroshiTna University. 

III 



Contents 

1 Introduction 

l.1 1\ egatiye Differeutial Coud uctiyity ( -DC ) 

l.2 Guuu effect 

l.3 Guuu effect \vi th illl pact iouizatioll 

l.-1 n. eCOlll billatiou iustabili ty 

l.5 Chaos iu selllicollductors 

l.6 COlllpositioll of follo\ving chapters 

2 Chaotic current oscillations in the Gunn-effect device under the dc and 

the rf bias voltages 

2.1 Iu trod uctiou . . . 

2.2 Equatious of 11l0tiou and the lllcthod of solution 

2.3 The lllOtiou uuder the dc bias yoltage . . . . 

2A The lllOt ion uuder the dc and rf bias yoltage 

2A .l Quasi-periodic beha,, -ior 

2.4.2 P eriod-doublillg cascade 

3 Non-periodic current oscillations in the Gunn-effect device with the 

impact-ionization effect 

3.1 Introduction . . . . . 

3.2 Equations of lllOt ion and the lllethod of solution 

3.3 Sillnda tiollal results . . . 

3.3.1 Case for low <Pd c 

3.3.2 Case for high <I>d c 

lY 

1 

2 

3 

6 

, 
8 

9 

13 

13 

14 

18 

20 

21 

21 

33 

33 

3-1 

38 

39 

-:1:0 



4 Current oscillations induced by recombination instability In semIcon­

ductors 

-1 .1 

-1 .2 

-1 .3 

III troel uctiOll 

Equatioll~ of 11lOtioll allel ~illndatioll lllcthoel 

Sillnllatiollal l('~ult~ . . . . . . 

-1 .3.1 FUllelalllclltal 11lOtioll~ . 

4.3.2 P eculiar 11lO t ioll~ 

5 Summary and conclusion 

49 

-19 

-19 

5-1 

5-1 

56 

71 



Chapter 1 

Introd uction 

A startliug deycl0pllleut ou the uuderstaudillg of the illsta,bilities iu selllicouductors 

haye beeu iuitiated by the iuyeutiou of the trausistor iu 1940s. Selllicouductors uuder 

sufficieutly stroug excitatiou couditiolls exhihit uOllliuear tri::l,usport properties such as 

deyiatiou frOlll lillear ('" Olllllic" ) cUlTeut-yoltage relatiolls aud iustabilities leadiug to cur­

reut oscillatious associated with dOlllaiu or fili::ullellt fonllatiolls. These iustabilities arc 

obseryed widely iu a yariety of lllaterials aud uuder differcut cxcitatioll couditiolls, alld 

arc cOllsidered to occur due to di\'cTse physical lllechauisllls [1], aud further they haye 

beeu applied to yarious killds of selllicouductor de\-ices. 

III the last decades a rellla,rkablc progress has beeu lllacle III our uuclerstallclillg of 

spatio-telllporal eyolutioll of llolllillear systellls \vhich appear III lllallY clifferellt fielcls . 

SClllicOllcluctors arc cousiclerecl to be typical of these lloulillear systellls. Th 'yare suitable 

for ullclerstalldiug the uouliuei::u dYlli::Ullics becausC' electrical currellts, fields, mH.l so ou 

call he lllC'ct. 'l.ued yery accurately aud the experillleuts cau be perfonlled uuder precisel)­

coutrolled couditious. TIecelltly a yariety of self-orgauizatiou alld patteru fonllatioll iu 

selllicollductors haye attracted cousi lerablc atteutiou aud haye beeu stuclied hy lllaUY 

researchers [2]. 

1 
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1.1 Negative Differential Conductivity (NDC) 

The electrical instability under strong excitation in seIlliconductors is ulOstl)' caused 

by the nonlinearity such a::; negatiye differential couductiyity ( -DC) \yhich is a regiIlle 

\"I:here the current elensity j decreases with the electric field E, that is, the nega tiyc 

gradient of the j - E ('(uye (dj / dE < 0). -DC brings the hOlllOgeneous steady st ate to 

he uustable, and a spatial fiuctuation of the electric field or current can 1 'ad to a splitting 

of the systelll into regions haying different electrical properties frOlll each other [3]. 

-DC can be diyided into t,vo cla::;ses , i.e., a yoltage-controlled KDC and a current­

coutrolled I\DC vv'hich arc ca.lleel a::; .!Y-shaped -DC (l'\KDC) and S-shaped -DC (S -DC) 

a,ccordillg to the shave of the j - E curye, respectiyely [1]. As for - -DC the high­

electric-field dOIllain (for siIllplicity, ,,,"e call this siulply "the dOlllaiu" below) is fonlled 

perpendicularly to the bia::; direction. The dOlllaill is also called the dipole dOllwin in 

that it consi. ts of an electron acculllulation layer preceded by a depletion layer. The 

dOlllain is usually fonlled near the electrode and propagates toward another electrode 

suffering the yoltage illlposcd on the deyice (Fig. l.l (a) and Fig. l.2( a) ). The Gunn­

effect clcyice( Gunn diode) and Esaki diode arc rela,ted to I\KDC, and arc frequcntl~' used 

a::; lllicrov.ri.l\'C gcncrators. The instabilities a. ·socia.ted with - -DC arc also called the 

dOlllain ele ·trical in. ·t ability in that the systelll leads to the state vdleH' fonllation alld 

propaga,tion of the dOlllain occur. It ha::; been studied in detail especially in the lOGOs and 

lOTOs, and ha::; attracted nluch attention frOlll bOtll pure and applied points of yie,Y [-.1:]. 

As for SI\DC the high-current -density filcullent (for Silllplicity, \,ve call this siulply ,. the 

filalllent'· below) is fonlledrunning along the bias direction (Fig. l.l(b) and Fig. l.2(b)). 

Thyristors., pnpn diodes, and pin diodes are related to S -DC. and arc used frequently a.') 

electronic s\vitche.·. 

-DC is caused either by junction(llletal-sellliconductor) effects or bulk effects [3]. Esaki 

diode and pnpu diodes arc associated ,crith junctioll effects. The -DC nlechanisllls based 

upon bulk effects can be cla::;sified to four groups. i. e., the drift instability, the g-r iu­

stability, the clectron-oycrheating instability, and thc elcctrothenllal instability ,\,'hich arc 

a::;sociated "'ith the nonlin '(Hity on the local el 'ctric fi'ld of thc ulobility, the carncr 

density, the electron telllperature. and the la.ttice teIllperaturc, rcspectiyely [1]. 



1.2. GUllll effect 3 

Iu this thesis \ve deal \vith the dOlllaiu iustal)ility a~sociated with -l\DC aud hulk 

effects of cl<..'yices. As coucrete systellls to iUYl'. ,tigate these dYUCUllic .' VI'T selected the GUllU­

effect device associated w'ith the drift iustability aud the gold-doped II-Ge cl.'sociated with 

the E'Colllbiuatioll illstability which is oue of the g-r iustahilit ies. 

1.2 Gunn effect 

First, \\'<.' l'Cyie\'v' briefiy the \vorks related to the Guuu-effect. Iu 1958 h~rollllT proposed 

the uegat iye-llWSS cullplifier th 'ory for -DC based 011 a uegatiye dfect.i-n.' llWSS origiuated 

frOlll the ellergy baud structure for ])-Ge crystal [5]. HO\VeYlT , his priuciple had the dif­

ficulty iu fiudillg a, llleCU1S to lllake a sufficieutly large portiou of carriers haxe a llegatiYe 

lllass . A fev,; years later, Ridley aud \Yatkius suggested the possibility of uegatiye re .. is­

tauce effects usiug other balld structure properties such a~ those ill the II 1-\. COlllpouuds 

aud Ge-Si alloys [6] . Hilsulll also gaye a silllilar allalysis of couductioll ill t\VO ballds, aud 

he stated the possibilities of obtaiuiug a baud structure suitable for -DC by GaSb aud 

sellli- iusulatiug GaAs [7]. 

The GUllll-effect deyice such as II-GcL--\.S g'llerates periodic CUITeut oscillatioll. ' at Ull­

CTO\yaye frequeucies whell the illlposed bias field exceeds a threshold yalue of a fev,' k\)C111. 

This phellolllellOll \vas first cliscoyered experillleutally by Guuu iu 1963 [8 ,9], aud it has 

b 'eu called the Guuu effect . I\.rolller [10] sho\\'ed t hat all of the kuo\yu properties of 

the GUUll effect \vel'<..' cousistellt vV'ith the ,. t\YO- \'allc~'" lllOdel illdepeudeutly proposed by 

Ridley aud \Yatkius aud hy Hilsulll cl.' follow.' . This effect occurs as a result of 'yclic 

propagatiou of the high-electric-field dOllwiu uucle;atiug at the cathode aud yauishiug at 

the allode . The reasou for fonllatiou alld subsequellt persistence of the dOlllaiu is that 

the carrier exhibits a uegatiye differelltial 11l0hility(l\Df\I ) illlplyiug a decrease iu drift 

yelocity with iucrease iu the field oyer the rauge of the electric field aboye a threshold 

aud that the field illlposed ou the SYstelll is llwiutaiued to be high euough to sat isfy the 

l\D I couclitioll. The lllechauislll for the ~D:\I is attributed to the trausfened-electrou 

effect which is a field-iuduced trausfer of caniers hOlll a low-Iyiug high-Illobility yalley to 

high-Iyillg low-lllobility satellite yalleys ill the IllOllleutulll space. The GUllll-cffect cleyice 
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is \'oltagc-coutrolled aud thus characteriL:,ed by I\ -DC. This giYes the possibility for sus­

taiuing an -D I-goyenled high-field dOllWill togct her "'it h thc Olllllic lo\\"- field dOllwill 

ill thc systelll as the field cau be llluitiya.lucd for the smlle yalue of thc CUITCllt. The 

couyiucing eyidence that. this lllechauislll is respousi hIe for the Guun effect. "'as sho\\"ll 

experilllcutally by Hutsou et 01., by decreasiug the ellergy separatioll bet\YCell thc yallc~ ' 

llliuillla by lllCcUlS of hydrostatic prcssure [11] . III aclditioll to experillH.'nts, deyice sillulla­

tioll on a digital COluputcr has been a quite useful tool to elucidate lllechanisill undcrlying 

those highly uoulillear transport plH.'no11lella which arc associated with thc COlllplicated 

spatial structure such as the dOllla,ill [12-30,79,80] . 

IcCulllbcr alld ChY110weth [12] reported a cOlltinuatioll of the t\VO-yalley 1110del and 

showed nUlllerically that it satisfactorily accoullts for the high-frequellcy cUllplificatioll 

and oscillatioll phellollH .. 'lla, by assllllling that the electrolls arc BoltL:,lUal111-distributed 

\vith a C01111110ll te11lperature, alld possess a COll11ll011 thenllal relaxation tiule, and that 

the dyncullics is goyerlled hy Poisson's equatioll, the electroll cOlltinuity equatio11, the 

energy transport equatioll, and an equation expressi11g the ayerage electroll yelocity in 

tenllS of the electric field alld diffusion. 

KrollH .. T [13] presented a sCllli-phellOlllenological study using llUllllTical silllulations for a 

Guuu-cffect dcyice to obtaiu a detailed und '1'. 'taudillg of the d011la,ill dY11Cllllics. Although 

'IcC\llllbcr aud ChYllo\vcth used :r-dax\vell-BoltL:,lllauu statistics to represeut the e11ergy 

eli .. tributioll for carriers, he took a 11101T Silllple fonllula for L' - E characteristics contailli11g 

eillpirical panLllleters, where L' i. ' the ayerage drift Yelocity for electrolls and E is the 

local electric field. He inyestigated the infiueucc Oll the CUITeut oscillation of the spatial 

uonunifonllities such a.' lloise fiuctuatiolls, local field c011celltration. · at the source electrode 

illterface due to illterface irregularities, alld so OIl. He foulld that \\:hell t he bias yolt age 

is su lde11ly applie 1, thc fielel ill the deyice \\Iith ralldolll dopi11g fi uctuatiolls breaks illtO 

llluitiple-doillaills, aud after the last dOlllaill has reached the allode, ollly OllC elollwi11 is 

llonnally fonlled d urillg the follo"'illg cycle SillCC the electric field throughout the GaAs 

CCUl 1l0W ollly rise at a slow rate. This behaxior has 1 cell coufinlled experilllC.'lltall~' by 

Thilll all 1 Barbel' [31]. 

Thilll [1.J:] perfonllcd COlllpU tel' sillwlatiolls for a bulk GaAs diode ill a reSOllallt circuit 

(which is differellt hOlll the case of KrollllT who used the dc bias yoltage) ill ordcr to 
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illye~tigate the illfiucllce of ollc-dilllellsiollal randolll doping fiuctuations alld localized 

illholllogclleitics 011 thc perfonllallce of bulk GaA. ' oscillator~. 

Yarious propcrtie~ associated with llletal-selllicouductor cOlltact~ haye attracted llluch 

attelltioll alld ha,'e becll illYestigated by lllallY rcsecU'chers [3--1-38]. COllt act characteri~tic~ 

arc yery illlportallt for ullelerstaudillg of thc dOlllaill llucleatillg lllechalli.'lll, alld an appro­

priate 1l10dcl which rcpre~cllt~ the cOlltact propcrties i~ required to pursue llulllerically the 

spatio-tclllporal cyolution of the systelll. Grubill ct al. [15] regarded the houndary condi­

tiOllS illlposed 011 the deyice a~ the prillwry eletenlliuant of the electrical inst ahility. They 

elelllonstrated llUllllTically that thc cathode elepletion-layer solutiollS (Gunll founel that 

a sta.tiollary cathode potential drop appeared in 1I··GaAs scullples [32]) becollle Ull. 'tahle 

as the CUITellt approache~ a critical yaluc detenllincd by the electric field at the cathode 

boulldary u~ing a fixed cathode boundary fieldlllOdcl and a piece,vise linear L' - E chantc­

teri~tics. Sololllon ct al. [17] ~howed an agreelllent 1 et,\'een the cxperilllcntal result~ and 

the 1l10dcl in which the ~cullple is assullled to haye all assigned yalue for the electric field at 

the cathode boundary, and ~tated that a good agreclllent bet,veen theory and experilllellt 

allow. ' us to u~c the rcsults of the lllOdel to detenllille illlportant llletterial characteri~ti .~. 

Such lllca~UlTlllents ha,'e beell lllade as a functioll of telllpcrature and lllagnetic field. 

Howeyer, as abo pointed out hy thclllselye~, their lllOdel has a difficulty in including the 

effect of cv:alanching ,vithill high-field dOlllaills . The possihility of th ' ayalanchillg ha~ 

heell reported through experinlental inyestiga tiOllS by ~eyeral aut hor~ [16 .32,33,--16]. 

Lakslllllinarayalla and Partaill [18] pn'~ented a silllple etlld illlprOYeeluulllerical . 'chel11e 

hased 011 a first principle lllOdel for the sil11ulatioll of GUllll-de\'ices, and their ~chellle was 

foulld to be ~tablc alld efficiellt, and to accurately predict yarious letrge-~igllal dYllCUllic 

propertie~ of GUlln deyices, U~illg the il11plicit lllethod alld 11 + - II - 1/+ ~alld\\'ich deyice 

cOllfiguratioll which refiects the real de,'ice configuratioll, where 1/+ allel 1/ arc the high-

lopillg and the low doping region~ respectiyel~' (cf. Fig. 2,2). As a treatllH.'llt of the 

cOlltact, yarious types of llotches \\'hich lllean the reduction of the doping den~ity oyer 

a short region, ,V CIT introduced a.djacellt to the cathode. It ,\'as 1l0t illtended that these 

llotches should qucultitati"ely de~cribe localized cry .. tal dcullage, illterfacial (lcfect~. or 

'olltrolled cathoele doping profiles. They ,\'lTe cho~en ~illlply to giye a repn.'~entatiyl' ~l't 

of Olllllic or nonOlllllic cathode boundary conditioll~ in order to reproeluce Ycll'iou~ typ '~ 
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of space-charge behcv;ioL Silllilar effects arise frOlll lllOhility llotches or harricr cOlltacts. 

Goto ct al. [19] perfonlled llullierical COlllputatiolls 011 the dOlllaiu dYUCllIlics iu a plaucr 

Schottkey-gate Guuu clcyicc which \,raS cOllsidered to be a fuuda.llleutal structure as thc 

Guull-effcct logic eleIllellt becau. 'C of goo 1 i .. olatioll het\\"eeu the input alld output siguaL ·. 

It call thus bc said that the basic Illcchallislll producing this effect is UO\\o" ,,"c!l uuder­

stood . COlllprehcnsiYe H'yie\vs ou the Guuu-effect d 'yicc hayc beell giyeu by Carrol [39]. 

Buhllall, Hobsoll, alld Taylor [-10], Bosch a,lld EllgelllWUll [ .. n], alld Sze [42]. 

1.3 Gunn effect with impact ionization 

The GUllll-effect deyice cau yield chaotic current oscillatious whell it is dri\"eu by au 

exterual periodic force as sho\\"u ill chapter 2. Ho\yeyer, if the rf bias yoltage is uot 

illlposed the Guuu- 'ffect de\'ice llWy still exhibit IIOu-periodic dOllIa,ill lllOtiou uuder SOllle 

other additioual couditious . For typical GaAs GUllu-effect deyices, the euergy required 

for illipact iouizatiou is cousiderably higher thall that required for the iutelTalley electroll 

trallsfer, \vhich allows us to lleglect the effect of illlpact iouizatioll. 011 the other haud, 

iu the case of the GUllll-effect deyice iu UcUTo\'v-gap selllicollductors such a.') luSh, illipact 

iOllizatiou is 1l0t llegligible because of its low threshold field. For eXCllllple, all irregular 

dOlllaill 1l10tioll iu au IuSb Guuu diode was ohserycd experillieutally [43]. 

C'euys ct al. studied this type of irregularity both aualytically alldllulllerically, suggest­

illg that this irregulari ty is related to sillnlltalleous existellce of seyeral dOlllaius resulting 

frOlll cOlllpetition betweeu the GUllll instability cUll additioua.l pIa 'IlIa waye iustability 

due to illipact iouizatiou [..J:..J:]. 

Ito ct al. reported the fonllulatiou of lliultiple high-field dOlllaius aud their 'haotic 

behayior iu IuSb Guuu diode [45]. They sho\\:cd that the lliultidollla,iu regilll' 'Illerges as a 

rcsul t of decrease iu the dOlllaiu size caused by illl pact iouizat iou, aud t ha t desta bili~atioll 

of the IllUltidollla,ill regillie lead. ' to spatio-telllporal chaos characterized by the L)'aIHIUOY 

dilliellsioll which illcreases with the syst.elll size. 

Eyell ill the GaAs GUllll-effect deyice, if it IS highly doped alld subject to a high 

bias yoltage to such a degree that the elect ric field iu the clollwiu exc '( ds the t hresholcl 
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"\'ClIue for the illlpact iOlli~atioll, the carriers thl!. ' gCllcratcd ill all alltocatah,tic way will 

perturb the sub.'cqucllt dOllWill lllOtioll ,,,hich iu bOlllC casc.' givcs rise to lloll-pcriodic 

curreut oscillatiolls. Several experilllellta.lrcsults suggest this really occ llB ill rcal S~'StclllS 

ill that the observed illtcrpulse illcoherellce of the tenlliua.l currellt of the GUllll-dfect 

device cOllsistillg of GaAs or IllP is thought to be causcd b~' the illlpact-iolli~atioll effc ·t 

[lG,32 ,33AG]. 

1.4 Recombination instability 

I\ext, ,ve cOllsidcr oscillatory phCllolllclla associated v\"ith the recolllbillatioll illstability 

,vhich is cau.'ed by the field-ellhallced trappillg effect. This effect has beell illvestigated 

bv GUllllllel alld Lax H 7] , BOllch-Bnlcvich [48], a.ud Pratt alld TIidley [-19] to give its 

qualltitative explallatioll. TIidley allel \"atkills [50 ,5 1] suggest 'el that this effect coulelleael 

the S~'StClll to 'DC , allel this type of . 'DC was observcel ill Sb-colllpellsatcel Au-eloped 

Ge by TIidley alld Pratt [51-53]. 

For illstallce, ill gold-doped Il-Ge, the gold atc.nllS arc distributed as deep illlpurity 

levels ill the fonll of doubly or triply charged llegat ive iOllS. Trapped electrolls arc sup­

plied by shallo,,, dOllors ,vhich arc cOllsidered to 1 e elllpty at telllperatures T rv20-35I\:, 

i. c .. 2( ;VL - 1V- ) + 31Y- = 1Vd, ,vhere ~Vt , .Y- , aHd .VeI cHe the dellsities of total gold 

atOllls, triply dungcd llcgative iOllS, alld shallow dOllors re, 'pectively. Thell thc dellsities 

of doubly alld triply charged llegative iOlls are exprcssed by (.Yt - .y- ) = 3.Yt - .Yd alld 

~\-- = .iVd - 2!Vt respectively, alld because thesc dell, 'ities arc ahvays positive , thcrcfore 

the cOllditioll 2 .. Y[ < .Yd < 3'YL lllUSt be satisficd H]. "C llder low excit atioll a large Illlllllx'l" 

of gold atolllS cxist as doubly charged llegatiYe iOllS .. which 'CUl trap free elect rOllS leadillg 

to the fOl'lllatioll of triply chargcd llegative iOlls. Sillce a free elcctroll IllUSt pelletrate the 

COU10Illb potelltial barrier of the gold iOll ill order to be trapped by a doubly chargeclllega­

tive iOll, the trappillg( n'COlll billa tiOll) coefficiellt illcreases "'it h the field E, '" hich illl plics 

the field-ellhallced trappillg effect. By cOlltra:"t, the eIllissioll of electrolls i~ effectively 

fiell-indepelldellt as 10llg as E is vv'ell below the threshold for the illlpact iOlli~atioll. Thus 

thc free electroll dellsity 1/ decreases " 'ith illcrcas illg field: III/dE < 0. alld the differelltial 
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cOllduct.iyit.y el.llelE call bCCOlllC llcgat iyc ,,"hcrc J( = -CII L') i~ thc CUlTCllt dCllsit~·, c I~ 

t.hc lllagllitude of clectroll charge, alld L' i~ thc clectroll drift , 'clocity. Thu.' a SYStClll ha.' 

all ..:Y -shaped J - E characteristics (I\I\DC), anel this nOlllillcarit~ , lcads t hc S~'StClll to a 

dOlllaill illstability, llalllely, fonllatioll alld propagatioll of thc dOllWill occur (the E'COlllhi­

llatioll illsta,bility) [.J] . All experiIllclltal cyidcllCC that thc ITCoIllhillatioll illstability giycs 

risc to sluw CUlTCllt oscillatiolls ill gold or copper-doped II -GC aud high-re~istiyity GaAs 

'va~ first rcported by Stafccy [5.J] aHd BOllCh-Brucyich alld h~ala~hllikoy [55]. 

The recolllbillatioll illstability alld SOlllC propertics of thc elcctrical dOlllaills YVeE' ill­

vcstigated cxperilllelltally [56-60], alld the result~ v,,'cn.' ill good qualitative agn.'eIllellt with 

the theory [61-6.J]. Hovv'cYer, this type of dOllW,ill iustability seelllS to havc attractedllot 

so Il1uch att 'lltioll as thc ca~e of thc GUllll effect, sillce thc oscillatioll hequellCY is ycry 

loy\, rallgillg hOlll a hactioll of a, hert:0 to several kilohert:0 (for scUllple lellgth L=l(11) [--!]. 

1.5 Chaos In semiconductors 

The GUllll-ctfect oscillat.ioll is thu~ cOllsidered t.o be all eXcullple of dissipative ~tructure 

ill the sell~e that t.he ~y~t.elll is operative ill tIl ' state far hOlll equilibri llll drivell b~' thc 

electric field alld that the llolllillearit.y of thc CUlTellt-voltage relatioll i~ illdispell~able for 

prod UCillg a ~patio- telllporal ~tructure of the traYClillg dOllW,ill. If ~uch is the CC1..<)e, it ,vill 

hc quite llatural to ask ,,,hether or 1l0t the GUllll-ctfect deyice giye~ ri~e to chaotic currellt 

oscillatioll~ ullder ~Ollle ~uitably cOlltrolled cOllditioll~. Exalllple~ of the chaotic behaxior 

have bcell rcported ill a great vcniety of di~ciplillCS [65]. Chaos ill selllicollductors call 

arise ill diffcrellt "'ay~ due to all illtrillsic illstability of t.he I\DC elelllcllt., alld is Olle of 

thc 1l10~t rcccllt cXcullplcs of t.hc chaotic bchavior ill ph~'sical systellIs. Although chaotic 

phellolllclla ill selllicollductors havc ill recellt ycar~ a,ttracteel cOllsidcrable attelltioll, 11l0. ,t 

of thelll appear to 0 'Cur associated with the carrier gelleratioll accolllpallieel 1 y the illl­

pact iOlli:0ation proces.' especially for selllicolleluctors "'ith thc CUITellt -colltrollcd SKDC 

[1 66]. In cOlltrast, to our kllowledge, chaotic phellolllella ill GUllll-dfcct dcyices hern-' 1l0t 

heell studicd cxperiIllclltally with duc attelltioll, al.Ld the early silllulatiollal " 'orks 011 this 

subject 'ven.' llwillly dcyoted to obtaillillg illfonllatioll 011 thc telllporal evolution of thc 
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Fourier lllode Ya,riablcs [6T]. 

Chaotic cuneut oscillatiolls call be caused by t he carrier gellera tiou due to the illipact 

iOlli:0atioll, as lllelltiolled ill sectioll 1.3. 

III the l080s chaotic currellt oscillatiolls caused hy the ITColllbillatioll illsta bilit~- han.' 

beell reported experillH.'lltally alld theoretically [68- T1]. Ho,veyer, ill the theoretical treat­

lliellt the systelll has heell assuilled to be spatially ullifonll alld described by onlillary 

differelltial equatiolls. Hellce, the llullierical sillnllatiolls hcv;e beell perfonlled olll~- to 

elucidate the teillporal behaxior of the systelll. As ,ye haye lllelltiollecl aboye, the cur­

rent oscillatioll is closely conllected ,vith the dOlllain Illotion, so it is yery illlportant to 

construct a 11l0clel describing thc corresponding systelll appropriately in tenll.' of partial 

differential equations ill ,vhich the spatial degrees of freedonl an' taken into account. 

1.6 Composition of following chapters 

In the follov\:illg three sections, ,ve giyc the results of our IlUlllerical sillnllations for the 

systeIlls ,\:hich exhibit cuneut oscillations due to th ' clOllla,ill iustabilities under strong 

excitation couditions. \Ye describe the systelll using the partial differential equations aud 

pursue spa tio- teulporal behayior of the 11l0clel syst elll by the finite-difference lllethod, III 

geueraL three types of llloclcs of operation: the Olllllic, the quenchecL and the transit­

tillle Illodes a.n.' foulld . 1\011-periodic oscilla tiOllS arc also foulld iu the t rallsitioll regioll 

bet,vecll the quench 'd a.lld the trau. 'it-tilllC lllodes. Their origills arc clarified 011 the basis 

of spatio-telllporal eyolutiou of the high-field dOlllaill throughout this t.hesis. 

Iu chapter 2, spa tio- telllporal eyolu tiOll of the GHull-effect deyice systelll subject to the 

dc alld the rf alteruatiug fielcls is COlllputed ,'vith the a.lllplitudes aud the freqlH.'ll(,~- heiug 

ta.kell as the coutrol parclllleters. Curreut oscilla tiOllS associated ,,-ith t he cyclic traYeliug 

high-field dOlllaill an.' sho,,-u to lllateriali:0e oyer a, rauge of the coutrol parcllllct 'rs. III 

particular. the cunellt oscillatiolls becoille chaotic at specially choseu yalues of th 'se hias 

parclllleters. 

Iu chapter 3. wc cliscuss the hehayior of the Guull-effect deyice ,,-ith the iIllpact iOll­

i:0atioll. \Ye thereby sho,,," the systeIll exhibits uOll-periodic behayior clue to its 0'\"11 au-
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tOllOlllOUS llolllillcarity Cyell if it is 1l0t driYell by au cxtenwl periodic field. Thc dCHllaill 

IllOtioll is perturbed by the carrier gelleratioll due to thc illlpact iOllizatioll. alld it hc­

COllles lloll-periodic for specially chosell para.llleters . It also exhibits iutcrpulse illcoherellt 

currellt oscillatiolls silllilar to those obselTed experilllclltally. SOlllC rClllarks arc giYCll 011 

the lllechallislll giyillg rise to the 11011 periodici ty 011 t he basi. ' of spatio- tCIll poral eyol u t iOll 

of the dOlllaill . 

III chapter 4, \\re prcsellt a ollc-dilllellsiollal SYStClll of gold-doped II-GC ill which the 

recOlllbillatioll illstability leads the. 'ystelll to illstability alld currellt oscillatiolls. Spatio­

telllporal eyolutioll of the high-field dOlllaill is COlllputed \vith the bias Yoltage, the reC0111-

billatioll cocfficiellt, alld thc elllissioll coefficicllt beillg takell as the c011trol parculleters. 

Filla.lly, a brief SUllllllary alld cOllclusioll arc giY(,1l ill chapter 5. 
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Figure 1.1 The t.wo t.ypes of llegat. iYe differell t. ia'! cOllduct. iyi t.y (f\D C) ill currellt 

dellsit.y yersus elect. ric field charac terist. ics : (a) _Y-.' h ap ed ::,(DC (b ) S -sh ap ed -D C. 
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high-field domain high-current filament 

low-field region low-current region 

(a) (b) 

Figure 1.2 

ill SI\DC (b ). 

F onllat ioll of high-field dOllWill ill I\ I\DC (a) . alld high-cunell t filcullell t 



Chapter 2 

Chaotic current oscillations in the 

Gunn-effect device Ullder the dc 

and the rf bias voltages 

2.1 Introduction 

III this chapter we giye the results of our COlllputatioll sho,,;illg chaotic cunellt oscil­

latiolls of the GUllll-cffect deyice silllulta.lleously driYell by the dc alld the rf-alterllatillg 

fields [78]. Eyolutioll of the olle-dilllellsiollallllOdel systelll for ll-GaAs was pursued by the 

fillite-diffen.'llce lllet hod particularly to elucidate spa tio- telllporal behayior of the dOlllaill. 

III the bulk of our lllodel systelll, electroll.· 1110ye ill the fonll of high- field dOlllaill agaillst 

ullifonllly doped dOllor backgroulld. There haye bccll quite a fe,,' attelllpts to gi\'e all 

appropriate cathode boulldary cOllditioll dcscribillg dOlllaill llucleatioll. The boulldary 

cOllditioll is cOllstructed 011 the basis of a dopillg llQltch ,;vhere the dOllor-elopillg dellsity is 

reduced ill a certaill lllallllerllear the cathode elld of the deyice [12,18,28. /2]. This giyes a 

silllple dOlllaill llucleatillg lllechallislllllcar the cathodc without the illclusioll of all extenwl 

circuit cOlltaillillg resistallce allel battery. III the llext SCCtiOll, fonllulatioll of the problclll 

is giYCll ,:vith a \'ic,y to presclltillg the Systclll of cquatiolls of 11lOtioll, lllathcllwtical char­

acterizatioll of thc deyice lllcdia . alld llUllllTicallllcthocb uscd to solyc thc equatiolls. III 

SCCtiOll 2.3, 'vve giyc thc COlllputatiollal results for the dc-field chiYCll GUllll-cffect dcyice 

13 
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f:)hmviug the three differeut regillH.'f:) of operatiou: the Olllllie, the tnluf:)it-tillle, a11d the 

queuched 1l10def:>. The COlllputatio11 ' ,ven' perfonlled to check that our f:)clH.'llle giYcf:) thc 

l'C'f:>llltf:) COIL 'if:>tC11t ,\lith thof:>e obtaiued iu other deyice f:)illllllatiollf:> [15A9], III f:)CCtiOll 2. --1, 

,ve giye the n .'f:)ultf:) of the COlllputatiouf:) perfonlled for the f:)Yf:)telll f:>illlllltaueouf:)ly dri,'ell 

by the dc alld the rf-al ter11a tiug fielcb aud f:>ho,\I the f:)Yf:>telll uudergoef:) period-dou hlillg 

caf:>cade to chaof:> oyer a ra11ge of the field parallletcTf:) celltered arouud a f:>et of f:)l)(.'ciall~· 

chof:>eu Yaluef:). 

2.2 Equations of motion and the m,ethod of solution 

\Ye cOllf:>ider a oue-dillle11f:)iollal f:)yf:)telll of the Guu11-effect deyicc couf:>if:)tiug of all u+­

U-11+ Ga:-\f:) f:)a11chvich f:)tructure . The f:>yf:>telll if:) aSf:)Ullled to occupy the regio11 0 < .c < L 

,\lith the cathode a11d the allode beiug at ,r = 0 a,l1d .c = L ref:)pectiyely. The electric 

cuneut deuf:)ity J (.r, t) at the pOf:>itiou ,r aud tillle t i.' defilled as the f:>Ulll of the drift tenll 

aud the diffuf:>iou tenll a11d if:> giYe11 by 

D II (.r, t) 
J ( .c, t) = - C II (.c ,t ) d E ( .c, t) ) + cD D ,r (2.1 ) 

where II(:C, t) if:) the electrou carrier dellf:>ity, E(.l', t) if:) the electric field , L' if:) the electro11 

drift , 'elocity, c if:) the llla.guitude of electrouic cha.rge equal to l.6 x 1 O- l~ [C], aud D if:) the 

diffuf:)io11 coefficieut. The electric poteutial <D (,r, t) if:> defiued by 

(2.2 ) 

aud the poteutial aud the particlc dcuf:)ity arc related by the Poif:)f:)oU equatiou 

(2.3 ) 

whcre f if:> the dielectric COUf:)taut aud _Yd(,c) is the douor-dopiug dcu.'it\" ,\'hich if:) aSf:)Ullled 

to be tillle-iudepelldeut. T illIe eyolutiou of the ca.rrier deuf:)ity is goyenled by thc coutiuuity 

equatiou 

UII(,C, t) + !!..- (J (.C. tJ) = o. 
CJt D.c - c 

(2.-1) 
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For a yeloci ty-field characteristic L'( E) of GaA .. , use i .. lllade of a .. ill1pk fonll1l1a deriycd 

ou the basis of a siuglc dectrou tell1perature lllOdcl [.J2]. Let JI j aud Jl1 he the lllOhilit)· 

at the lo,ver aud the upper y·tlley respectiyely, ~1~ the euergy separatiou bct,vceu t hc 

t,;vo yalleys, R the ratio of the upper to the lo,~"er yallcy deusity of states, TL thc lattice 

telllperature, Tc thc dielectric relaxatiou tillle, audl"l' the Boltzll1auu cousta11t. Thc fonll1l1a 

giyes the relatio11 dE) iu tenllS of the electrou telllperature T , iu the fonll 

11'1 + fl"2R exp( - ~J~' ) 
dE) == ,," I E I 

1 + R exp( - t~ ) (2.0 ) 

1 _ 3 k 1 + R exp ( - f.·A' ) 
E - -. -(Tc - TL ) ~r; 

2CTc 111 + fl"l,R exp( - I.:'J ~ ) 
(2.G) 

where eq.(2 .G) is uUll1erically sohred to yield Tc as a fuuctiou of E aud substitutiou of this 

Tc(E) iuto eq.(2 .5) giyes '(' as a fuuctiou of E. The paraIlleters for specifyiug GaAs uuder 

the rOOlll tell1perature operatiug couditious are taken as follows [42]: 1'1 == G200 [nllL /Y ·s], 

1''2 == 50 [Cll11 /Y·s], ~E == 0.31[eY], R == 9~, TL == 300[E], Tc == 1 X 10-U[s]. The result for 

the dE) ClUTe thus obtaiuecl is showu iu Fig. 2.l. 

Ou the other haud, the douor-dopillg deusity ,,:Vd (.c) used iu this chapter is showu ill 

Fig. 2.2. Takiug i11tO accouut the 11+ -l1-U+ sauchvich structure, ,ve aSSUll1e it to tak ' the 

following fonll for the 110nllalized total lcugth L == GO 

20~Yu (0 < .r < 2) 

Y [19 19.] 
- 0 J - (j.L (2 < .r < 8) 

_Yd (.c) == 
-Yo [1 - Ho siu( %.c)] (8 < .r < 12) 

(2.7) 
..:Vo (12 < .l" < 52) 

7\- [l9 . _ 9):2] 
- 0 (j.L (j (52 < .c < 58) 

20_Yo (58 < .l" < GO) 

where _Vo de110tes the uuifonll backgrouud douor density iu the bulk lo,\" u regiou( 12 < 

.r < 52) . The highly doped u + -layers extelld oyer thc cathode-adj acellt (0 < .c < 8) aucl 

the a11ode-adj aceut( 52 < .c < GO) regious. The couca,'ed regiou( 8 < .r < 12) uear t h ' 

cathode is the dopiug uotch frOll1 \vhich dOllWiu llUe! 'atiou and propagatiou occur \\'here 

its depth is dcuoted by Hu(O < Ho < 1). As lllcutiolled ill sectioll 2.1 this was used b~' 

seyeral authors to represeut dOlllaill uucleatiou lllechauisll1 iuhereut ill the dcyice acljacellt 

tot h e cat hod e . 
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Iu thit; chapter \,-e deal \\'ith eqt; .(2 .1 )-(2 . .J) to detenllinc spatio-telliporal eyolution of 

the field yariable. ' I/(x , t), J(.e , t), E(.e, t), and <I>(x, t) subject to appropriate initial alld 

boundary cOllditiOllt; . \Ye discretize the t;yt;telli in the frallIe\,,-ork of the finite differcuce 

lliethod alld first diyidc the one-di1llellsiolla.l t;yste1ll illtO ( partitiollS. Thc llotatioll.' uscd 

to expn.'t;t; cqt;.(2.1)-(2.4) ill the llOlI-dilllellt;ioua.l fonll arc <:1.' follows: the length of thc 

t;yt;te1ll L, the length of all equally divided partitioll ~}' = L / C, the ullifonll bulk dopillg 

dellt;i ty iYo, the peak drift Yeloci ty 1~) ill the dE) CLUTe alld the C01'1'('. 'pollclillg peak 

electric field Ep . The fonllulas (2.5) alld (2 .6 ) for dE) giye the result that the drift 

Yelocity taket; the peak ya.lue 1~) = 1.4.J X 107 [Clll/ :::;] at th' field Ep = 3.5 X 10:J[V/Clll]. 

Lt;ing thet;e parallietert;, the trallt;fonllatiolls by which eqs.(2.1)-(2A) arc expressed ill the 

11Ou-dillIeUt;ional fonll arc such that x ---t (~.c).c, t ---t (~.r/1 ~»)t, /lCr, t) ---t _Yol/(.e, t), 

-,Vd(x) ---t ':YO ,:Vd(.c), d.r, t) ---t 1r ~)1 - (x, t), E(.L', t)---t EpE(x, t), <I>(.c, t) ---t EpL<I>(.c, t), 

J Cl-' , t) ---t C "Yo 1 ~) J ( .r, t), D ---t (~x) 1 ~) D. The resultiug 1l01l-dilllellsiollal eq uat iOllS arc 

giYell by 
_ EJ'II ( .r , t) 

J (.e ,t) = - II ( x, t) 1, (x, t) + D D .r (2.8 ) 

£(.1, t) = _c()<fJ~::, t) (2.D) 

EJ'2<I>(x, t) T 

EJ x '2 = 5 [ /l ( X , t) -- _\ d ( .r ) ] (2.10) 

EJII(X, t) 8J(x, t) 
---- =0 

Dt EJ.r 
(2.11) 

'where 5 = c_Yo(~.c)'2 / fEp L. 

011 the spatially discretized syt;telll, the yariablcs /l Cc, t), _Yd (.r) and <D(.c, t) arc defilled 

at both ellds of each partitioll: i ~·d i = 0, 1, . .. ,() \\'hilc the ycuia bles E (x, t), 1 -Cr, t) 

and J(x t) arc defilled at the 1lliddlc pOilltS of each partition: (i -1/2)~ ·di = L 2, .... n. 
The tillie step of the systelli eyolutioll is denoted by ~t ill ullit of ~.r/ 1~ ) so that the 

field yariables arc defillcd 011 the ti1lle POilltS k~t(k = 0,1, 2, ... ). For cOllycuiellce. t\\'o 

schellies of fillite differencc arc e1llployed to nUlllerically illtegrate 'qs.(2.8)-(2.11) . In the 

firt;t schellie refcrred to as A below, eqs .(2.8)-(2 .11) arc discrctized \\'ith the aid of the 

differeuce proceelure which is .. patially ccntereel and te1llporally explicit. The re~ulting 

fonlls satisficd by the discrctized yariablcs \vhose position a.nd ti1lle arc designated by the 

subscript i anel the superscript k respectiyely a.re f~ound to he 

k + k k k 

Jk /I i + 1 /I i T - h' D /I i + 1 - 1/ . 
. '+1 = - \ . 1 + I 

1 2 2 1+ 2 ~.e 
(2.12) 
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r1' k I k 

E
" ~. 1- 0 . " = _( 1+ I 
i+ l._, ~x 

Of k .) ,T-. k rT-. h' _ ( \ . ) 1. C' (k ( \ - ) ) 
<.I? i+1 - ~':1:'i + ':1:' i - 1 - .... l.l .... ) IIi - - d i 

k+1 k ~t(Jk Jk) 
IIi = II i + - . '+1.. -- . '_ 1.. . 

~x I 2 I 2 

(2.13) 

(2.1-1) 

(2.15) 

If the tillH.' step ~t is takell sufficielltly t;lllCdL this schellie is expected to giye a fairy good 

oyerall behaxior of the systelll eyolutioll. Ho,veyer, ill a sellsitiYe .. ituatioll ill which it it; 

llecessary to eleten11ille whether the rcleyallt lllOtion is perioelic or llollperioelic, the schellie 

is often foullel to giye a elifferellt type of Ili0tioll elepellelillg 011 the elifferellt choice of ~t. III 

parti 'ular, it has beell poillteel out llwthel11atically that the explicit fillite eliffereuce schellK' 

ill SOllIe cases gin.'s au uureliable apprOXillla,tioll to the origillal elifferelltial equatious 

th us lca.clillg to a elifficul ty in elistinguishillg chaos frOlll regular 1110tiou [i3]. Iu order to 

a,"oid such a possibility ill a subtle case, we usc a 1110re refilled schel11e referred to as B. 

Substitutiou of e'1.(2.8) ill (2.11) giyes 

D 11 (x, t) D( II (.c, t)\ -(x, t) ) (JllI (.c, t) 
Dt + Dx - D o,c1. = O. (2.16) 

The go,Tnullg e(luatiolls thus becOl11e eqs.(2.0), (2.10), allel (2.16). Discretizatiou of 

eqs .(2.0) auel (2.10) is perfon11ed ill the ScU11e lllaIIUer as ill Schellie A leadiug to eqs.(2.13) 

allel (2.1~) respecti'"cly. As for eq.(2 .16), the drift ten11 is discretizeel usiug the secolld­

order Lax- \\-ellchoff lliethoel, ,vhile the diffusioll tenJ.l is trallsfon11ed to the diffeH'llce fon11 

USillg the Crallk-l'\ichoL '011 lliethod. The results arc expressed iu the fon11 of a successiye 

t,vo-step tillle progressiou yia all illten11ediate grid at (i + 1, k + ~): 
J,; + k \t 1 -k + 1 -k 1 -k + 1 -k 

J,;+~ IIi lI i+1 ..,j. (J,; l i+1 Ii k l i l' i- 1 
11.+ J- - 2 \ . lI i+1 - - .. -) -- - II i ') ) / ~ 2 ~.L ,~ _ 

(2 .1i ) 

, k+1 _ J,; _ ~t k+~"k _ k+& -k) D~t ( k+1 _" k+1 /'; +1 
III - 111 (11+1. " / 11 ._1.. "1 - J + 2(~ r 11 1+1 Llll + 11/ _ 1 ) 

~.c 1 2 12 J' -

D~t k . k k 
+ 2(~X)1.(lIi+1 - 211i + lI i - 1 ) (2.18) 

,\'here the Crallk-Kichobolllllethoel illtroeluces the SCllli-illlplicit tillie illtegratioll ill eq.(2.18). 

The SchelllC B thus cOllsists of successiye iterations USillg eqs .(2.13), (2.1-1), (2. 1 i), alld 

(2.18). 

The equatiolls of 1110tioll arc illtegrated uuder the iuitial conelitiollS 

(2.10) 
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alld t he boulldcu'~" conditiollS 

<D(O, t) = 0, and <D(L. t) = <Pde - <Drf cos 211 f ot (2.20) 

IV here <D de is the applied dc yoltage acro.·s the deyice. <P rf is the 111axillllllll inst ant aneous 

rf \"oltage alllp litude across the deyice, and fo is th'l' frequellcy of the rf oscillatioll. The 

\"alues of the systelll para1l1eters which arc kept to be fixed during the pre.'ellt COlllpU­

tations arc taken as L = G.O x 10- :3 [Clll], -Yo = 1.-.1 x 101·) [C111-:3]. 1~) = 1.-.1--1 x 10'[Clllll 

Ep = 3.S x 103 [V/Ull], D = 200[C1111/S], and f = 12 .··±co = l.11 x 10- 12 [F lUll]. These a,n .' 

considered to be typical of the usual GaAs Gunn-effect deyices [--12.--19]. As for the parallle­

tel'S characterizing discretization, the nUlllber of the space partition (II is belo\v assu111ed to 

be til = 300 so that ~,c = L/300 = 2 x 10-')[Clll] and ~.c/1~) = l.39 X 10- 11[S]( rv Tc). l-ll­

del' these conditions, the C0111putations \vere perfonlled to elucidate \vhat kind of spatio­

te1l1poral behaxior the syste1l1 exhibits depending on the choscn YCllucs of thc control 

panulleters cOlllprising <Pde, (Prf'. and fo. 

2.3 The motion under the d e bias v oltage 

In this scction V,,"C dCed \\;ith thc SYStC111 operating undcr the dc bias \"oltage condition 

such that <P(C,t) = <Pd" and integrate the syste111 USillg the Sche1l1e A with ~t = O.OS. 

Referrillg to thc results of fonllcr deyice silllulations [18,28], we haye takcll the depth of the 

llotch as Ho = 0.-1. Owillg to extellsiyc cxperilllellta.1 and silllulatiollal illYestigatiolls ill the 

19GOs alld the 1970s, it is llO"" confinlled that the systelll exhibits se\"eral liffcrcnt llwdes 

of the lllotion dependillg Oll thc illlposcd yalucs of <P de. \Ye perfonlled the COlllPUt atioll 

for seyeral yalues of <Ddc ill order to check the \yorkability of the presellt 1110 lel systelll by 

cOlllparillg thc rc. 'ults \vith those axailablc ill t he literature [39.-10,-13.-19]. 

At lower yalues of <Pde the SYStClll cxhibits stead:y-statc behayior and the field ycuiablcs 

turn out ti111C-illdcpcndcllt . This lllay be call, 1 thc Olllnic or thc steady llwdc , alld the 

results at <Ddc = 10[\ "] represclltillg this operatioll arc showll ill Figs. 2.3 (a ) alld 2.-.1(a ). 

l"llder t hc perturbatioll of a ullifonn field (E. the steady electroll dellsity 1/ \yhich deyiates 



2.3. The lllotioll nllder the de bia.o..; yoltage 19 

frOlll the ullperturbed yalue 110(= _Yd ) is detenllilled by the equation ('Dllo/D.l" = -( II/T. 

"\vhere bll = II - 110, L' is the drift yelocit~· alld T i. ' the associated relaxatioll tillle. Thi: 

deyiatioll b II is ill turll related with the perturbed field (E yia the POi:SOll equa t iOll 

fJbE / ax = I e I b II / E. Siuce (1 > 0 iu the pres cut geollletry, the t"\"\'o equa tious giye the 

result that abE/D.l" > O(rcsp. < 0) alld bll > O(resp. < 0) oyer the regiou "\\"here 

(JIIU/D.c < O(resp . > 0). This reasouillg leads us to uuderstand why the blllllP of the 

electric field ("\ve call thi. ' ,. the relllailliug dOllwiu" bclov,') appears as ShO"\Vll ill Fig. 2.3( a) 

arouud the dopillg llotch "\vheu the ullifonll dc field i.' illlposed ou the. 'ystelll. 

At higher \'alues of <Pd e the systelll exhibits periodic curreut oscillatiolls associated with 

a high-field dOlllaiu cyclically propagatiug frOlll the cathode to the auode. This is usuall~' 

called the trallsit- tillle dipole lllOde. The COIll pu tatioual results at <I> de = 30[\°] for this 

lllOde arc showll ill Figs. 2.3( c) alld 2.-±( c). III this case the dc-chiyell dOllWill CyClillg 

frequellcy fde is found to be 2 A [ G Hz]. . ucleatioll of the dOlllaill occur. ' oyer the rallge of 

the doping llotch "\\"here the bUlllP of the electric field grov,;s "\vith illcrease of the applied 

field. If the electric field is sufficielltly high so that the elect rOll drift. is characterized by a 

uegati\"e clifI"erelltia.llllOl ility, a perturbed electric field illlposed 011 this regioll causes the 

growth of an electron acculllulatioll laYlT preceded by its depletion layer, i. c oO a high-field 

dipole dOllW,ill . Furthenllore, uuder a sufficiell tly high bias the dOlllaill thus lluclea ted 

detaches itself hOlll the cathode alld lllo\"es dO"\'vll"\vard towards the allode (we call this 

"the traYelillg dOllwill" belo"\,,) . 

At illtenllediate yalues of <Pd e ollly part of the dOlllaill is detached hOlll the cathode 

auel a grov,;th cOlllpetitioll betweell the traYelillg allel the l"l'llwillillg elolllaius occurs. If 

the bias yoltage is illsufficieut, the traYeliug elOlllaiu draills "\"ithiu the bulk of the de\'ice 

before reachiug the auoele . This release.' the part of the bias yoltage distrihuted thus 

far to the traYelillg dOlllaiu aud agaiu causes the gro"\\"th of the l'l'lllaiuillg dOlllaiu at the 

uotch. The gro"\vth coutillues uutil it agaiu breaks up, thereby iuYolyillg partial dOlllaill 

detaclllllellt. The cycle thus repeats itself alld is called the queuched dipole lllOd '. The 

results represellt iug this lllOde of the 1l10tiou at <Dde = 12[Y] arc showll ill Figs. 2.3(b) aud 

2A(b). 

\Ye haxe thus foulld the presellt cOlllputatiolls giye the re.'ults that the systelll exhibits 

three elifferellt lllodes of opera.tioll delloted by the Olllllic . the queuched alld the trallsit-
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tillle lllOde as the de bias <Pde if:) illcreased, ,yhieh is ill agreeillellt with the rl'sult:, of thl' 

pH"'ious eOlllputatiOllf:) due to Grubill ct al. for the ullifonllly doped S~'Stc'lll COlllll'Ctcd 

,yith the exterllal circuit cOlltaillillg Hf:)istallce alld the eillf battery [15A9]. Illcidellt.ally, 

the tillle e,'olu tiOll of the currellt clellf:)ity at the allode .J ( ( , t) for these three lliodes i, ' 

ShO" 'll ill Fig. 2.5. III additioll, for referellce bclu\y, the result ill Fig. 2.G sho,YS how 

appearauce of the clifferell t lllodes of lllOtioll depellcll ' 011 the dc yoltage <D de alld the depth 

of the dopillg llotch Ho. 

2.4 The motion under the de and rf bias voltage 

III this sectioll "'e deal with the f:)yf:)telll driyell by the bias yol tage <P ( ( . t) = <I> de -

<Prf cos 211fot . The chart giY'll by Fig. 2.G suggefts that ,'Ollie peculiar lliode of 1110-

tiOll is expected to occur whell the ya.lues of <I> ( (, t) are driYell ill ,'uch a ,yay that the 

systelll alteruates betweell the period of the tra.llsit- tillie aud the quenched lllodes. For 

conYelliellCe, the rcleyaut parallleterf:) Ho alld <I>de an,' assullled to be such that. Ho = O.-l 

aud <Dde = 30[V] so that the lllOtioll ill the abf:)ellCe of the rf bias if:) dOllliuated hy the 

trallsit-tillie lllOde ,vith fde = 2A[GH:0] as ShO'''ll ill sect.iOll 2.3. 'Yith the aid of lluillerical 

silliulatiolls ,ve tried to fiud out the peculiar lllOtioH of the type lllelltiolled aboye oyer a 

rallge of the control panullet.ers <I> rl' a,ud fo. For thit; purpose, the parallletcTf:) <I> de alld <P rl' 

arc chosell to satisfy the couditiollS under which the lllOtion is dOlllinated by the tranf:)it­

tinle and the quenchedlllOdes when <D( (, t) takes the dc yalue <Pde and the llliuilllUlll yalue 

<I> de - <D rf ITf:)I)('ctiycly. As a ref:)ult of rather extellsi,:e COllI pu ta tional ,,,"ork ou the ha. 'is of 

panl.llleter search oyer a rallge of <Prl' and fo centered aroulld (iuite a fe,,' differellt sets of 

their f:)tartiug yalues, we here giye the results for t,vo cases where (i) the f:))'ste111 exhibits 

a quasi-periodic lllOtiou with the f:)ubhanllollie frequellcy alld that (ii) the systelll ullder­

goes period-doubliug cascade leadiug to chaos. It is found ill both cases that the cyclic 

lllotioll driYell by the dc yoltage is elltraiued by the exterually driYell oscillatiolls allel that 

the resultant synchronous 1110tioll if:) characterized by the rf frequellcy fo . The results 

arc presell ted ''''ith the aiel of the po,Yer specrtal dellsi ties( r SD) and bird's-eye yie,"s of 

f:)patio-telliporaleyolutioll of the field profile . AJI the rSDs ill this chapter arc exprc'f:)f:)ed 
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in the arbitrary units, auel plotteel on a logaritlllllic scale. 

2.4.1 Quasi-periodic behavior 

This is the CCl.'e in 'which fo is set equal to l.2[GHz] anel <Prl' i.' yaried oyer a rallge 

of the yalues aroullel11[\l The COlliputatiolls \vere carrieel out USillg SdH.'llle B with the 

tillie interyal ~t = 0.05. The PSDs ill Figs. 2.7 sho\\-' that the IllOtiollS at <I>rl' = 11[\-] 

allel 1l.0[\-] arc qucl.':)i-perioelic accOlllpallied \vith the hactiollal subhanllonic hequellcy 

fo/7 allel fo/12 respectiycly. Spatio-telllporal eyolutioll of the elolllaill gi\"ell by Figures 

2.8( a) allel (b) shov,; that the 11l0tioll is elolllillated by a Illixture of the trallsit-tillie alld 

the quellched lliocks alld that the profiles elcyclop a COlliplicated fine structure oyer the 

10llg period 7 / fa and 12/ fa respectiycly. This Illay be accouu ted for by the fact t ha t, 

sillce fa < fde in this case, extillctioll of thc dOlllain \vithill the bulk occurs for part of the 

longer period 1/ fa. 

2.4.2 Period-doubling cascade 

This is the case in \vhich fa is set equal to 8.0[GHz] alld <I>rf is yaried oyer a rallge 

of the yalues bclov; 17[Y]. The COlliputatiolls "VlTe carried out usillg ScheIlle B \~'ith the 

tillie interyal ~t = 0.01. The reason for the choice of this rather fille size of ~t is that. we 

arc here ill a delicate situatioll in which Vv'C lllUSt dctenllille \vhether the systelll deyclops 

chaos or llOt. The rcliability of the. 'dIellle \ve here usc' is SOllle\vhat guarallteed by the 

fact that the COlliputations perfonlled for SOllie typical cases usillg ~t = 0.005 alld 0.01 

\VeIT foulld to giye the results \\"ith ahllost the SaIlle order of accuracies. 

Figures 2.9(a)-(i) sho"v a series of the PSD for thc ClllTent deusity at the anode J(C, t) 

obtailled with the decrease of <I> rl' bclov,- 1 T[Y]. Figure 2. 9( a) iudicatcs that the systeIll 

at <1\1' = 17[\-] exhibits the periodic IllOtiou characterized by the ciriyiug hequency fo. 

Spatio-telliporal eyolution of the dOllwin sho\\"ll in Fig. 2.10(a) re\Tals that the periodic 

oscillation of the tenllinal CUITCllt is a Illallifestatiou of the pn'Yailiug queuched Illode. 

This appears to occur 1 ecause propagation of the traYeling dOlllaiu cannot he sustaiIlecl 

for part of the origiual period 1/ fde due to the cOllciitioll fo > fde. \Yith a decrease of <I> rl' 

to 1 ~ [\ -] the systeIll ulldergoes a period dou bliug hifurcatioll as is dearly sho\\"u ill Fig, 

2.9(b), This is associated \vith the salicnt spatio-telliporal behayior shown ill Fig. 2.10(h) 
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"where t\yO dOllwins traYcl with a certain distauce apart and drain ahllost sillnlltalleously 

at the differellt poiut. · \"ithiu the bulk a\\;ay frOlll the auode. Furt her deeH'eve of <P rf 

eutails the forward a,ud the subsequeut H'YerSe period-douhliug ca~cades bet\yeeu which 

the 1l10tioll at <Prr = 12.2 [V] is foulld to he chaotic. l-ltillwtcly, ollly a .'light decH'ase of 

<P rr frOlll 10 [V] to 9.999 [Y] gi\'es rise to a trausitiou frOlll the 11lOtioll with the su bhanllollic 

frequeucy fo/2 to that with fo/3. 
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InP 

GaAs 

o L-~~~~ __ L-~~~ __ ~~~~_~ __ ~~~~ __ ~~~ 

o ·5. 0 10.0 1·5.0 20 .0 
ELECTRIC FIELD[k V) on] 

Figure 2.1 Velocit.y-field cha.ra.ct.eri~t.ic 1'(£) for GaA~ calculat.ed hy t.he foullula 

(2 .5 )-( 2. G) at. 300h~ . Abo ~hO\Yll for refelTllce i~ t.hat. for Iur. The llla.t erial dat (l llsed here 

arc t.ho~e gi \'('ll ill ncr [42] . 
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Figure 2.3 Spat,io-1Clllporal c\'ollltioll of Ihc el('ctric field E(,/',t) for Ill<' (k-<iri\'(,ll 

('(1S(' <1>(( , t) = <1> de , (i-l) <1>d c = lO[Y], (1» ) 12[\1 (c) :30[\ l TillH' ])('\\\ ' ( '(' 11 ~l l l,(,l'~~i\'(' \,(,rti('cd 

display i ~ sHc ll that, (a) 400~t. (h ) lO()~t. awl (c) -10()~t, ,,-lwl"<' Ill(' tilll<' slC'l) ~t i~ ti-lkc11 

(t,,) 0,0 'J ill nIl ito f ~ ,/, / '\ ~)' 
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Figure 2.7 The r SD P( f) as a. fUllCtioll of f for the tel'lllillal ClllTCllt. .J ( C, t) for the 

dc- <-lud rf-dri\'cll casc 'wi t.il <I> de = 30[V] aud fo = 1. 2 [G Hz]. The rf cUll plit lldc is \'(Hied ill 

ullit. of \ ' such t.hat. (a.) <Dr! = 11, (b) 11.5 . Thc a.bscissa 1l1l'a.SllH'S the hCqHcuc~' ill Hllit. 
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Figure 2.8 Spat.io-t.cllipond cyolut.ioll of t.hc clect. ric ficld E(x. t) for t.1ll' dc- a 11< 1 

rf-dri\"('ll C(thC \,·it.It <Ddt = 30[V] alld Io = 1.2[CH;,]. (a) <1\1 = ] l[Y], (b) 11.!J[\l T iIll(' 

het.\H'l' ll s llcccssi\'c \'('ltical display is 2000~{ ,,"itl! ~t = 0.0·) ill ullit of ~ . I'/i~). Shad('d 

lillcs an' Ilot cJilllillat.cc1 for het.ter t racillg (.hc profile CYo] nt.ioll. TilllC hct.\H'Cll t J1<' hottolli 

awl thc top IlOli!.ullta]lill(,s is t.ll(' illY< 'l'S(' of t.ll<' sllhh mlllOllic fn 'C[llC ll CY. i.e., tll<' ])( 'liod 

of t h(' S]U\H'l' 111Od('. 
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Figure 2.9 'rIle PSD F ( f) as a. fllllctioll ()f f for t h(' t el'lllillal CllllTllt .J ((, I) for tIl(' 

dc- alld rf-drin'll cas(' \\·it.h <1\k = .30[Y] awl f() = 8.0[G IL:] . '-1hc 1'1' i:llllplitlld( ' is \ '(tried ill 

ll11it of Y slleh that. (<l) <]\r = 11, (1») 1-1. (c) 1:3 .2. (d ) 13.0. (e) 12.2, (1') l1.G (g) 1l.0. (It ) 

10.0, (i) 0.000 . Thc ahscissa llH.'aS UH'S t,Ile i'rcqllCIlC.\· ill ll11it of \ ~,; ~ . c. 
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Figure 2.10 SpaJio-tclllpora,lcyolllt.ioll of tIl<' c lect.ric field £(,L t) for the (\('- a 11< 1 

l'f-dl'i\ '(' ll ca.')c \\'ith <I> <lc = 30[Y] allt! .1'0 = 8[GH;0]. (a) <Prl = l-1[\l (b ) 11[\']. T illH' 

l)('t\\T(, ll Sllc c('ssin' \'crl.ical displa~ ' is 1000~t \\'ith ~t = 0.01 ill ll11it of ~",/ ' ~)' 



Chapter 3 

Non-periodic current (:)scillations in 

the Gunn-effect devic{~ with the 

impact-ionization effec:t 

3.1 Introduction 

In th ' preceding chapter, ,ye discussed spatio-telllporal structure of the trayeling elo­

lllain appearing in the Gunn-cffect deyice under both the dc and the rf bia.'::i \"olt ages allel 

sho,ved the 1l10tioll beCOl11l'. ' chaotic ullder certaill exterllal cOlldi tiolls [74:,75,85]. The l"l'­

suIts arc easily ulldersta.lldal)le because a periodically oscillatiug llolllillear ,'ystelll usually 

exhibits chaotic telllporal behayior oyer a ra.llge of the systelll pauu11cters if it is chiYell 

by all exterllal periodic force . 

Iu this chapter Vi"e giye the results of onr COlllputer siunlla.tious for the case v,,"here the 

systel11 is assullled t.o cousist of GaAs [8-:1:] ,vhose threshold yalue for the illIpact iouizatiou 

is luuch higher thau that of IuSb. Siuce the dOllWiu lllOtiou is regular in the abscuce 

of the illlpact ionization for the case of GaAs, ,Ye call eXalllille thc effect of the illlpact 

ionization by ,vhich the lllOtioll becOllIes irregula.r by gradually illcreasillg or delT 'Clsillg 

the associated 1l10dcl paralllcters . III sect.ioll 3.2 fonllulatioll of the problclll is giYell ,vith 

a ,"ie,\" to preselltillg a systelll of equatiolls of lllOtioll. lllathellwtical characterizatioll of 

the deyi 'e llledia alld llulllerical lllethods used to solye the eqnatiolls. III sectioll 3.3 ,Ye 
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gin.' the re~ult~ of our COlllputatioll~ for the ~y . 'telll ,,,it'h the illlpact-iollizatioll dfect alld 

sho"r the ~y~telll exhibit~ COlllplicateel ~patio- telllporal beha,·ior. 

3.2 Equations of motion and the method of solution 

III adelitioll to the ~y~telll which ,\Ie treated iu the preceeliug chapter, we here take iuto 

accouut the effect of the illlpact iouizatiou auel the elYllalllic~ for hole~ "'hich arc created 

by the illlpact iOllizatioll. 

The total electric currellt elell~ity J Cr, t) at the po~itiou .r allel the tillle t i~ expre~ .. eel 

u~ing the particle currellt elell~itie~ for electroll~ Q[\Cc, t) allel hole~ Qp(.c, t) in the fonll 

J ( x, t) = - e Q . ( . r, t) + e Cd j Cc, t) . (3 .1 ) 

Each particle currell t elell~ity i~ elefined as the SlUll of the elrift tenn and the eliffu~ioll 

tenll 
a /I (.c , t) 

Q . ( J.' ,f) = 'II Cr , t ) L' . ( E ( .c ,f )) - D · a.c 

ap(.c, t) 
Qp( .c, t) = -p(x . t)L'p(E(.c. t)) - Dp a,/' 

( 3.2) 

(3.3 ) 

,,,heE' p(.c, t) i~ the hole carrier dell~ity, [1[\ auel L'p arc the elect 1'011 alld the hole drift 

yclocities respectiycly, D · a,lld Dp arc t he eliffu~ioll COllstallt. ' for electrolls auel holes 

respectin.'ly. 

The electric potell tial <I> (.c, t) i~ thus defilled by 

E( ' ) = _ a <I> Cc. t) 
,L . t ;.:) 

u,c 
(3.--1 ) 

aHel the pot.ell tial alld the partide dellsities cue relateel by the POiS~OH equa.tiou 

(3.5 ) 

TillIe eyolutioll of the carrier dell~itie~ i. ' goyenled by the cOlltilluity equatioll~ 
() II (.c . t) () Q . ( .c, t ) '{ ,.) } 

at + ax = Go - ~I O II (.c" t )p(.c, t) - .\ i~lt (3,G) 

()pCc. t) aQp(.c,f) '{ ,.) } 
at + Dx = Go - 10 IICC, t)l)(.c, t) - ·\i~lt ( 3.1) 
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with 

Go = lJo ex!' l- (E~t\JJ {lC21 + l(Jpl} (3. ) 

,yhcrc 10 ii:) thc n'colllbillatioll ratc, !Jo ii:) thc illlpact-iollizatioll ratc, alld Etlt ii:) the thrcsh-

old ficld for the il11pact iOllizatioll. -Yin!. (== J ll eqjJeq) is thc illtrillsic dClli:)ity wherc II cq 

alld 1)c<l arc cquilibriullI elcctroll allcl hole dClli:)itici:) rCi:)pcctiyely, alld thii:) tcn11 rcpn'i:) 'llts 

thcnllal ca.rricr gelleratioll illdcpelldellt of the electric field, that ii:), the rCY(Ti:)C process 

agailli:)t that for the pair allllihilatioll [80]. III eqi:).(3.6).(3.7) thc fir.t alld the i:)ccolld tcnlli:) 

of the rhi:) expn'i:)i:) the canier gelleratioll cluc to thc illIpact iOlli:0atioll alld the carricr all­

llihilatioll d uc to thc l"CColllbillatioll u_'i:)pectiycly. A 1110re dctel.,iled accoullt of thei:)c tenlli:) 

arc giYCll ill i:)cctioll 3.3. 

Thc fon11s of thc Yelocity-ficlcl charact Tii:)tics L'f\, (E ) alld LIp (E) "'e Ui:)C ill thii:) chapter 

are takell a~ follo'''"i:) . For 0< E <20 [k\I/U11], L'f\,(E) ii:) giYell by the i:)aIllC fonllula clcriyecl 

ill i:)ectioll 2 .2. III the prCi:)ellt case where the illlpact iOllizatioll tal:ei:) placc, the local electric 

fielcl heCOIllCi:) 11luch higher thall 20 [k \"/ Ull]. -C llfortu llat ely, for thc electric fielel lengcr 

thall about 20 [k Y / Ull], dE) characteri. ,tiCi:) ii:) llOt ,yell ci:)tahlished either theoretically or 

experilllelltally. Ai:) the clectric fielcl is i:)O high that the illlpact iOlli:0a,tioll OCClUi:) , the clrift 

Yelocity ii:) cOlli:)iclereel to be illelepellclellt of the field, i. c. it conci:)pollcb to the i:)aturat 'd 

Yelocity L',e.,' s. For thc electric fielcb betweell 20 allel ~O [k \"/ Ull] the 'lectroll drift ':elocity 

is assulllecl to decre(li:)e lilleady dowll to thc i:)aturateel Yelocity L'f\,S = 0.8xI01 [Ull/S]. For 

the clectric fielcb aboyc ~O [k Y / Ull] thc yclocity is assulllecl to bc illelepeuelellt of the fielel 

alld cqual to L' -s [76] . all thc other halld, thc hole Yelocity L'p(E) is assullIed to bc lillcen 

(/110\\1 = 400 [CIl12 /Y'i:)]) for the clectric fielcli:> bctvv"eCll 0 alld 20 [kY/Clll], alld to bc cqual 

to L'r\S aboye 20 [k Y / Ull] [76]. 

The clollor-dopillg dCllSity .Yd (.r) is e1. 'SUllICd to takc the SaIlle profile as ill chapter 2. 

III thii:) chapter 'n.' deal with eqs.(3 .1)-(3.8) to cletenllille spatio-tclllporal cyolutioll of 

thc field yariablcs II(X, t),p(.r. t), (Jf\,(x. t), (Jp(.c. t), E(x, t), allcl <D(.c, t) subject to appro-

priate ill itial alld boullclary cOllclitiolls . 

\Yc discretizc the SYStClll ill the SCUlle fralllcwork of the fillite cliffercllce lllethod ai:) ill 

the prececlillg chapter alld firi:)t liyidc the olle-dilllelli:)iollal SYStclll illtO I partitiolli:). The 

llotatiolls used to cxpress cqs.(3.1)-(3.8) ill thc llOll-dilllellsiollal fonll arc ab follo'Yi:): th' 

lCllgth of the i:)ystelll L, the lellgth of all equally diyidecl partitioll ~.c = L / I, the ullifonll 
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bulk dopiug density _Yo , the UlaXilllLUll drift yelocit~, 1'1 iu the l't\(E) aud ('p(E) ClUTe 

aud the cOlTespoudiug electric field E ti l. l-siug these panll11cters, the trau,'f01'111a tious h\ 

\vhich eqs.(3.1)-(3 .8) arc expressed iu the uou-dilllensiollal f01'111 cue such that.l' ---7 ( ~.r)x, 

f ---7 ( ~ ,l'/ l ~df, n(x, f) ---7 _Yon (.e, f). p(.l', f) ---7 -Yop(.c, f), _Yd(x) ---7 -YO-Yd(.c), 1'l\( .C, t) ---7 

I ~ ll ~(.c ,t) , L'p(.c, t) ---7 " -ti ll pCe,t), E(.l', f) ---7 EtllE(.r, f), <I>(.e , f ) ---7 E JL<I? (.r, f), J (.c, f) ---7 

('_Yo l ~\ IJ( .e, f), Qt\(.c,f) ---7 _YOI -1Q ·(.c.f), Qp (.r,t) ---7 _YOI-1CJp(x,f), _Yillt ---7 _YO-Yilll, 

D t\ ---7 (~,c)1 ~ID t\, D 1 ) ---7 (~.r)1 Ttl ID 1>. The resultillg uOll-dilll< .. 'usioual equatious arc 

giyeu hy 

J Cr, f ) = - Q . (x ,t) + Q p (.r, f) 

_ D II ( .r, f) 
CJ t\ (.r, f ) = 1/ (.r, f ) I . Cr, t) - D t\ D 

.c 

, Dp(.c, f ) 
QpCc , t) = -p(.e, f)1 p(x, f) - L)p fJ ,e 

E ( . ) = -I D<I> ( .r, f) 
.l,f D 

x 

D'2<J?(.c, f) _ 
Dx'L = S( n(x, f) - p( .r, f) - -\dCc)) 

[)II (.r , t ) fJQ . (.e , t) { _.) } 
fJf + fJx = G - ~I n (.r, t )])( x, t) - _\ i71t 

fJp( .r, t ) [)Q p ( .c, t) { _.) } 
Dt + Dx = G - ~I n (.r, t )p(.r, t) - ~\ i~ll. 

G=uexp[-( E LI! ) 'Ll{'Q " +'CJJ'} 
E (. c, f ) 

( 3.9) 

(3 .10 ) 

(3. 11 ) 

(3 .12 ) 

(3.13) 

(3 .1.J ) 

(3.15) 

(3 .16 ) 

\vhere the uOll-dillH.'usioual parmlleters arc defiued by 5 = (,_Yo( ~J')'L l EE JL, .rJ = (~.I"),(JO' 

aud ~f = _Yo ( ~.c h o II -J. 

Sul)stitutioll of eqs .(3.10 ) aud (3.11) int o (3 .1.J ) aud (3 .15) n .. 'SIH..'ct iYely giyes 

D n Ce ,t ) fJ n ( .r ,t ) I -. ( x, f) _ D . [)'21/ ( x, t ) _ G1 _ '~{ (. ) (. ) _ y '2 } 
fJ + D D') - T I 1/ ,I, f ]) .I, f - illl t ./' .C -

(3 .17 ) 

[)])(x, t ) _ fJp(.c, f )Fp(.L f ) _ D fJ'2p (.r,t) _ G' _ ~ { ( . ) (. ) _ y .'2 } 
fJ fJ 

p fJ') - T i n .1, f P .1, t - IliI . 
f x ,l'-

(3.18) 

The goyeruiug equatious thus becollH.' eqs .(3.12),(:3.13), aud (3 .1 8)- (3.20 ). AU the 

spatially discretited systel11, the ycnia hk .. n (.r . t ), p( x, f ). _Yd (.r), aud <I? (.r, f) arc defiued 

at hoth cuds of each partition: i~.r(i = 0,1.··· .1 ). while the ycuiable .. E(.I', t). I ~\(.r, t ). 

I -pCe, f ), Q '(x, f ), aud Jp(.r, f) a.re defiucd at the llliddle points of each partitiou: (i-

1/2 ) ~.r(i = 1. 2"" .t). The tillle step of the systellleyolutioll is deuoted by ~f iu uuit of 
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~.r/1 -t\ I . Equatiolls. (3 .10 )-( 3.18) are discretized \vith t he S<Ulle proced ure a~ the precediug 

chapter , aud result ill the follo\\" ing fonll : 

k k k k 
( q )) = 1/ ; +? 1/ ; - I (1 .~ ) 7 _ D ~ 1/ ; ~ 1/ ; - 1 

~ .L 

k k k k 

( (
) ) k _ _ jJ i + jJ i - I (1 - ) k _ D Pi - jJ i-I 

-? P i - 2 \ 1-> i P~.c 

;t;k ffk 
k '±' i+ J - ':I? i 

E i+(1 / 2) = -I ~.c 

<I k ? I k 'F-k ( \ )2S( k k ( \ - ) ) ) i + 1 - ~ () i + <.J:- i - 1 = .J.r II i -- jJ i - - d i . 

k + ( 1/ 2) II 7 + II ~~ 1 _ ~ t ( " I ~ ( \ ~ ) 7+ 1 + (\ ~ ) ~' _ II k ( \ - , )~' + (1 -. ) 7-1 ) 
/I i+ ( 1/ 2) = 2 2~ .l" 1+ 1 2 1 2 

/"+( 1/ 2 ) = Pi + Pi+ 1 _.......l_t_ l \ P i+1 + \ 1 i _ l \ P i + \ P i - I 
k k \ ( ( l- )k ( l -)k (1-)1.: ( l r )k ) 

J 1+ ( 1/ 2) 2 + 2~.c J 1+ 1 2 J 1 2 

D~t k • k k G~ + G~~l { k k - "J } + 2( ~J: F (Pi+l - 2Pi + Pi- I) + 2 - ~f II i Pi - (_\ illd-

C) = lJexp l- (~:~' r] {1 (Qdl + I(Qp)71} 

(3 .19 ) 

(3 .20 ) 

(3.21) 

(3 .22 ) 

(3 .23 ) 

(3.2--1) 

(3.25 ) 

(3.26) 

(3.2T) 

\v here the Crauk-1\ icholson Illethod introd uces the. 'C llli- illl plit it t iI11e iutegratiou in eqs. (3 .25 ) 

aud (3.26) . The scheI11e t hus cousists of successiye itera.tious usiug eqs .(3. 19 )-(3.2T). 

The eCluatiolls of 1l10tioll arc integrated uuder the initial couditious 

(3.28 ) 

aud the boulldary cOllditious 

a.lld 

<D (O, t) = 0, (3.29 ) 

The ... alues of t he systelll parculleters ,,-hich arc kept to be fixed during the preseut COlll­

putat ious arc takeu as L = 6.0 x 10-:3[011], -Yo = :). 0 X 101.5[011-:3] , 1 ~ l = 1.69 x 10'[01l/S], 
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E t-. J = 3.01 X 10:J[YjOll], Dt\ = 2.0 X 101 [C1l11 jf:5], Dp = 2.0 X 10[Cll/ jf:5] , aud f = 13.1fo = 

1.17 X 10- 11 [F jOll] \vhere 1- 1 alld E J arc detenlliued by the fonllulas (2.5) aud (2.G). The 

parallleterf:5 characteri;0illg tillle dif:5creti;0atioll if:5 ~.cj1 ; 1 = 1.18 X 10- 11 [f:5j( rv Te). l -w.ler 

tlH.'f:5e couditiollf:5, the COlllputatiollf:5 were pedonlled for f:5eyeral chof:5eu yaluef:5 of the 'outrol 

parallleterf:5 <P de alld '"'ro· 

If we deal with the f:5Yf:5telll operatiug without the iUlpact -ioui;0atiou effect, llcUllcly, iu 

case the sYf:5telll is def:5cribed by a siugle-carrier lllOdcl (ollly electrouf:5) aud the goyeruiug 

equatious a,re giyeu by eqs . (3.10) aud (3.12)-(3 .14), v,,-c H'COyer the ref:5ldtf:5 of sectiou 2.3. 

3.3 Simulational results 

\Ye here giye the H'f:5UltS of our UUlllerical f:5illlulatiollf:5 carried out to find peculiar lllodes 

of 1l10tioll \vhich arc expected to occur wheu the electric field iu the dOlllaiu exceecb the 

thn.'f:5hold \'aIue for the illlpact iOllizatiou. Thif:5 illYoh'Cf:5 autocatalytic carrier gelleratioll 

\\;hich iu SOllIe CC1Sef:5 lead.' to COlllplicated f:5),stelll eyolutiou. Experillieutal detenlliuatioll 

of the ioui;0atiou ratc has heeu lllade by seyeraJ H'f:5ecuch groups [/G,81]. There if:5 a geueraL 

t hough 1l0t ulli\'el-saL agreellieut that the ioui;0atioll ratCf:5 of electrouf:5 aud holC'f:5 ( delloted 

as Ot\ alld Op n .'f:5IK'ctiydy) for GaAf:5 arc equal. Af:5 ShO\\'ll ill eq .(3.8) we iu thif:5 work usc 

au expn.'f:5f:5iOll for the ioui;0atioll rates of the fonll [7G,81] 

El l! -[ 
.)] 

(\ ~ = (\ P = (\ ( E) = Yo ex]> - ( E ) (3.30 ) 

which eXpITf:5f:5ef:5 all alwupt iucrease iu the carrier density with lllCTease of the electric 

field E iu exceSf:5 of the threshold yalue Ell! . Iu this chapter the coefficieutf:5 arc takeu as 

Uo = 1.0 X 10')[01l- 1] aud Elil = 1.0 X 10')[\ )011]. Although thef:5e arc f:5lightly differeut frOlll 

the yahlef:5 giyeu by Hall aud Leck (Uo = 2.0 X 10') [01l - 1] aud Ell! = 5.5 X 10'-[YjOll]) [81], 

our coefficieutf:5 arc aSf:5Ullled to haye qualitatiycly f:5illlilar cffectf:5 011 the silllulatioual results. 

The carrier geueratioll rate G is a 'f:5Ullled to be proportioual to the SUlll of the ahsolute 

yalues of the particle currellt deusities for electrous aud holef:5. As for the recolllbiuatiou 

rate, \\'c Uf:5C the fonll giYCll by the secoud tlTlll of the rhf:5 of eqs.(3.14) aud (3 .10). The 

ya.lue of the recollibillatioll coefficieut 10 used ill this chaptcr i. ' takeu to be larger thau that 



3.3. Silllulatiollal results 39 

expected by the direct band- to-baud racliatiye reCOlllbillatioll rate (~ 10- 10 [ClllJ / s]) [82]. 

Although the rate of recol11billatioll is experilllelltally dete1'111illed to he 1 ~ 10- 1U [Clll:3/S] 

for highly doped systellls \I;hose carrier couceutratioll is 101l[C111- :3] or 1110re [83], the I'alue 

of 10 for the systel11 Ivith cOllcelltratioll of 101.) [Clll-:3] Ivhich is the yalue u,'ed ill the presellt 

lllOdel, is 1101. ayaila.blc to our kllolvledge. \ Ye haxe found hOlll our COll1puta tiollal results 

that for 1u ~ 10- 1U [Cll1:3/S] the recolllbinatioll is too \ycak to COll1l)(~lL ' ate the carrier­

gelleratioll due to th ' il11pa,ct iOlliL;atioll and that the carrier density illcrea,,')es iuddillitely 

to such a degree that f01'111ation and propagation of the stable high-field dOlllain is uo 

101lger sustaillablc. This lllay represent Olle of the cases obseryed by Heeks [33]. \Ye belov,; 

restrict ourseh'es to the case, ' Ivhere the recolllbillatioll rate is takell to be sufficielltly 

strong so that well-defilled dOl11aill propagatioll is lloticeable. III this SCllse we take ~r o 

Sil11ply as the lllOdel parall1eter under the aSSUll1 ptiOll tha.t other faster recol11binatioll 

processes arisillg hOlll the ill1purity leyels, the defects alld so 011 llla} possiblY occur ill 

real systel11s. 

AI110llg the results of extellsiYe COll1putatiollal Ivork carried out \yith the panu11eters 

varied oyer a wiele range of <Pdt alld'0, Vie here give the OI11es for the tl\'O Celses where (i) the 

bias yoltage is takell to be low ill such a \vay that the systeIl1 without the ill1pact iOlliL;atioll 

exhibits the queucheelIl10ele alld that (ii) the bia.':i Yolta,ge is takell to be sufficielltly high 

so that the systeIlI exhibits thc trallsit- tillle Illode . III both cases the 1110tioll becOIlles 

very COl11plicated alld the associateel currellt oscillatiow) arc foulld to be 11011-periodic. 

3.3.1 Case for low <Dd t 

Thi, ' is the case ill Iyhich <Ddt is set equal to 12[Y]. As ShO"'ll ill Figs. 3.2(a) and (b) 

the lliotion in the absellce of the il11pact iOlliL;atioll occurs in the fo1'111 of the quenched 

nlOde. The parcullcter 10 is chosen as 1.0X10- .J[Cl11:3/S] r.llldl.Ox10- 6[Cl11:3r::;]. 

Figur's 3.4(a)-(d) sho,,; the results for ~I O = l.0 X 10-') [011J Is]. Frolll the cunellt 

dellsity til11e series Fig. 3A( a), we filld that the nlOtion is nearly periodic. though the 

tillie illtelTals betweell the neighborillg peaks or the hOttOlllS of the currellt \vayef01'111 and 

the associated cUllplitucles arc slightly different frol11 Ol1e allother. This seelllS to occur as 

a sli 'ht lllOdulatioll of the carrier dellsity gelleratioll arisi11g hOlll the illipact ionizatioll 

ill the clOl11ain Ileal' the cathode. Thi, ' is cOllsiclered to be the case ,yhere the rate of pair 
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creatioll is allllOst ill equilibriull1 \"ith that of 1"CColl1billatioll so that the lllOtioll of the 

clOlllaill is hardly perturbed by the illlpact-iollizatioll effect. 

Figures 3.5(a)-(d) shoyv the results for a slower recOlllbiuatiou rate 10 = l.OX10- (j [Clll : ~/S]. 

The traxeling dOlllaillll10YeS aloug Wety further to the allode a.' cOlllpared \"ith thc prcced­

ing ca '('. This seClllS to arise frOll1 the following reaSOllS. The holes which arc gellcrated 

due to the illlpact iOllizatioll ill the dOlllain 1l10Ye ill the directioll (opposite to clectrolls) 

toward the cathode aud accullnllate llear the cathode. This cau be SCCll frOlll Fig. 3.5( c) 

ill that the hole dellsity H.'lllaius fillite betweell the Ilotch aud the traxeliug dOllWiu . Siucc 

the rate of recolllbillatiou is wea.ker thau the preccdiIlg casc, the Ilulllber of these holes 

ouly sloyvly clillliuishes. The sUl'Yi\'iug holes suppress the growth of the H,'lllaiuillg dOllla.iu 

occurriug at the Ilotch Ilear the cathode to such a degree that the H .. 'IlWiuiIlg clOllWiu at 

thc Ilotch cauuot queuch the traxeling clOlllaill. Thus thc traYeling dOllW.iu lllOYCS a long 

way frOlll thc cathode. 

The cunellt dellsity tillle series Fig. 3.5( a) H.'seIllbles that of the trallsit- tillle Ill0d ' 

giYell by Fig. 3.3(a.). HO\\Tyer, the illterYals betweeu thc lleighboriug pulse, ' iu Fig. 3.o(a) 

arc differeut frOlll ea.ch other , by which Vie suspect the systel11 exhibits au illtcrpulse 

illcohereuce sil11ilar to those obselTed experil11ellta.lly [1 G,32,33A9] . The pulse of currcut 

oscillations is usually geucrated wheu the dOlllaiu is qucuched. Figure 3.o( b) shows the 

queuched poiuts arc differellt frOlll ea ·h other. This , '('ellIS to be the reasou for thc 

illterpuL"C iucoheH.'uce . 

3.3.2 Case for high <Dd c 

This is the case ill which <Dd c is .. ct equal to 20[\"). As ShO\Yll iu Figs. 3.3(a ) aud (b ) the 

lllOtioll occurs ill the fon11 of a traIlsit-tillH .. ' lllOde, if the illlpact iOllizatioll is Hot iIlclu<led. 

The parculletT 10 i .. choseu as l.Ox10-·")[Cl11:3/S] aucll.Ox10- 6 [Cl11:3/S]. 

Figures 3.G(a)-(d) sho\" the results for 10 = l.0 X 10-'") [Cl11:3 Is]. Figure 3.G(a) shows 

that the iuteryals betweell the lleighborillg pulses becolllc llanO\,," aud UIH.'qual as cOlllpared 

with Fig. 3 . 3( a), a.lld reselllbles those of Fig. 3 . 5( a) ill t ha t it also seclllillgb' represeut s 

the iuterpulse iucohereu t cunell t dCllSity. III thi .. case, howeye1". the illlpact. iouiza t iOll 

occurs quite frcqueutly iu the dOlllaiu because of the high bias yolt age . The clOlllaiu 

cousists of the elect rOll acculllulation layer preceded by the depletioll laycr. f-.Iost of the 
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gcucrated dectrous fill part of thc depletiou laycr aud UlOSt of thc gcucratcd holes arc 

auuihilateel iu recolllbillatioll \vith the electrous ill the acculllulatiou layer whcre it .. ratc 

10 is faster thau that of the ca:)c giveu hy Figs. 3.5 . . Accolllpa.llieel h~- this pron.'s" the 

growth of the n .. 'lllaiuillg elollwiu at thc llotch regioll is curt aileel a,llel the d01llaill det aches 

the uotch rcgiou \yith its height ouly illsufficieutly gro\yu a:) cOlllpareel '\,-it h that for thc 

casc \"ithout the i1llpact iOlli~atiou. III fact, the traveliug elOlllaiu sizc iu Fig. 3.G( h) is 

slllaller than that ill Fig. 3.2( b) . Furthenllore, thc n .. 'lllaiuiug elOlllain persists 011 a scale 

1l0t uegligibly sllw.ll auel the growth COlllPCtitiou betweell the travelillg auel the re111aiuiug 

elOl11aius occurs uueler the couelitiollS seellliugly uot so uufavorable to thc re1llaiuillg oue, 

so the travcliug elo1llaill is qucucheel1lliel\vay before rea,ching thc auoele . It is to bc 110teel 

that the SUlll of the an .. 'as shareel by the traveliug auel the re111aiuillg elo1llaills rcpresellts 

the bia:) voltage kept COllSt ant ill our systelll. 

Figures 3. 7( a)-( el) sho'\v the ca:)e for ~I O = 1. 0 x 10- 6 [C111:3 / s] . Of the foul' ca:)cs givCll iu 

this section, this is the case where the bias voltage is highest but the rate of reco1llbiuation 

is slo'\yest. The 11l0tioll is vcry COlllplicatcel auel thc currcut elcllsitv oscillatcs very violclltly. 

The elollw.illS arc n uclea.tcel ally,\V herc ill thc eh.'vice uot rcstrictcel to thc regioll 1H.'a.r the 

llotch auel qucllcheel si1llilarly cUly\\-heH.' . 'Vc CGtUllOt lloticc a.llY rclatioll hetwccu the pulsc 

pcaks of the currellt oscillatiolls auel the quellcheel POillt of the travclillg elo1llaill. For this 

case we have 1l0t yet founel allY rea.':Jouable explana.tion for the cOlllplicated interactiolls 

betweell the trcnTlillg allel the rCllwillillg elo1llaius ulleler the strollg illfiuellce of thc ca.rrier 

gCllcratioll el ue to thc i1ll pact iouiza tiOll . 
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\ !elocity-field characteristics of GaAs for the electroll (1 . (E) alld the 

hole 'up(E) where ut\(E) is calculated by the fonllula (3.9)-(3.10). The lllatcrial data used 

here arc those giYCll ill ref. [42] and [76]. 



3.3. Silllulatiolla.l results 43 

0.65 

J 0.6 

0.55 
o 200 400 6010 800 1000 

TIME 

(a) 

t 

1 

SPACE 

(b) 

Figure 3.2 Thc qucllchcdlllOdc solut ioll for t hc casc <P dc= 12[Y] ,,,,it hout thc iUlpact-

iOllizat ioll effcct . (a )Thc 1l0ll-dilllCl18ional total cuncnt dCllsity at t hc a,nodc J (l, t) as a 

fUllctioll of t illlC t. The ordinatc is lllcasurcd ill arbit rary ullit . (b )Spat io-tClllporal cyolu­

t ioll of t he cl 'ct ric field E (x, t ). TilllC b et,vccll succcssiyc ycrt ical d isplay is 2000~t ,,,,hcrc 

~t is takcll as 0.01 in ulli t of :::d"/1/p . 
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Figure 3.3 The Senlle as Fig. 3.2 for t he trallsit-tillle lllOcle SOlltioll for the case 

<I> dc =20 [\!] wit holl t t he illl pact-iOllizatioll effect. 



t 

t 

Figure 3.4 

0.66 

0.64 

J 0.62 

0.6 

0.58 

SPACE 

o 

(b) 

t 

t 

200 400 

SPACE 

600 

t 

t 

(d) 

3.3. SilllUla.tiollal results -10 

800 1000 

SPACE 
(C) 

The 11lOt io11 for the case <Pdc=12[Y] a11el ~I O = 1.0 X 10-.3 [C111:3 Is] \\." ith the 

illlpact-io11iL;atioll effect . (a)The lloll-elilllellsiollal total curn.'llt elellsity at the alloel ' J(I, t) 

as a fUllCtioll of till1e t. The orelilla te is 11leaslucel ill arbitnuT ullit. (b),(c),(d)Spatio­

tClllporal Cyolu tiOll of t he electric fielel E (x, t), the hole dellsity P (.r. t) alld the electroll 

elellsity J.Y (.c. t) respectiYely. Tillle betweell successiye yertical elispla.y is 2000~t \vhere ~t 

is takell as 0.01 ill ullit of ~x/ l -p. 
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Figure 3.5 The ScU11e as Fig . 3.4 for the case <I> uc ==12[Y] auel '"'{O = l.0 X 10- 6 [011:3 Is] 

with the illl pact- iOlli6atioll effect. 
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Figure 3.6 The ScUlle as Fig. 3.4 for the case <Pdc==20[Y] auel ~! O = 1.0 X 10- ') [C111:3 Is] 

wi th the i111 pact- ioui6a.tiou effect. 
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Chapter 4 

Current oscillations induced by 

recombination instability in 

semicond uctors 

4. 1 Introduction 

III t his chap ter Vie giYe t he results of our llulllerical silllulatiolls for Au-elop eel I/ -Ge 

sho\villg the recolllbillat ioll iustability. III t he llext sectioll we shov,; our llWelel equatiolls 

for Au-elop eel II-Ge allel uUlllerical lllethoels for solyillg t helll. III sectioll 4. 3 Vie giYe t he 

llulllericaJ results for t he systelll showillg t he three eliffercllt llloeles of op eratioll: t he 

t rallsit -t illle , t he quellcheel, a llel t he Olnllic llweles , as ill t he ca.')e of t he GUllll-effect 

elevice . Furt henllore 1 we shovi a cOlllplicateel behayior ill t he t rallsit ioll regioll betweell t he 

elifferellt llweles allel eliscuss its cOllllect ioll "Yvit h spa tio-telllporal eyolut ioll of t he elOlllaill. 

4.2 Equations of motion an d sim ulation m ethod 

, Ve cOllsieler a olle-elilllellsiolla l SYStClll of Au-elop eel I/ o-Ge . T he electric cunell t elellsity 

49 
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J( .c, f) if:) defilled as the f:)U111 of the drift ten11 aud the diffuf:)ioll tenll by 

on(x, f) 
J(x, f) = - CI/(x, f)( -jl)E(.r, f) + cD ux (-i.I) 

'where I/(.c , f) if:) the cOllductioll-electroll-carrier dellf:)ity, alld f/( > 0) if:) the electrolllllOhility. 

The electric potell tial 1> (x, f) if:) defilled by 

o <I> ( .r, f) 
E(x,t) = - ;:'\ 

ux 
(-i .2 ) 

alld the potelltial alld the canier dellf:)itief:) arc related by the POif:)f:)OIl equatioll 

o2<I>(.c, f) e {\- () ( ) . [\- () \ -- ( )] 3 \ __ ( )} o ') = - - 1 d .t - 1/ .c, f - 2 i t. .c - _ .t, f - ~ .c, f 
.c~ f (-i.3) 

\\.'here lVt, (x) if:) the ti111e- illdepelldellt total trap dellf:)ity, ~V - (.t, f) if:) the triplY-llegahn:­

charged occupied trap dellf:)ity, alld (lYt Cr) - lY - (.c, f)) if:) thl' doublY-llegatiye-cha,rged 

ulloccupied trap dellf:)ity. 

Tillle l'yolutioll of the occupied trap dellf:)ity aud thc ea,rricr deuf:)ity if:) goycrlled by thc 

cOlltilluity equatiOllf:) 

DJV-- Cc, f) = _ (~) 
ot of o' 

b 

Oll~~,t) + :r e(~~t)) = (~:) g 

( ~~ ) g = - n E '1/ ( .r. t ){ Nt (.1) - X - (.1. t )} + Ii ~y - (.1. t) 

ELI! -
0E = 00 + (\ J exp - (---) 

ECr, t) [ 
')J 

C-1·5 ) 

(4.6 ) 

(4.7) 

wherc 00 aud 0i\1 arc thc rccOlllbillatioll coefficieutf:), d if:) the C1uif:)f:)iOll cocfficicllt, aud EL/I 

if:) the tluef:)hold field for rccOlllbillatioll. 

The contilluity cquatioll for the occupied tra.p dCllf:)ity (-i.-i) doef:) llOt ha:n' the fiux 

tcnll becauf:)e trapf:) arc at a f:)tallcltitill Oll their f:)itc~. III thc gelleratioll-recolllbiuatiou 

tcnllf:) (4.6) which appear iu the cOlltilluity cq~. (4...1) alld (-i.5), the firf:)t tenll cxprc~~cs the 

l'l'C0111billatioll prOCCf:)S ill vv'hich cOllductioll electrou~ arc trapped by ulloccupied trap~ ) aud 

the secolld tcnll cxpref:)f:)CS thc e1llif:)f:)ioll proccs.· (thc process rc\'erf:)C to the l'l'COlllbillatioll) 

ill which tra.pped elcctrolls arc liberated frOlll thc occupied trapf:) due to a thenllal alld / or 

au optical excitatioll . "\Ye aSf:)UllH.' the recOllll illatioll coefficiellt ill the fonll gin.'ll hy 

eq.(4.7) [77]. 
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\Ye aSSU11le the total t rap de11sity }Vt, (x) (the density of the l"l'COl11biuatioll ceuter ) to 

take t he follo\villg fonll for t he total lellgth L uon llalizcd to be -J:OO 

o 
~\-(i [/0 (or - 20)] 

-Yli [2 - 0.8 Sill { ;0 (.c - -!O) } ] 

2lV(i 

~Vli [2 - /0 (.c - 3 -! 0 ) ] 

o 

(0 ~ .r ~ 20) 

(20 < ,C ~ -J:O) 

(.JO < .c ~ GO) 

(GO < .c ~ 3.J0) 

(3-!0 < .c ~ 3GO) 

( 3 G 0 < .c ~ 400 ) 

w here ~Vli = _Yd / 5, }Vd dcuotillg t he ullifonll backgrouud douor dellsi ty ill the act iye 

regioll (40< .c ~3GO ) [Fig. 4. 1] . The cOlH.:axed regioll (-!O < .c ~GO ) llear the cathode is the 

dopillg uotch frOlll which dOlllaiu uucleatioll aud propagat iou occur. Aud t he dOllor dopiug 

dellsity iYd (.r) is assullled to take t he followillg fon11 for t he total lellgth L uonllalizcd to 

be -J:OO 

(0 ~ oc ~ 20) 

lVci [1 + 11 0 + tCc - 20)] (20 < oC ~ .JO ) 

i\"li [5 + 11 0 - 2 Sill {:OCe - .JO)} ] (.JO < .r ~ GO ) 

JYli [5 + 11 0 ] 

~\ li [5 + 11 0 - %Cc - 340)] 

iV<.i [1 + 11 0 ] 

(GO < oC ~ 340) 

(340 < :c ~ 3GO ) 

(3GO < .c ~ .JOO ) 

\\There 11 0 is t he iuit ial value for the couductioll electrou deusity [Fig . -!.1] . 

III t his chapter we deal \vi th eqs. ( -±.1 )-( -! .1) to detenlliue spat io- te11lporal eyol u t iou 

of t he field yariables II C C, t ), ~Y - Cc, t ), J (.c, t ), E(.c t ). and <D (.c, t ) subject to appropriate 

iuit ial aud bouudary couditious . 

\ Ve discrctize t he systelll iu thc fuullework of t he fiuite diffeH.'uce lllethod aud fi rst di­

yide the oue-dilllellsioual syst e11l iuto I par t it ions. The uot at iolls used to express cqs.( .J .l)­

(.J. 7) ill t he uou-di11leusioual fonll arc as follo\vs : t he leugth of t he SystClll L , t hc lcugth of 

au equally diyided part it ioll ~,c = L / 1, the uuit of t he electric field Eo. l~ siug t hese paralll­

eters , t he t rausfonllat ious by v,,-hich eqs. (4. 1 )-( 4.7) arc expressed iu t he uOll-ciilllcusioual 

fon11 arc such t hat oC ~ L,c, t ~ (L / /lEo)t , II ( .C, t ) ~ lY~i /l CC , t ), _Y - (.c, t ) ~ ~Yd~Y- (.c, t ), 

-\"d('C) ~ -Yli -Yd(.r) , iYtCr) ~ ~Yli -Yl. (.c), E (. c, t ) ~ EoE (.c, t ), <D (.c, t ) ~ Eo L1 (.[', t), 
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.lCe , f ) ---7 C1Yli lt Eo .l(.r, f ). T he result ing non-dinlensional equations arc giycn by 

[)2 <P Cc, f ) 

D.r2 

* D 1/ Cc, f) 
.l Cc, f ) = 1/ Cc, f ) E ( x ,t) + D o,c 

E( ' ) = _ o <I> Cc, f) 
J, f 0 OJ" 

( O.Il ) * * ( ) { i\ T () i\ T - ( )} J* i\ T - ( ) of o' = - (( E '/I . e, f lV t J" - r ''/ x, t + I .! \i x, f 
b 

* * * [( E Ll! ) 2] o E = 0 0 + (l 1 exp - E (x, t.) 

(-1.8 ) 

(-1 .9) 

(-1.10) 

(-1.11) 

(-1. 12) 

(4.13) 

(4. 1-1) 

where t he non-dilllensionaJ parcl.llleters are defined by 5 * = cL A"li /( f Eo), D * = D /( ILEoL ), 

Ur* E /L 1 * i\ T* 1 * \ T* = T it. 0 = , 0 '0 = T .1 v d 00, a,n ( 0 1 = T ~ d 0 tvl . 

Substit ut ion of eq .(4.8) into eq. (4.12) giYes 

oll CeJ) _ U* O( Il Cc,f )E Ce ,f )) _ u-*D * CJ'2 Il (x,t) = 
of CJx 0}''2 ( 

011) * 
ot 

g 

(4 .1 5) 

The goyerning equations t hus becOllle e<1s.( -1 .9)-(4 .11 ) and (-1.1 3) -(4 .1 5) . On t he spa­

t ially discretiz;ed systelll , t he yariables li Ce, f ), iY- ee , f )., and <P Ce, f ) arc defilled at both 

ends of each part it ion: i~J' ( i = 0, 1, · · ·, l ), '\vhile t he yaTiables E (.c, f ) and .lCe, t ) arc 

defined at t he llliddlc points of each part it ion: (i - 1/ 2)~,c( i = 1, 2. · · ·, I ). T he t illle 

step of the systelll evolution is denoted by ~f in unit of T = L /( /f,Eo) so t hat the fi eld 

variables are defined 0 11 t he tillle points k~f ( k = 0, 1,2, ·· . ). Equatiolls (-1 .8)-(4 .10 ) arc 

discretiz;ed wit h t he aid of t he differellce procedure which is spa.tia.lly centered . The re­

sult ing fonll satisfi ed by t he discretiz;ed yariables whose p osit ioll alld tilllC are designate 1 

by t he subscript i and t he superscript k respcctiyely arc found to be 

k k k k 
k II i + lI i+ 1 k * ll i+ 1 -II i 

.li+ (l / 2) = 2 E i+ (l / 2) + D · ~.c ( -1 .1 6) 

E k 
i+ (l / 2 ) = - (.J .1T) 



4.2 . Equatiolls of lllotioll aIld silllulatioll lllct.llOd ,33 

<ph: - 2<Ph: + <ph: 
i+1 i i-l=S* { k+')((V) . _(y-)k)+3(y- )k_(y) .} ( ~,c ):2 /1 1 ~ - ( 1 - I - / - d I ( --1.18 ) 

Equations (--1.11)-(--1.15) arc discretized \vith the aid of the difference procedure \yhich is 

spatially centered and teI11porally seIlli-iI11plicit. 

(J'v:- )~+ J - (;y- )~ = ( *, )h: h:{( V ). _ ( v--)k+l} _ J*( y - )k+l 
~t 0L: 1 /1 / ~ t. / - / ! - I 

h:+l h: h:+1Ek h:+lEh: h:+l 2 h:+J k+l 
" i - "i -[J* " i+1 i+l - " i- 1 i - I -U* D * " i+ l - " i + "i - l 

~t 2~.c (~ ,c):2 

= - (O~)~II~+I{( jV()i _ ( ~y -- )~+ I} +,j* (~y- )~+ l 

The scheIlle thus consists of successive iterations using C<iS. (4.16 )-( --1.21). 

The e(luations of 1l10tiou a.re integrated under the iuitial couditions 

n(.r, 0) = 110 , ~V- (.c, 0) = jVtCc) , aud <J?(.c, 0) = ::''''It <J? 
2 

and the bounda.ry conditions 

and 

<J?(0,t) = 0) <P(/, t) = '<P 

(--1.19) 

(--1.20 ) 

(--1 .21 ) 

( --1.22) 

(4.23 ) 

\vhere <p is the applied dc bias yoltage across the deyice. The illitia.l cOllductioll electroll 

dellsity 110 is assuIlled to haye a ullifonu \ 'a.lue. Igllora.llce of the detail of the IlO profile 

willuot affect the tiI11e eyolutiou of the systel11 because the conductiou electrou dellsity is 

llluch slualler thau that of the dOllor deusity by a factor of 10:3 - 104 ullder lo\v excitatioll 

[61]. The yalues of the systelll paralueters v,rhich arc kept to be fixed duriug the presellt 

coulputatiolls aTe L = 3.16 X 10- :3 [ClU] , .1Yd = 5.0 X 1014 [Clll - :5], 110 = l.0 X 10- :3 (in 

uuit of lVj), /' = 5.0 X 10:3 [Cl11:2 / \ '·sec], Eo = 3.16 X 10[Y/Cl11], E(.11 = l.0 X 10:2[V/CIU], 

00 = 2.0 X 10- 9 [Cl11:3 /sec] , 0 1 = 3.0 X 10- 6 [C1u:3/sec], D = l.0 X 10:2 [ClU:2 Is], and £ = 

16£0 = l.42 X 10- 12 [F /C1U] . These arc considered to be typical of the uf:lual Au-eloped 

Il-Ge [52,56,08 ,59-62]. The yalues of the coefficients 00 and (\ t\ l v,,-e usc in the presellt 

COlll pu tations arc larger than those of experilllen ta.l dat a by a factor of 10:3 , and the choice 

is 1aTgcly detenuined by their possible 10\\,er lilllits aboye which our nU1uerica1 procedures 
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arc feasible. III fact, it takes too llluch COlllPUtillg till H.' to obtaill allY sigllificallt CUllOUllt 

of silllulatiollal data ill case of USillg the yalues of o.u allel 0. [\ 1 cOlllpatihlc ,yith tho.'e of the 

experilllellts. As for the panUlleters characterizillg discr<.'tizatioll, the lluillher of thc .. pace 

partitioll III is below assullied to be III = -:1:00. ·C lldcr these cOllditiolls, the COlllputatiolls 

were perfonllcd to pursue spatio-teillporal e, 'olutioll of the systelll for scycral choseu yalues 

of t he cOlltrol pa,l"CUlleters <P alld Ii. 

4.3 Simulational results 

III this sectioll ,ve giye the results of our llullierical silllulat iolls usiug eqs.(--1.16)-( -±.21) 

for a olle-dilliellsiollal systelll of Au-doped II-Ge. For suitahly chosell yalues of thc lllOdel 

panulleters ,ye haye foulld the systelll beCOllles elcctrically ullstable alld CUlTellt oscil­

lat iolls appear ,vhich arc associated vlith the fonllatioll alld the cyclic propagatioll of 

thc dOlllaill . Such is a COllllllOll feature ill the systellis \vhich ha.ye the _Y -shaped J - E 

ch a.racteristic . 

4.3.1 Fundamental motions 

"\"Ve belov,,· gi,"c se,"eral eXcullples of our llUllllTical silllulatiolls for the case cP = O.l-:1:[Y]. 

At low' yaIues of .J the systelll exhibi ts periodic CUlTellt oscillatiow; associated with a 

high-field dOllWill cyclically propagatillg hOlll the cathode to the allode (the trallsit-tillle 

lllOde). The silllulatiollaI results at ,J = 1.56 x 10'[sec - 1] for thi .. lllode arc showll ill 

Figs. -:I:.2(a) alld --1 .2(b) for tillle eyolu t ioll of the total CUITellt dellsity at thc allode 

J(l, t) alld spatio- teillporal eyolu tiOll of the electric field E (l , t) respectiYely. A. penllalleut 

bUlllP of the electric field, i. c., the relliaillillg dOllWill exists persistellt ly oyer the rauge 

of the llotch hecause vv"e haye assuillcd the elollor elellsity profile , 'uch that it sets up au 

iuholllOgelleous fielel elistributioll of this fonll . If the electric field is sufficielltl)" high aud 

the eillissioll cocfficiellt is sllwll so that the recOlllbillatioll bet,yeell cOlleluctioll electrolls 

a llel ulloccupieel traps preeloillillates, the cOlleluctioll clectrolls ,,"hich fio,,," illtO the dOllWill 

arc trappeel by ulloccupied traps . As a r'sult, the electrically llegatiYe spacc charge 011 
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the cathode (or the upstrecHll) side of the elouwiu iucrea 'es ,yhile trapped electrous 011 

the auode (or the 10wustrea.Ill) siele of the dOlllaiu arc liberateel hOlll occupied t.rap.· hy 

th ' excitatiou aud they drift a,vay hOln the dOlllaiu due to the ,"oltage illlpO.Td ou the 

deyice to such a degree that the uegatiye space charge ou the auode sick of the dOlllaiu 

decreases. Thus ,vith gro,vth of the relllaiuiug dOllWiu a large uUlllber of the associated 

couductiou electrons becollle trapped . ThiD process repeats itself and calloTS the dOlllaiu 

to grow larger until the recOIllbination iUDtability bala,nces ,\;ith the elllission aud the 

diffusiou. Furthenllore, under a Dufficicntly high bias the grown dOlllain detaches itself 

hOlll the notch and IllOyeS dowlnvard toward. ' the auodc without changing the Dhape till 

reaching the anode. The lllotion of the dOlllains giYeD rise to current oscillatious. Figures 

4.2( a) and .f.2(b) . 'how clearly that the current oDcillatiolls cue closcly a.<:>sociated with the 

Illotion of the dOlllaills. Iu this u10de we culalY:0ed the clcpeudeuce of the elolllaiu width 

aud the Yclocity ou the yoltage inlposed ou the deyice. \Ve estilllated the Yclocity of the 

dOIllaiu 'D hOlll the tillle eluriug which the I 'adiug edg' of the traYeliug dOIllaiu 111OY('. · 

betweeu the space poiuts .c = OA and .c = 0.7. The rcasou ,vhy we haxe choseu these 

poiuts for llleasuring the tiule speu t by the passage of the dOlllaiu is that at .r = 0.4 the 

trcv;eliug dOlllaiu ha.<:> aheady becu lllatureel and that at .r = 0.7 it has uot beeu affecteel 

by uou-acti'T regiou ncar the anode . Thus the trayeling elolllaill U10yeS with the coustan t 

Yclocity auel the fixed shape in this regiou. As for the width, we took the half-yalueel 

width as the elolllaiu wielth n-o alld lllcasureel it at the tillle wheu the lcaeliug edge of 

thc dOlllain reached the poiut .r = O. t . \Ye haye found that the width of the dOIllaiu is 

proportional to the yoltage [Fig. .f .3], auel that its Yclocity is hardly depeueleut ou the 

yoltage [Fig. -l..J], both in accordanc' ,,"ith the result. ' obseryed experillleutally [61,63]. 

Howeyer there cue cousiderahle discrepaucies of the lllaguituele of '-0 auel n -0 betweeu 

the present auel the obseryeel ITDUltS. \Ve cOllsider these arc due to the iuappropriate 

choice of the parculleters 00 aud 0 .\1 iu our COlllputations as llleutioned earliel. 

At intenlleeliate yalues of d the traYeliug elollwiu is quenched befor 'reachiug the auode, 

auel the high-hequeucy curreut oscillations elllerge . Siuce the reCOIll binatiou causes the 

dOlllaiu instabilit~" aud the yaluc of !3 represeuts the rate of the elllission which is a r 'yerse 

proceSD against the recOIllbinatiou, thc growth of the traxeling elolllain is curtailed, if .J 

t a,kes a larger yalue . So the dOlllaiu cauuot sustain its shape auel is quenched before 
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reaching the anode. At the f)CUlle tillIe, ho\\"eyer, the H.'lllaining dOlllain begiuf) to gro\\" 

agaiu. The cycle thus repeat f) it.'elf (the queuched llwde). The f)illlulatioual H'f)ultf) at 

d = 9.G x 10'[f)ec- 1] for thif) lllode are f)ho\,'n in Figf). -1:.5(a) anel -1:.5(h). 

At higher yalues of..J the f)ystelll exhibitf) a f)teady-sta.te behayior (the Olllllic or f)teady 

llloclc). The silllulatiollal U_'f)ultf) at d = l.0 x 10 ' [f)ec - 1] for thif) lliocic are f)ho\\"n in Figf). 

-1:.G(a) anel4.G(b). In thif) llwde, at the llWlllent \\;hen the dOlllain detachef) itselffrOlll thc 

reillaining dOlllain in the fonll of a tra\Tling dOlllain, it getf) quenched illllllediatel~' duc 

to the large value of ;J . Therefore the traYeling dOlllain caunot persif)tently exist. 

For the case in which d is fixed, with the increase of the yoltage <D th ' Ilwtion changcf) 

itf) fonll frOlll the Olllllic to the quenched and then to the tranf)it-tillle lliode. At low yalues 

of <I> the dOlllaill oyer the range of the notch cannot gro\v large enough to detach it. 'elf 

fronl the reillaiuing dOllwin , f)0 the f)yst 'Ul exhibitf) f)teadY-f)tate behaxior. At intenllediate 

yalues of <I> the reillaining dOlllain grOWf) larg 'l' than that of the fonller case aud the dOlllain 

detachef) itself frOlll the notch a.s a traYeling eloillain . Howeyer the traxcling dOlllain docs 

not beCOllle f)ufficiently large and is quellched before reaching the anode. At higher yalues 

of <I> the traxeling dOlllain grOWf) huge ellough to reach the anode and the f)ysteIll exhihitf) 

all oscillatory behayior \vhose frequency is detenllined by the tiIlle during which t h' 

traveling dOlllain IllOyef) frOlll the cathode to the anode. Figure -1:.7 showf) how a.ppearance 

of the different Illocic of Illation depellclt; on the yoltage 4;1> and the elllif)sion coefficient d . 

Th ' three Ilwdef) of operation found in the pref)ellt f)Yf)te Ill a.re the ScHlle ill the can.' of t he 

GUllu-cffcct deyice, as f)hovnl ill the preVi01.lf) chapterf), aud the Illechallislllf) giving rif)e to 

these call be underf)tood in a f)iIllilar IllcUlllC'l' [78]. 

4 .3.2 Peculiar motions 

III addition to the aboye, \vc haye found the challge of th' p eriodicity of CUITent 

of)cillatiolls illcludillg nOllperiodicity ill the tnl.nf)itioll regioll behvc' '11 the quenched allcl 

the transi t-tiIlle lllocic. \Ye belo\\; show f)eyeral re. 'ult f) of our 11 ulllerical f) illlUla tionf). At 

the phase point D (<D=0.18[\T], d = 8.0 x 10'[.-ec- J]) on the phase diagrcull Fig . .J.7, the 

f)Yf)tClll exhibit. , current oscillationf) with the frequcncy fo/2 as f)hown in Fig . .J.8. Thif) if) 

to be cOlllpareel \yith the ref)ultf) at the phase point G [Fig . .J.11] \\"here the Ilwtioll exhibitf) 

a typical trculf)it-tiule uwde \vith fo being the fundcullelltal frequency for the tranf)it-tillle 
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llwdc (<I> =0 .19 [\ 1 d = ,.0 x 10' [[:)CC - 1]). Figurc -l. 8( b) . ·ho,\,[:) that traYClillg far- reac hing 

dOlllain[:) (,ve call thc[:)c [:)ill1ply ,. the llla,ill dOllla,ill" bclo,,,' ) reach the allode COlllpletdy, and 

travcling [:)ub-dOllla,iu[:) (,vc call the[:)c [:)illlpl~' ,. thc [:)ub dOllWill[:)" below) who[:)c .. ize i[:) llHH:h 

[:)lliallcr than the lllaiu dOlllaill a.ppcar at cycry othcr fixcd in[:)taut [:)0111cwhcre intcnllcdiate 

bctwcell the [:)uccc[:)[:)ivc [:)tartillg tinH.'f) for thc lllaill dOllla,ill ncar the cathodc alld they arc 

qu 'nched at certaill dOVn1f)trcalll [:)pace poillt ,,-ell bcforc reaching the auodc. Since thc 

parallietcr point D in thc diagrall1 (<I> ,;3) i[:) clo[:)e to the rcgillle for the qucllchcd lllOdc, 

thc gro,vth ill[:)tability of thc r 'illaining dOllla,in i[:) ahllo[:)t as f)trong a[:) that of the travclillg 

dOlllaill. In thc arguillcllt[:) givcn belov,;, it i[:) to be llotcd that the total [:)izc (or th ' total 

[:)ulnll1ed a,rea below thc E (x, t) curve) of the l"Clllailling dOllwin, thc Inain dOlllain, and thc 

[:)ub dOlllain i[:) alway[:) con[:)tant bccau[:)c thc potcntial illlpo[:)ed oyer thc [:)y[:)telll i[:) kcpt fixed. 

Thcrc arc case[:) in which a sub dOlllain:I detachcs itsclf froll1 thc rClllaining dOlllain before 

the ll1ain dOlllain :II reachcs thc anodc and thi. · f)ub dOl11ain:I is f)ubsequentlv quenched 

sinlultaneously with extillctiou of the lllain dOllw,in:II at the auode. K ow that a llew lliain 

dOlllain :III grows larger thau the IH'C\-ious ouc:II it detachcs itself froln the reillaining 

dOlnaiu, aud the subsequeut sub dOlllaiu detaclllllent docs uot occur during the tilllC in 

,vhich the prcseut lllain dOllla,iu:III is propagatiug. The H.'lllaiuing dOlllain coutinuef) to 

grow large and widc owillg to the abseuce of thc su b-cloillain in the IH'eyious stage, as 

long as thc ll1ain dOl11ain :III propagates gradually dil11inishing its sizc. So at this tillle 

the large portion of the r<..'lliainiug dOllWiu is left as the H.'llwining dOlllain, and the llwiu 

dOlllain:IY dctachl's itself with sll1allcr size cOlllparing the las t ll1a,in dOlllain:III. Thus the 

sub dOlllaiu:V 'au now detach itself before thc lllaiu d01l1ain:IY rcachef) the auodc. Th' 

cycle thus repeats itself and the oscillatious \vith thc double pcriod elllcrge. Iu Fig . .t.' 

in the phasc diagralll, the llwtion if) classificd as the qucllchcdlllOdc for thc casc in which 

allY travcliug dOlllaiu ucycr rcachcf) thc auodc., aud af) thc trausit -till1C llwdl' for the caf) , 

in 'v hich the traYl'ling dOl11aiu rcachco' t hc allode if on1\' oncc. 

At thc phase point E (<1>=0 .19[Y], ,j = 8.0 X 10'[scc- 1
]) thc SVf)tClll cxhil its period-l 

(or thc frcqUl'ucy fo/-l) CUlTcut of)cillatiouf) . Thif) if) aSf)ociatl'd \"ith thc 11l0tiou of the 

dOl11ains ,\"hcrc the suh dOl11ain appcarf) as showu iu Figf). -l.9 ,vith the pcriod which 

if) quadruplc the ouc for thc lllain dOlllaiu, i.c., at cycry four fixcd iUf)tautf) f)oulc\vhcr<..' 

illtenllcdia tc bct,\'ccn t hc f)uccef)siyc st cutiug til11CS for thc lllaiu clol11aill at the cathode. 
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At the phase POillt F (CP=O.l-4:[Y], d=T.T58-±x10'[sec - 1]) the systelll exhibits pcriod 2 

currellt oscillatiolls as ShUVVll ill Fig. -4: .10. The CUlTcllt oscillat.iolls \yith the period 2 arc 

caused by the fact that the Yallishillg POilltS of t.he far- rcachillg traYelillg dOllWillS:I alld II 

arc alterllately slightly differcllt frOlll each other. Alt.hough ill this case allY dOllWill llCY(T 

reachcs thc allode, ,dlich is differcllt frOlll the case for the phase POillt D, \ve cOllsider the 

lllechauisill \vhich leads to period 2 oscillatiolls i. ' quite silllilar to that llielltiolled ahoye. 

Furthenllore at the phase POillt H (<1>=0 .1-4:[\'], ;J == T.G3G X 101[sec- 1]) the systelll 

exhibits lloll-periodic CUlTellt oscilla.tiolls as ShOWll ill Figs. -± .12. Figure -±.12(b) sho\vs 

that the lloll-periodic oscillat.iolls arc cclll.'ed by stochastic quellchillg of thc trcn'elillg 

dOlllaill.' . III t his case, it. is illlpossible t.o predict the POillt at. \vhich t.he t.raYelillg dOlllaill 

get.s extillguished . Figure -± .12(c) is the Lorellz lllap 1.Ili+l = f(I.Ili), where 1.Ili dellotes 

the yalue of t.he it.h lliaxillllllll of the currellt.-dellsity tillle series . Ollly t.he llla,xillia \vhose 

yalues arc aboye l.1 are plot.ted, because t.hese arc the III axi II la, that arc related \vith 

stochast.ic quenching of the lliain dOlllaill. This lliap also sho\vs clearly t.he absellce of 

correlatioll bet.v,'Tell the yaIues of successiye lliaxillia of the current dellsit.y. 
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Figure 4.1 T he profile~ for t he total t rap cl eu~ity "VL Cr) (the upper liue) aucl the 

clollor cl eu~ity lVe! (:c) (t he lower liue) \vhere the total leugth i~ u onllalizecl to be --l 00 . 
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3~50 400 

Figure 4.2 The t rallsit -t illle lllode solu t. ion for t he case <P=O.l-J[Y] alld ;J = 

7.56 X 107[sec- 1
] at t. he point A. in Fig. ~. 7 . (a)The absolute yalue of the total cur­

rent. density at. t. he anode J(l , t) [in unit of 2 .0 A] as a fUllct.ioll of tillle t [ill unit of 

2.0x 10- ) sec]. (b)S pat io-telllPoraJ eyolut ioll of t.he electric field ECl', t). The high electric 

field is represellted ill such a ,'lay t hat the field intensity illCH.'i:1SeS ,vith the degree of 

whiteness of t he figure . 
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Figure 4.3 Dep eudeuce of t he dOlllaiu widt h H/l) [iu uuit of 10-:3 Ullll] au t he 

yoltage illlpOt5ed au t he deyice <P [iu uuit of 10- 1 Y]. 
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Figure 4.4 Dep elldellce of t he dOllla ill ,vicl t h l TI) [ill u llit of 10-:3 llllll] a ll t h e yoltage 

illlPOf:)ccl a ll t he cleyicc 1> [ill ullit of 10- 1 V]. 
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350 400 

The que11cheelllloclc solut ioll for t he case <1>=0.1 4[\1] a,uel d = 9.G X 107 

[scc- 1
] at t he point B iu Fig. 4 . { sho\v11 ill t he sallle way as iu Fig. 4.2. 
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Figure 4.6 The OIll11ie nlOde ~oIu t ioll for t he case (1)=0.1 4[\] alld d 1.0 x 

10 [~e(' - l ] at t he POillt C ill Fig. 4. 7 ~hO\Vll ill t he ~allle way as ill Fig. 4.2. 
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are plottcd to Dhow a rallge of thc Dct of thc yaIucD ill vvhich thc Olnllie (OpCll squarcs), 

thc qucllchcd (solid dialllollds) alld the trallsit- tillle (OpCll diarllollcb) lllOdcs appcar. 
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Th(' pcriocl211lOtiou for the case <1>=0. 18(V] (l.ud /3 = 8. 0 x 10' (s(, (" - I] i-1,1 

the poillt. D ill Fig. 4.7 SllOWll ill the S;UllC way as ill Fig. 4.2. III Fig. ~. 8( h ) t.ll<' ROllla.ll 

llHlllcr;..'Lls arc a.tta.ched to SOll1e cl0111ains for a help of t.he clllcicia.t.ioll of t,lJ(' llH'cllrwis lll ill 

scct.ic)ll 4.3. 
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350 400 

The period 4 BlOtioll for the case <1>=0.19[V] and ,13 = 8.0 x 107[sec - 1
] 

at the point E ill Fig. -L 7 shown ill the sallle way as ill Fig. 4.2. 

& 1 -



1.13 

1 .11 

/J/1.09 

1.07 

1.05 
200 

t 

r 

4.3. Silllulat.io llal res ults 68 

250 300 400 

TIME 

(a) 

II 

(b) I 

Figure 4.10 The p('riod 2 11l0tioll for t.he case <P = O.l.J[V] a.llel d = f .f G84 X 
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] aJ, t.he poillt F ill Fig. 4.7 ShOWll ill t.he salllC way as ill Fig . .J.8. 
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350 400 

The t ransit -t illle llloele solut ion for t he 'a8e <P = 0. 19[\T] anel .J 

7.0 X 107[sec-1] at t he point G ill Fig. c± .7 ShO\Vll ill t he saIlle \vay a8 in Fig. 4.2. 
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The non-periodic lllOtioll for t he carl' ~=O .14[V] a.nd ;j = 7. G3G x 

107[sec- 1] at the poillt H ill Fig. 4.7 shown in the ScUlle ,vay as ill Fig. ~.2, and (c) is the 

Loren~ l11ap obtained by plott ing successiye lllaxil11a of IJI(> 1.1 ), IJli+1 = f(IJli) during 

t = 200 rv 2000. 



Chapter 5 

Summary and conclusion 

\\ e ha",e preseuted t.he silllulatiollal 11l0del for seIllicouductors which exhibit the do­

Ina,iu instability, alld iuYestiga.ted the dyucunics of the systelll ou the basis of the relatioll 

1 etweeu the curreut oscillatiolls aud the lllOtiou of dOIllains. 

First, \\le haxe giyeu the results of COlllputer silnulatioll for the Guuu-effect deyice driyeu 

by the dc aud the rf bias yol tage of the fo1'1n <J? dc - <J? r1' cos 211 fo t. Depeudiug ou the e hoseu 

yalues of <J?dCl <J?I'1', aud fo, the systelll is fouud to exhibit yarious types of spatio-telllporal 

bchayiol'. "\iVheu the deyiee is subject ouly to the de bias yoltage <J?dc, the lllOtiou \vith 

iucrease of its applied yalue lllauifests itself iu the fo1'1n of the Olllllic I the queuched, a.ud 

the trausit-tiIlle lllodes. "\Yhile the Olllnic lllock sustaius ouly tillle-illdepelldellt steady 

te1'1lliual eurreut, the latter two giye rise to periodically oscillatiug te1'1niual curreut arisiug 

a .. C) a result of cyclic propagatiou of the dOlnaiu startiug frolll the cathode. Iu coutrast, 

however, \~"heu the systeIll is driyeu both by t he de aud the rf bias yoltage , the IllOtiou 

iu sOllle cases becollles qucl.'i- periodic aud characterized by the su bha1'1llouic frequeucy iu 

additiou to the fuudallleutal chiyiug frequeucy fo. Iu particular, vve ha\'e fouud t hat the 

IllOtiou beeollles chaotic for specially choseu yalues of the bias panUlleters aud that the 

chaotic state is saucl\:viched l eh\--eeu the forward aud the rcyerse period-doubliug cascades. 

At preseut, it is uot clear v,,-hether this is experiIllelltally obselTablc. It is difficult to 

dete1'1lliue the ext 'ut to vvhich (i ) the preseut 1l10del systeIll adequately des Tibes the 

experiIllelltally accessible real systeIll aud (ii) the presellt fiuite differellce systelll giyes 

71 
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a properly a.pproxill1ated ~olution to the original partial differential equation~. \Ye here 

only lllake brief COllll1l(.'nt~ on the t\vo point~, i. c., the II Ull1C'1"ic al illtegrating ~chell1e and 

the doping notch ,vhich i~ ~ecillingly 1110, 't peculiar to the pre~eut 1l10dcl ~y~telll. Fir. ,t, iu 

order to obtaiu the uUlllerica.l ~olutioll~ represeutillg the chaotic 11l0tioll , ,ye haxe u~ed a 

carefully cho~eu ~chel11e iu the ~eu~e that in cOlllpari~ou ,,,it h ~eyeral other ~chell1e~ it yicld~ 

the re~ults with the lea ,t aillouut of the rclatiye error~ ,,"heu the ~i:6e of ~t i~ yaricd oyer a 

rauge frOlll 0.05 to 0.01. Secoud, iu thi~ work, the dopiug uotch i~ u~ed as a ~ill1ple lllOdcl 

for dOlllCl.ill uucleatiou. Although the quellchedllloclc which i~ ~eel11illgly illdi~pell, 'able to 

geueratiug chao, ' i~ dOlllillated by COll1plicated iutera.ctiou~ betweell the traYeliug aud the 

reillaiuiug dOllW,iu~, it i~ uot clear whether lllauifestatiou of chao~ critically depend~ ou a 

~pecial choice of the dOllw,in llucleatiug lllechauislll. 

l\ext, Vie ha,\'e giYell the rc~ult~ for the Guuu-effect deyice iu ,vhich the illlpact ion­

i:6atioll i~ allo,,"ed to occur. For suitably chosell yalues of the lllOdcl parallleters we ha,\'e 

found the interpulse illcohereut curreut o~cillatiou~ ~illlilar to those obseryed experilllell­

tally alld haye thereill giycu plau~ible argull1ent~ to the lllechanisl11 ullderlyiug thCll1 011 

the basi~ of spatio-tcll1Poral eyolutioll of thc dOllW,ill. 

Dcpellding on thc chosen yalue~ of <PJc alld '"'(0, the Sy~tCll1 i~ fouud to exhibit COl11-

plicated ~patio- teillporal bchayior. Iu this CClliC, the d0111aiu lllOtio11 gct~ to be 1110re or 

less perturbed by the re~ulting carrier generatiou alld l"CColllbillatiou. Iu particular , we 

hayc found that the lllotion bCCOlllC~ 1l01l-periodic for specially cho~eu yalue~ of <I> uc aud 

'"'(0 CVCll if the rf bias yoltagc is llOt ill1 posed . The ill1 pact ioui:6atioll has two lllaill cffect~ 

011 the lllOtion of the Gunn-cffect deYice~ as lllelltiolled in ~ection 3.3. First, the holc~ 

gcuerated in the traveling dOlllaiu drift to the cathode alld ~uppres~ the gro,vth of th ' 

relnaiuiug dOlllaiu at the uotch regiou. Secoud, the ccl.lTiers( hole~ alld electrons) geUC'l"­

a.ted iu the tra.Yelillg dOlllCl.in suppre~s the growth of the dOlllaiu it~clf. So the ill1pact 

ioni:6ation affect~ both relllaining aud traYeliug dOllwins. The lllOtiou of the GUllll-effect 

deyice is origina.lly goyerued by the gro\,"th cOll1petitiou betweeu the ITlllailliug dOlllain 

at the uotch and the detached tnv:eling dOllwin . It i~ under~tandable that the lllOtioll 

of the GUllll-dfect deyice thus affected by the ill1pact ioui:6atiou in an autocatalytic way 
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exhibits lloll-pcriodic bchavior ullder suitably ChOSCll cxt crllal COIHJitiollS. III thi.· f'CllSC 

the GUllll-cffcct device with thc illlpact iOllizatioll is Olle of thc dYlli:l..lllical SYStClllS which 

cxhibit uOll-periodic telllporal bchavior cluc to their O"\\~ll autollolllOUS llolllillcarity CVCll if 

they arc 1l0t drivcll by all cxtcrllal pcriodic forcc. Ho"\veyer , it is llOt clear if thcrc exi.· t 

rcal /I-GaAs svstelllS "\vhose ratc of rccOlllbillatioll ", 0 is of the smllC ordcr of Illagllitudc as 

choscll ill our 1l10dcl SYStClll. Frolllexperilllcllt.al rcsults available at presellt [lG,32,33AG], 

we get illfonllat.ioll 011 illterpulsc illcohcrcllcc ollly ill t.crH1S of qualitatiyc dcscriptioll. III 

order to asc'rtaill whcthcr it occurs ill thc way silllilar to t.hat givCll ill chapter 3, it. is 

lleces.'ary to get Illorc detailcd experilllcllt.al rcsults 011 its 10llg-tilllC sustaillillg cOllditiollS 

alld opcrative recolllbillatioll proccsscs COllcolllitallt "\"ith it. 

The llOll-periodic lllOtioll occurrillg ill our SYStCIll exhi bi ts COlll plic atcd spatio- tCIll poral 

structure alld we ha"\'e 1l0t succcedcd ill accoulltillg for it ill t.enllS of SilllPlc dctenllillist.ic 

chaos . -or haTe wc fOUlld allY bifurcat.ioll scquellcc whcrcby thc dOllWill IllOtioll ulldergo 'S 

a trallsitioll frOlll periodic to lloll-periodic bchayior. 

Third, we haxe studicd thc behavior of a ollc-dilllcllsiollal SYStclll for Au-doped /1-

Ge. Depelldillg 011 t.he chosell values of thc 11l0dcl panullct.crs thc systelll is foulld t.o 

cxhibit thrce types of lllodes of operatioll which arc classificd all thc basis of spatio­

telllporal behavior of the systelll, alld spatio-tclllPoral structure of this SYStClll dcyelops 

by the growth cOlllpetitioll bet.weell the relllaillillg dOlllaill a,t thc llotch aud thc dct·\. 'hed 

travelillg dOllIa,illS ill t.he salllC IllcUlllcr as that for the GUllu-dfect dcvice. Iu t.he trallsi tiOll 

regioll bet"\vccll t.hc quellched alld the Olllllic llloclcs, llO strallge behaviors of thc sv. 'telll 

hayc bCCll obscITed. 011 the other halld , ill thc trallsit.:ioll rcgioll bchvcell the trallsit­

tillle alld t.hc queuched lllOdcs wc have fouud t.he periodicity of the currcut oscillatiolls 

ulldergocs bihac atiolls and nOll- pcriodic oscillat.iolls also elllcrge . Piragas ct rd. rcported 

all expcrillleut Oll t.he I'CColllbillat.ioll illstabilit.y usillg Cr-doped GaAs \vhcrc the S)'stCIll 

exhibit.s chaotic currcllt oscillat.iolls uuder cert.aiu spccified cOllditiolls, alld thcy tricd to 

clarify the uudcrlyillg lllechauislll usiug a 11l0dcl of ordillary diffcrclltialcquatiolls [G8. 70]. 

But their lllOdcl is 1l0t. sufficieut for describillg thc systelll ill that the spatial struct urc of 

t.hc systelll such as t.hc fonllatioll alld thc propagatioll of thc dOlllaiu arc uot takcll illtO 
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accouut at all. 

\Ye haye fouud frolll our COlllputatioual results that the uOll-periodic 1l10tiollS occur 

oyer a ,vide rauge of the panulleter space specified by .} alld <P . Howcyer, ,ye hayc uot. 

succeeded ill uuderstaudillg its COlllplicatecl spatio-telllporal structure iu tcnllS of ,'illiple 

detenllillistic chaos . Furthenllore, it is 1l0t clear ,,,hether the bifurcatioll rout.es frOlll 

periodic to llou-periodic oscillatiolls folIo,,, the COllyelltiollal rules' COllllllouly obsenTd ill 

SiIllple dYllcullica.l systeills . 

Although v"e were forced to usc the yalues of the parmlleters 00 aud (\ I which arc 

illcoillpatible with those of real systellls, ,ve expect that the results obtaiued haye SOllIe 

yalidity ill predictillg the 1110des of operatiou OCCUITillg ill real syst.euls except for the 

di.'crepallcy of the associated ti11le scales . 

As we Ineu tiolled before, the 11lOtioll of seillicoucl uctors which ha"e the dOllla,ill iu­

stability uuder stroug excitatious is goyerued by the growth cOlllpetitiou betweeu the 

rellla,iuillg cloillaiu at the llotch aud detached traYelillg d011la,ius. \Vhell all iustability of 

the tra,Ycli11g dOlllaiu arc 1110re dOl11illaut thau that of the rel11aiuiug dOlllai11, the systeul 

exhibits a trausit- tillle llloclc " For the coutrary case the syste11l operates as au Olnllic 

llloclc . If an illstability of the traxeliug dOlllaiu is cOlllparable with that of the relllaiuiug 

dOIlla,iu, a cluellched ll10de ellierges . Iu the systellls which arc dealt ,vith iu this thesis, 

this queuched u10de pla\-s au illlportaut role to exhibit peculiar IllOtious. Iu th ' case of 

th ' periodically-driyeu GUllll-effect deyice, au iustability of traYelillg dOlllaius is lllaiul~­

coutrolled by the tillle-depelldellt hia,') Yoltage" \Yheu the bia.') yoltage is as lo\v as that 

correspouds to the quellchedll1Ode , the illstahility of tnl\-eliug clOlllaills is ,Yeakelled, alld 

as the yoltage iucreases t.he SYStClll backs illtO the regi11le for the trausit-tillie lllOde. Thus 

a subtle halallce of th ' gro,vth cOlllpetitiou het\''v-eeu dOllWill.' is realized. It is \vell kllO,Yll 

that forced oscillators such as described by Duffillg "S equatiou [86] call exhihit chaotic he­

hayior. alld its dyualllical behayior is described iu tenllS of onlillary clifferelltial equatiolls 

without recourse to the sp'l.tial degree of heedolll . Selllicollductors v,,"hich hcl\T the d011Wiu 

illst a bilit} cue CllllOllg spa tio- teillporal oscillators iu that currellt oscillatiolls ellierge d He 

to the fonllatiou aud the cyclic propagatioll of dOllWillS . It is llaturall~' exp 'eted t hat such 
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spatio-telllporal oscillatious also exhibit chaotic behayion, a~ 'lye fouud iu the periodically 

chin.'u Guuu-Effect deyice . HO\\Tyer , the Guuu-effect deyice \"it h the illl pact iouiza tiou 

aud Au-doped n-Ge haye showu peculiar lllOtions eyen under a static exterual field. Iu 

,'uch ca~es, the illlpact ionizatiou aud the elllissiou by excitatious suppress the gro\yth of 

traYeliug dOlllaius , aud iu the para,llleter space spauned by the coutrol parcullcters, the 

area v,;here a growth rate of traYeliug dOlllaiu is cOlllparablc with that of the n.'llwiuiug 

dOllW.iU is \vidcly expa.uded. Thus quasi- periodic aud chaotic 1l10tious haye heeu 0 bseryed 

by COlllputer sillnllatious. 

Iu our lllOdcl the panulleters haye beeu choseu 1l10Stly frOlll experillleutal data so that 

our results arc expected to be 0 bsernxl ill real systellls . A part frOlll the COlll parisoll \vi th 

the experillleuts, \\'e haxe obtaiued iustructiye illfonllatioll ou the systelll \vhich is differeut 

frOlll that driveu uuder the periodic boullda,ry conditions iu that in our ca~e the dOlllains 

arc fonlled and start traYelillg at celtaiu specified regiou of the systelll. \Ye belieye that 

SOllle COllllllOn feature call be extra.cted froln the Systelll which has the dOlllaiu illstability 

a~sociated with yarious lllicroscopic lllechanislllS . and further studies on this problelll \vill 

prOlllote better ullderstandillg of llolllillear and nOll-equilibriunl systellls. 
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