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This, cinn cntiI 1 do ,ci p tion:,; of ou r i'ork onl two d imcrnena a

teal) evoi t inl Si awid lIP &v ic and !-I~i ii dependenit reC uIlbitialt iolL i IA Si

gat 0 cetA I-0, I id p 1!3n to ; (,11: .TII( tw~o dimeni)onal wo'rk CoveCr:; U~r

inveli~t 1ciol !1 11,11 i i effect vxI. W find" that thc effect

is )Aialydc Cal an 'i:,-'nred 1,y theic applic .1ion of a fini te

freyt Ic- T'111C of Ilhis i. 'feet i!-; discussed il t-erms of Z,

delec]~ et iiao- (loot Yonl il t Ihe ta'il oif I-ndanm 'vl The *
C-IPerii..'PtS iPI;C Cc I lhzat JcI~' *o:: I tio;i in t-Ile talils cf Lanldaul Ic \'c5I " is

CV!i!,.' l''y bothl (Ii (I eC rn tr e (1 Iectr3Ci,-eA eCCtron ilit(:crili. Anuthe

al~p~~c'f I e1 ctsne] t soInterzc Lic.n I.which ]],'IS b-cn ilvc et;Ig:at:cd

III ':;c La c3ry (c(11n111, ase in aicr;on layers \c)Ii-n clic'rge i s presen.

risc to aconl ti cI: to tic activact-i oin rg wb.(.I) I'lc1 osihaes .i 0b

caic it c c o ce I, ; on e . Othe1(r t-opics in two whin oexli ch are cisn c

incic ld I -, rO 1(c o' !pin-orlbit co, upling, in transport, in the In2 i ovcrsim-

I ayor one11 an lov: gto of thie scal inig thcory of condluction. J11 th~is

I atcy ta; Ic Dc' i c oic l"ediIht a one, p arame tor s (c ii ig fun t i'cli Oc s

niot exist . The cx is ten ce o" I le ea 21) locl. i sai on has aliso a]I x: c a

.LVtstJL ga t ion of he 1C ate of cmc rgy l os;,; of hiot ('1 ectrons in Si inversion

avers.

The other top;c diiscussed is spini dependci-t rccomhinat ion in Si gate

cont-rol.] cd p-n- juncic. ens. Thes signal is fond to he indcpendcit of frequesos

.1 'IF il21;Oz, od by ticeore Ii cal. models. We l"i'e Aso found a spill dejienid et

gene rat ion i siic I of the soume 1iapn itude as the re coibi nation signail A At

Present wec do not liace a thecore tical model3 f or this of f ct , ftture work

will incl ude both1 expo rirncnts and an at tempt to produIce a IToeCcO 10C111t illi

for both ,;p inl dc'pondo nt-: i-coiiili at ion and gene lrat ionl

,9 n ,,v



1.

1 JNTIOUC'J'I ON

]in this, first, report' we present results of our

inv(:stigations into various aspects of two dimensional transport and

spin dependent recombination. The two divicnisioral work has been

publi she1d and the papers are attached as an appendix, thus the ain

part of this replrt. will only contain short summaries of the papers.

A ful I cr delcript ion of the work on spin dependent r ccnbh2 naton is

given. ,O'rl on Ihe bal].istic injection of electrom; is now at the

stage of produeing rcsults but there is nothing suitable, at present,

for incorporation in the report.

2. TV.O D]hDh:,h[ ' /,1, TPU.NSP1O1

(a) The Wim-ger glass and conductance orcilIations in siliccn

invcrsion layers.

V sIhow' that on changing the nature of the background -ranclom

potential the inversion layer of t:he Si MOSFET exlibits the

conductmncc osci.lat ons previows.1 y observed in both GaAs, the

source and drain regions of Si M*OS'i'rs and MOSulTrs with a very

high concentration of Na+ ions at the Si-Si 02 interface.

Nea;urenenl:s of the te.mperature dependence of conductance show

. that oscillations are found when conductance is by an excitation

process as well as hopping. The oscillations arise fre:i an

oscilatLing activation energy which is due to either an oscillatin-;

interaction contribution to the activation energy, or a negative

effcctive density of states at certain valtca of carrier

concentration. This appears due to electron ordering in a

small current limiting region and is contrasted with the case

where the oscillations are absent, although loca1isation is due

to both background disorder and the random field of localised

electrons. It is shown that near the transition, local isation

is due almost entirely to the random field of the localised

electrons, and the system is a strongl.y interacting Fermi glass

(or Wigner glass), even though the oscillations are not apparent.
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(v) Elct. ron local isation and t he 2D qun t is ed Hall resi stance

Using Si invclri on Iaycrs we have investigated the plateau

of quant ised Hfall resistnce appeari.g, %Aien the i'erIII energy

Ei.,s between the spin paral]]el and spin anti-parallel states

of the ground Landau level. When states below EF are local i sed,

indice,'ted by a temLl, era turc-d epndent (s througLout the I ewe1

a pl.ateir is not forcd; subsequent delocalisation of states

near the centre of the Iovel results in the ap)earanc of tH),

platc,:;u . The deocalisation can be achieved by an increase in
tempcr:ture, or the application of a substrate hias, and the

ease cf this! proress ; ice tes that the degree of local-isation,

when pj ,e, cut, is weak. Under these circumstances the locali ] ntion..

is Im iig range anO can be interpreted as the absence of a

con,;neueus extendcd path through the specim:en.

Neesuremonts under AC :ondlitions result in the appearancc of a

plateau with increa sing frequency ,-hen one is not apparent: a. DC.

This is discusscd in terms of the localisation length, and it is

sugge.:ted that electrons blhmve as if delocalised vhen the

frequency is such that the drift length is less than the

localisation length.

The hehaviour of pxy throughout the ground Landau level has 1,con

analysed cnd It is shom that a 'non-ial' Hall effect is not

obtained from extended states at the centre of the level.. This

is in agreement with theories which suggest that the extended

state a compensates for the presence of localised states. in thCxy

tail of the level. It is fomnd that when extended states are

present in the second level. (04 -) they not only compensate for

the locAl.ised states in this level but also compensate for the

bottom level (0+ +) which is entirely locali sed. On the other

hand, when s:ates near the centre of the level are localised,

and a pl,.Ao.au is not found, the results indicate that weakly

localised carriers rontribute norm-ally to the flall effect. The

absence of any effect of the weak localisation on axy is the s"'-

as lie.;s been found for wa, non-1nagnc. localir ation ill hoth ,'-.

and t.hr(: (llns]ons, i

(!



(C) Spi u-orb t coupl ing and vweak I our!].J Saon in tl!he 2D inversi on

lyer of 111(11imi 'llo.s'phi do

1-.' repot s':~urciint of the vmgno orve istanec (v of the 21)

inver~] on lny r) of a i Il] OSPY"T in tbhe temlpC-r ture ran,,e

T -;4.2 -*0. 3!. Fo I- k1.1> 5 we oerepo!si Li xe N111 at low

magnet'11ic fildc' 13 < 0.0C)]5 TF and( negfal ;e I'll at hi ga-er 2AC

Of B1. We' attlilat C this; hehay 7i.Ou tO t h10 p)J'CSCn co of sf reug-

sp:n--r bt oupingwhi lih at B -- 0 red-cuces the ca:li Oaof

the weak Jlocaisotion. As 13 i.,. incren fedl, the, spi n-or]

ilnteraet~ on is progr;Vsiveiy quenached, letogi a pos i tivce

lilt wln eh cventuAil]y turns ever. into nfl-g,;ttivcj 3'1\ !F: the( tVil1c

revci-al sy~n~e Of 01f the iIV!' illtu jterreu (C lc m o)

is e ;:oycd. Our resuilts Canl ba nl.1i1L'tio VC::li iUr7>

Analysis of I he negja!-ive ingeorsstac ws a] cue-d Us to

ob~~\ethe role of 0elctron--elcctronisatr ~ hc canl he

~~pr : Lad2 wo ten-s; varying with te-jiperntu rc-s as T arid T 2

The result-s do not support a sugg'est on thlat i liet T term Can be

exprce Cd as iii (f/T) whcere T1 is a cons tant.

(di) An exper.)ime.ntalJ test. of tho scal ing the.ory c'f conc:-Iuction in

two dimaiisiois

The scaling tHeory of conduction has created mauch inteieCst inl

the probl em of conduction in a disordered system. Bahsic to: tis

theory is the. assurnqtion that a one-paramet21er scal ing funciion

exi sts. An experimriental te!st of thli s is prescented for two-

dimensional tranisport. in silicon inversion l ayers . The results

arc found to be .nconsi sten t with such anl as sutnpt ionl and we

conclude that the functi on dcts not exist.
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C) Energy loss5 rate it) si.licon1 invursiOn l ayers

VIC repu,1 Ol te re SU IL CsOf InlCa 1So renC'l)nt:S 02 on tC ra to- Of ))eat

lo.,s fro:z hmo . e lectIruns in Sili con inve rsi2on 1 ayor!s at low

tempel v-if ur es. The re no ilts a1-0 int Ce rpre U ( in [C vms! of thle

oe: rat ion of aeolls t c phcmncn and it i.s fond t l:at dli s order

hur a sig i) 1. al uC ofc 01) 011 S ont i mC-Chaai !11. Inl th Io-' - s ivl

h)igh)- t em:'nera Imm ye I imui I the ti11L Tg Vye I- ax:Io m: aiS

vI ib c'mctron t Le; ure T oa; T inl tile Ili; - di sorde r

I~o-tee'er Lue 3Ii -cm va r i c s as T 2 Th e cloi' ol

Itelyc-rature.

LOfS losoldeofc LIocnai, stiol Pa11nd ccndu01c tamee 05 (-i 13 :t i el!5

in l-ty pe GaAs FETs

We pre.o ( n0 1iw resul3t s for time trani. [1 on from~ 3 d iuc-; i ol~1 (B

conduction to 2D conducti on iii a GaAs P1:1. 'By a Lli: m;;:

field , B, it i s possiblie to olbserve 2 met a 1-iisul1 t or rnitCa

at low temiperatuires by (a) suippreossionl of weazk beau s, ,A on alt 'c

15 returning thme sy eto metalli 3 condo etion aU(b) dr5n~3s.o

the donor Iwavefunct i oils kit highj B, locali3sing States at thle Fem:

energy. IMaonctoresistance has beon nieaswodc over 1i decades of' )3

and for t emperatures betwee(n 4.2 and 1.2 K, thei remol Us being in

satisfactory agreement with current theorics of locrilisntionl in

21) and 31). We alIso pre'sentC new conclusions for tHec anoirwil on s

oscillations in conduct ance wit-h applied pate bias observed in

most CaAs YETs at low temperat vres.. Thec strength of the1c

oscillations is related to Ime quality of thle FET, being p red. 0 ant1 1

in commercial microwave GaAs PETs.



() ElecLIronll C,1a l and the quant izcd falresista-lc ill

sl icon inversj on layern

W(! 1w-ve inve:;ILij-atcd "(e fo3-r.It:IHen Of tHe I nc' of quinti zed

MIl irinL e inl til spill spl it ::aiand the lowest v a]. y

spl it mini ir:ui of tHie ground Laind ai leve'l of (100) Si i uve vs ion

Iaye-r S. T11- result:S Inl thle spin gap; are explainecd by ai inodel

1)050d oil AOml&'I Soll I ora-li. i tion in tmginag-ne Vc f iclId; m ad on

lie exist cncc, of loll,, ran(ge potcuiil. fluctuations. Th 1) 1 cI mv I on r

of p ill t1)h ;ccOndJ !711n up , I Vavlley, I cv' is e i scussed
xy

inl relat ion to thec cc)Jo: na ioln effect Suggcst cd inl rocenlt

theories . App]i at ion o f a f e c-1 of 25 Tes l re sulIted- ini t lI e

clelocalina-tion of eectro-Is In tIe oces valloy level nd the

appearance ef, thc lAtA.I of quaLnt i red Ilall1 resi-stance ir 11)e

lwrt V YlZ 7ga
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3 . SmiN ])P1 ) ,r fCO,11f NATWN (SDI') ]P IRAL) IATEA) GATE CO'VT1!] .7!9

p--n 1)11DI)S

The sin13 1 I1hi!; foi v.'a i- curcrent:i thlrough 1 p'In diode- (Fig 1) is(1a te

by the re conbi I (11io of ci.ecct roni-hiolc pa irs i n tLhe depict-i on re i on.

Wi t-1 Llrgcr i v(7- i-l )t he c11rrcrit is dOi-1*ii:- Iccl l:norc by 111,

di ffu;iol currol~ilt- "'otribut iei. In I 1w(O2 experi1,ents a circu~ir galeit

Controll1ed d.iodic, is pi acud( in a mane tiC fieldl ind thec re coi-b in. t ion

current is enhi:;i~ced b~y a am-ount Al \*heil iscrow;-vc' s at: 8.41, CItz arie

applic d a~nd ieo.:n s 1110i~sle is nineet15ft:2> da

a f eUdr ri vatl. ' of current- 1 by plizsc- sens it i'vo decect ion, at t he

fr(uceyof iiodnulation of tw. iicIonct ie field0. The i magne tic fid

Swep: F i11l ad tbUi SpiJ1-oe1LjWnd011 F en>;. netMen U ocCnrs at vlbocut 33 6(-,,;

Thle ce'nicel)?n1 I's a factor of uip to 1. p,2Vt in 03 afls fopoi~

phase to the firs( deorivati ye of a degradaOztion of current , o:,t ai ned b)y

plac ir; -! microw12e absorber, )PIIl, in the ca-vity. DPIl reduces the

mlj~rowavc fice w'enl 2it is at: re sonaiice so that pirt of the forx.ardm

biasing iron Ik1.0 eiirowavo- field i~s reduced and N:e seec an1 absorption

* derivative of opp-osi Fe phiase toe tile Sf11 enhlancemnent. (Fig 2)

ViTc fractional ernhancciiciit of current is The fraction of
H e conib

I that is re-conibination current: is Rec-------b- , thus the mag-nitude
Re-comb +Idf

of thc change decreases as the bias (V) increases nd the diffusion

current increascs wore i ap id .y than the rec-ombi nat ion cuirrent.
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Tile recombination current varies as cxp(cV/Yk') where in theory

y 2 but: experirmental]y is found to be 1..6. The diffusi on current varies

as exp (eV/kT) , thus the ratio of recombination to diffusion current varics

as exp{ (eV/T)(!/y - 1)), i.e. decreasing with increa',ing V.

Th.; prcets that --.- faills off expoucnt ialy with bi aS a rel ation

.hich \was found and is shown ii fioure 3. Varnaton of ti- gate voltage

changes the gco:ery of the depletion region, giving diffe!'ent proporti ons

of reeon tion and diffusion current, i.e. different Y and pre-pnt.i

factors. Py the application of a suita blc gC:te voltage th- depletion rtglom

can be extended under the ga te to Include ther Si-,'O so thA

radiation-indhiced surface recoriua t-ion ccir t rcs contribute to te currenL.

In our expcimrifnIs we irtt invest..g.ted the dependence of surfacc

recomabilati on en the gate voltagc. The devices were forn(ed on the (100)

Si surface and reconbiit ion centres were produeed by irradiation w.:]ith

20izey electrons. This treatment produced a maximum in the reeor!inatien

C
current just before inversion of the n type Si. The irradiation increased

the inversion voltage from about. zero to a -20 volts. The SDR signal was

then investigated and the g value was found to be 2.000 ± 0.002. Present

experiments are investigating in detail the deper;dunce of the magnitude

of the signal on gate voltage.

Spin Dependent Generaton (SDG)

At negative bias voltages (< -5.OV) the reverse current of the p+n

gate controlled diode is domi.njt:ed by the generation of electron-hole

pairs in the depletion region. As with recombhination, the gate voltage

can be adjusted to include Si-SiO2 surface centres in the depletion region. 1.



The nugat ive generationm current. is enhanced by the samo nco.ae

field arni a i field that enhanced the forv.ard recbntoncurie ot.

(Fg4)

The. SI.) signal. has oppos;ite pha so 'o tw SDI')V signal a i acc it: is a-n

ei~ccent.ol a no gai\'o current -IP CgO( alof Ci Se r.It ra

CUrront is of o--.osite phase. 1t0 DITII 'ga a:o ofre n tincur:2t

The Sliz, Of thlce' (lin:acem-Vt- i s abca t 5 part a in 1 0 (a JI':Jl ro Ow. SOP.

enhncmet) Te g Value and line X "h Iil of thel- S)PG nl 3 I -'* - nal C.

t-he sal-!" , mdn( Ica at og1 that the1C saEz t 1)e C Of re('& .b5.Ia t i 011 1( ( rat l C 'IL c L'

is racab for bYoth II n . ( 2 .0093:0.00) nr pr c' 5:, :1 %

at L)" 1 , ng conma true L a medc cI aco>'aL ntuin- for thlis surpr c i n, f

The effect of ill-umiination vas i nvc~sti(gate(.J by shiing ighL: froc:.:

-8
at bulb) ylon ,(1 near the saImple. A d.arh forward current of' +) x 10 A

can be rcdueecd , andl iade negaitive, by ligh t-gnnc rated carri or a, buit tlhe-

SDRl signal is unaffectedl. Thus the nubrof ca-rriers avai,ilable doe-s iia)

limit He SMIN signal, nor does band to band L'enoratLion.

B-Field( Dcperndecc

By xising different microwave frcquencies, the 13-field for spin

resonance can be altered. The size of thc signal is the samnw at 2500c0

(With a microwave frequency of 7Ghlz) and at 4220C, (1 21,1z) , supporting

the field-independlent model of Rapi an, Solomon and Mot At the In

of Wri ting a Signal has jlist- beeni obse;rvedI at. 1.55 Cuss (corre sponcin a to

it frequency of 1140 11z) of thep s nine size as, that- at hligher. f requeno vs.

Work, i.S conltinuing on this topic.



4.PIUB!. CAl' IONS suppor t ed by 0i ; contraIct whlo se abst I Z C ts are reproducecd

in Sect !(,n 2.

a) TIhe FIne IIZna; anld c(nduc CUC Qc Uoscl ]at io!; a' silIiconl

1l]Ve( rsicm 1 aye]- c: N.. ]'k pper and N.J. U 1rei , J 1,f C 1 ,3,18

b) El cck; ron locaili5 ation ind the 21) cp;:!tifrod l iJ i~c~'tn

M. I'clppr and 1. .7kbaali Phiyr C 1, 3,861 , 1 C, 2

c) S'p LI I-r C, - c(1 tp Ii in"g ~i 'u, eak To ca I ot7i on in 0 vi t 21)

3 nycr of ldie Icp daD.A. P'c: c, MI. Pci' iJA.

J IPhyF- L5 1 -17, 1982

d) Al c::1 ca1..t1 t ,,- of t I V .'c a, I ~ Io ry of comic c) I

in:)t.Day>,, "'. J'oppC-7r ;1n( N. Ka-vel!, J 1I ' (" P"

v) Y1 r.' Cn. c; ill si I3 co C nverr j: 0 ayrs. C, P'aya&L

P. A. I', J.C. (' .son an I-1 Pe ~ ), ____ ( ,2 1 3 S

f) cof ivIocali savi c ,ndco e7:c05 In!>a

Cin 11 tyi~c V:A; ETS: D).A. Poole , "". pc'per an3 P .W. fM-l'

Physica 1 171,, 697, 193

g)Electron localis ation andl the quant i od )]all resistance in aS licon,

inversion laycrs: J. Vaikabayashi , II..Myron1 Mn . Pepc-l r

Physica 117Th, 691, 1983



I. He I, A : 1) r C- e cohlt I1 1'1 (1 djiod~ 11,, J ill thji.n w .

2. lle S*~ eJ/l i h d ;15 f r'lcL v f L t.: P. C.

cu I.]- c 1) .C 1VlntT A )1cJ.( W

for c;,1 1-:!l ;I), 11w 11h~ic i . ie I~.i t

t~n 1)f1 1 'Y~ ~nb(Cnn rC'duceU.

Anie:n~ of the Si~s ni n viL Figu~re 3 h

1imc~ni~tc of Ohe DYITH si-iial has 1iconrcie>
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corrcciwi! c('dcli I). p lw C. fh cfl.,cI of a nIat'nwIi, fiI. I II 5 in1 Si ill\ crIsioni

laycis thi lmm.1(1~b tCIIIlibilti is (bnl :,i'1liifiC;I1It itI Il, [ll W5(1CC Of. P tli!Pl!..li, fl2ip
and the plincilmd ITL'clilll dccaiiliiq', the (:ij ICCItl is Ill i~if wc:ll, IPP.d)' PIICII.

Tis typ(' f ilcloctiollclk'ct iS on! paci'nCIt ill Ott'mntlicail ndsnocac
the effet.ls cyll' Cp] lI...

Iccl'('ia fiinfli.ol (tic (wcpl ctaS do 11t tni''vcllChp'c~ciin fcallhi

0 No% at I IIM W~i soi c1 ctTC It Cc I It IV. Yoi LI %Nlk I ; I ~ Il. Nc% N" 1u, .Vs\A.
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