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of the band near the mrta. and thl. orea"e. a potelltlal 

barrier. ~8'l" 1.1 aho .. ftoh • barrier ~or aD n-t1pe 

"lIiof)nduotor. When equ1l1briua 1. e ... ab11811ed 80M 

e1e otrone fro. the bulk .. m oonduotor fill the eapt1 

"8U"f .... tat •• " beoau .. they lie lower in e.rl7. Tht. 

,;1'ft. tile IRll'ta. • net neptl ft. oharge and the lNlt 

negat1ft oharp 1. 100a11 .. d Oil the aa.rta •• the podtl" 

char extend. oftr a finite depth in the MldoODduotor. 

'!!hi. ohar .. dl.turbanoe le.d. to a band bendlDg •• DOwn 

1n the fll'1re and a barrier ot helght, eVn Ca ... en tro. 

the .. lI1ool14uotor) 1. oNated. VD 1. kDOwa a. 41tttl.lon 

potential and ~o 1. the w14"h ot the barrier repon. 

The other w,rabol. haft the tollowiac .. an1D1 t 

x • Rleotron atftDitJ of the .. lIioonduotor. 

Be • EMrl7 oorre.pondlq to 
ot the oonduction bane!. 

the bottom 

E:p • ]'era! left 1. 

Ev • EMr., corN lIPondlng to the top 
ot the yalenoe band. 

<tnll • EO - E? at the mrfaoe. 

rip. • :s, - Ev at the avf .... 

rI. • Thermion1o work t\1notioD of the 
.. at oonc:tuotor • 

~n • Ee - Ell In bulk. 
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FIG . 1.1. FREE SURFACE OF AN n-TYPE SEMlCONDUCTOR 
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FIG.1. 2. CO NTACT BARRIER WITH INVERSION LAYER (n-type 
( Hanisch)4 
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• Ell' - Ev in bulk • 

• Aoti'YatioD energy for the dODore • 

Tn the reglOD near the IlUrf •• all donor!! oan 

be re~~rt!ed .. e toni"d. 'rht. 18 callet! the "emauetion 

region" • Tn the 80&ae ohar~ region iDUDediate1T 

following thie, only a part ot the dODore are 10nt .. 4 

Rnd thtll resion 1. oa11ed the "N'ftr .. reSion". Here 

the atta_ oharge den.t t1 i. a tunot1on of x, the 

di.tanoe from the ~rt.oe. 

The he1ght (eVn ) and the thtolawe. of the 

barrier (~o)' oan be oalou.lated trom the tollowiD8 two 

equatlons decJttoed under oertain a1m,,111'1111« a.llWlpt1one I 

eat! 

where rio • berg internl OftI' wh10h the 
ea.rta. at ate • ot an n-t,pe 
.. ldoonc1uotol' are tilled in 
the ~tral ooD4it1on. 

Rd. Donor elen.l t7. 

K • Dieleotrio oonatant. 

1). • Den.i t7 of _rfa. .tate. wi. thin 
the forbidden band (ae ... 4 
oonatant, 1ndependent of 8.1'81). 



7 

In the above example, we ha~ treated a oa .. 

where the r.nd. 1eftl 1. MareI' to Eo thaa to By 

everywhere ill the .. JIlioonnotor. Thi. oendl tlon la 

Tiolated It the barrier height approaohea the width 

ot the torbldden balld (Pip." 1.2). In tMa ea .. , 

at a 1'olnt x • zt the "'l'II1 1e~l Is In the m1ddle ot 

the forbidden band aJl4 tor X) ~ It 1. 010"1' to 

Ee whereaa tor It ~ ~ It -ia 010 .. 1' to Ev. The 

"«ion bet.en the INrta. &lld xt 1. oalled the 

"l!l'ftrl1on region" beo._ la thl. region the oarrier 

ot the o'Opo81 te tJpe predoldnate (hole. III th1e 

perilOtllar oa .. ). !he iDftr.lon lqer ha. theretore 

the oppodte charaoter (p..t7pe) and etteotl~l,. a p-n 

junctloJl pt. e atab11.ed ~ 

It the band, In.te.d ot bendlD8 upward a (aa 

DOwn abo~), bend. downwarda, thea an elll'1ohJDent or 

aoOtllllll1ation lQ"er i. fOrMd. In thia oa .. the 

ma30ft t:r oarrier oonoentration la hlper at the ~aoe 

than in the 'bulk. 

Whate.,.r ha. been aaid a'boft tor n-tJpe 

.. lI1oonduotora appliea equall,. _11 to p-typ4t 

.. m1oonduotor. with appropriate .aDge. in the 8JIlbol •• 

III thi. oa .. the lnnl"eion lQ"er Is formed with the 
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ban« bent downward. at the arta .. and the aoawmlatlon 

l.,.r with the 'and bent upward •• 

The 8mrta" .t.t •• are 80metl ... ol ••• ltled ae 

".low .t.te." or "t.et .t.te.- dependlD1 on thelr 

relaxatlon t1_. When the den.l V ot Ghar.. In the 

.. rtaoe nat •• le 41nurbed, then, in the 0 ... ot t •• t 

.t.t •• , the original d.neit, 1. re .... t.bl18h.d 1_41.t.1, 

a1't.r the re1lOT.1 of the 41.turbanoe, where •• tor the 

.10w atat •• 1t tak •• a long tl_. '1.'he at.W. wll10b 

are In ,004 .l.ctrioa1 oontaot with the bttlk are "t •• t" 

wh.re.. the II .10w" etat.. are thought to 11. In .0_ 

in_lator-lllt. lqer, tor.d on the .. moonduotor 

_rta. ( •• g. oxide .kln). 'I'lle large t1_ con.tant 

ot .10w nat •• 1. due to the 10D« t1_ tann tor the 

Oharse to psee througb the inenlatore. 
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nlllN 1.,Ca) eow. the .DerS)' 1 .... 1 d1acr_ 

of • _tal and aJl n-type .. ld.ooncluotor 1:I.fore th., ha.,. 

b •• n brought In oontaot. H.N 0'. 1. the therm1omo 

work hnot1on of the _t.l. !h. ?end. 1 .... 1 111 the 

•• tal 1. tak.n to 11. lower than that la the .. lI1oonduotor 

(1... ct. / cin + X- ). When th.,. are brcN8ht 1n ooataot 

and the el.ctronio equl11br11Ul •• tabl1.e4, the 1'end 

1 .... 1. 1n the two _terial .... t oolnolde, on therJlOd,.naa1o 

«rftllde. !o eohlen thle, e1eotron ••• t fiow trOll the 

.em1oonduotor to the _tal, ra181D8 the Perms. leftl in the 

DIIItal with reapeot to th.t in the .. lI1oon411cnor. The 

_.I"g 41acr- now la •• .hewn ln JJ'lPN 1.' (b) • 1)1e to 

the ollar,. flo." a pot.nt1al dlfference equal to 

ct. - (<<n + X) ha. b •• n oreat.d at the oontaat, wh10h i. 

known .e the oOl1t.at potent1al. Where •• the ~«.t1 ... 

oharge 1. 100all .. 4 on the arta .. , the oorre.pondillC 

po.itlft oharp (1 ••• loni .. " donor.) 1. 41.1:1'1=t.4 OftI' 

a re«ion in the .. aloonduotor .4ja0811t to tile oontaot. 

The heipt of the barrier •• ...n troa the _tal II1de 1. 

(tn. • 9J'. - X and a. _n fro. the .. 111 001l41l et or 1. 
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Free 
space 
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FIG. 1.3, METAL- SEMICONDUCTOR CONTACT IN THE 

ABSENCE OF SURFACE STATES 

(Henisch)4 
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e'n • -. - (<<til + X). l"18llft 1.'Co) aM (t!) ahow 

the oorreepond.1q _!'ft. tor the p..t)"Pe _tert.l •• 

(b) In pre .. nee ot _.red. eutaoe nate. 

The e.rg protile 1n pre_n .. ot oharpd 

_rta. atate. i. different from .at ha. ~.t Men 

4e.or1bed ft. to the taot that there &1"",. exl.t. a 

berner before the oontaot 1. e.tabUahed. A. betore, 

when eont.ot 1. en.bll.ed, eleotroD an flow (in 

the 0... with 91.) til + 1-) to the nrl... of the 

_tal ln order to rat .. It. !'end left1. Howeftr, 

the .... ntlal 41ttereno. m ... from the azinen .. of 

• larp re .. nGlr ot ele.troll at the _rf • .,. of the 

.. m1eonduotor 111 the atrta. etate.. '!M. re,,",01r 

1. able to pr0Y14e the ale.trona without 41eturb1ng 

.18D1f1oant17 the alread7 extnlac lIPa. eharp In 

the .. aioondunor. ~o and eTn are theretore alao" 

ind.ependent ot ~. and tI. (liS. 1.4 a , Mtore oonta.t 

and batter oOlltaot). 

Intermediate 0 .... may art.. when the d.nat t7 

et Mlrl... .t.te. 1. not 1ar~ enOUCh to ... ~o and 

e"n ent1"17 independent ot tim 8114 fl.-
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FIG . 1. 4 . METAL-SEMICONDUCTOR CONTACT IN THE 

PRESENCE OF SURFACE STATES (n-type) 

( Henisch)4 



1.2.1 EPPBCT O? AN EXTERNAL APPLtED 
TOL'!,AGB OJ OOftAOT BARPIE'R 

11 

fheJl aJl extel'Dal .01 t... U i. applied to a 

lIetal-.. 1I1oonduO'tor_tal 87"e., the .oltap drop i. 

di.tribu:h4 oftr the twa oon"aot. and the =111: depending 

upon the N1atlft red.tan ... of the three resiou. 

The .01tase drop aoro •• a .. m1ooaduotor-a.t.l eonta." 

(4e.1gnated •• V:s) 4181'1 ••• the "l'II1 1eftl.t :It. A 

wi th N.peot to tha".t :It. 0 1»7 aJl .. ount eTB (?lg. 1.5). 

!he height of the barrier .... en fro ... m1oondu.to~ 

laoN .... br eVB when TB 1. pod t1ft ant de.re_. when 

T! i •••• t1ft (tor B-tJ'pe .. ll1oonduotor. and n .. ftr •• 

tor P-VPe). !he thl ea... of the barrier ). 0 .. be 

t01lnd by u.1ag Pot.lIOn'. equation and 1. siftn 1»7 I 

1/2 

A • 

where 1'1') i. the 41tfu.doD ..,ltqe de.oriMe! earlier and 

"B i. the potefttlal diffeNnoe .oro •• the 'barrier 1.,.1', 

re.m1tlag trom the .ppll0.t1oft of • total external 

-..,It ... 11 wh10h Oaft tab either ,..1ti .. or neg.tift 

.allle. !hi. t7pe of barrier with ..,1t ... dependent 

thiokM ..... tt~.t _8 •• "ed b7 Sohottlq5 &1l4 1. ofwa 
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APPLIED VOLTAGE (a),(b),(c) n-type ;(d),(e).(f) p-type 
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0,,11ed • Sohottlry type barrier'.. SUoh a barrier i. 

tormed wheD the dOMr ocD"lltratioll 1. 11111101'll throupoa.t 

the .. m1ooDduetor. 

ne other type ot barrier lI'here 1 t. thlokM •• 

1. elmo.t 1ndepen4ent ot .ppU.d T01tage i. oaU.4 'Mott 

barrier,6 and art ... whea -4 1. _11 Mar the Rl'fa .. 

but abrtlpt17 tate. u, '"17 hip Talue ill the balt. In 

tM ..... , on .,plioation ot a re'fer .. Toltag8, the 

a441 "ional apa" ollar.. 1. pronded wi thOllt exteD4iDC 

the barrier restOIl beo... the lmpu.r1 t7 eon_at 111 the 

'bu.llc i. 110 hish. 

1.2.il. REC!Y'ICA!IOJ 

(a) The diode theO!7 

It the barrier thiokne •• i ... 11 oOJlpared to 

the __ tree path ot the .arrier, thea the 00111810 •• 

wi thiD the barrier re~oa ou be .,le.ted. ne ahape 

of the barrier protlle then be .... i __ rial 1n the 

.tu47 ot renifio.tioD ad the .. rrent 1. «O"I'Me! 

entlrel,. b7 the barner hetght. The tileolT of 

reatitt •• tion under thi •• Pl'%'Oxlmatlon waa d • .,.lopec1 

"7 Beth.' (1942) and i. knowa a. 'Diode !heO!7'. 
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In the ab .. noe of applled Tolt .... the umaber 

of elecatron. oro •• l11« froa _tal to .. JII1eoncJuotor per 

unit tl_ 1. eq1lal to th.t eOJl1J18 111 the oppo.l"e 

dlreotlon .0 • dynaJdo eqa.1l1bn.1UI 1. en.lt11eed. It 

the _t.l 1 ... 4e po.ltl ... with re.pe" to an ~tJpe 

.. ld.ooDhotor the helSht of the barrier Tie.d tro. 

the _t.l remain. Wlohaapd. Howeftr, the el •• tron 

1.ft1. In the .. ldooaduotor are rai .. cJ 'bJ all .... t 

el VB i. !he helpt of the 'barrier Tie.d fJ'oa the 

.. 1I1oonduotor theretoN cI.ON .... bJ e,vB /_ 'lh1. 

le.d. to all lnoNs"cJ el.otron oarrellt froa .. ld.oollchunor 

to _tal whloh lnoNa ... expo_Btl.l1J with IVB ,. It 

the "ftr .. Toltap 1 •• pl)llea again the 'barrier 

helCht ne.a froa _tal d4. reJUdIl. Uftohaaged 'but 

th.t Tie.a fro. the .. .toondunor lnore .... and the 

.1.Hrol1 flow to the metal h •• deore ... d. 

!he tot.1 OIlneat flow, whate.,.r be the 

4ireotiOD of the .pplled fle14. 1. 

"l • 

where VB h •• the •• e dp •• that of the ..-olt_ 

.pplied on the .. JD.1eoJl4uotor and J 1. poetti ... when 
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poe1t1ft etl'rent flowa fro ... lI1ooD.ductor to _tal. 

Rere, 

.-2 "1'1. J. • A'r esp (- "'k~'t!!-) . 

where (tDe' .. a1re.4, _a'10_4, i. the barrier helpt 

a ... en fro. the _tal uct A i. Riohar4.oD'e oon.tat. 

'!'hue 

rI, 
J • A~ esp (- :;) .VB 1 (-- ) 

11:1' 
, - exp 

lor hip forward YOl t.,. (V • -8at1 ft ) 

-..2 i. el VB I, IJI ~ A'r esp (- :;) exl' kT 

wMob i. independent of applied Tolt.,. ( •• turatlon). 

'rlae .. equation. haft beea de4u"d Ul'lder 

highly elmplityiDg •• .umptlon8. ?or. more reali.tic 

picture, the ettect of iuge toree aD4 t1umel penetration 

ha. to be takeft into aooount. !he .. oorreotlona affeot , 
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the Nftr.. arrent oou14erablJ and the .,dlfled equatlon 

". .... 4 I J • J •• xp [(Tn + ITBI ) .7." 1f/.ZIr'J1/4/k1! 

(If • 11lpV1ty 4eol"7) lt the eftect of 1..,. tor" 

pft4olllnaW. IUl4 J • J. .xp '-(T D + ! TB I) Ila '. If)\!:] 1 /.Z 'I.a/ kT 

it the 1nul1Mtl _ohard. .. ,redoIliDate.. Here ze t. the 

ert "1 •• 1 tMotu... below whtoh the barner Oall be 

ooaddered tran.parent to tunuling. 

(b) 'lhe DltftldoD !heorz 

Under the 41ttUaiGD theo17 I.e. where 0_ oannot 

De,leot eleotrOD 0011181oD. within the barrier the aba,. 

of the barrier 1. Important 110 .. haft two ca... I 

(1) Mott Barrier 

III thl. oa., J 1. siftD 'b1 

J • 

aJl4 

(11) Sohottg Barrier 
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.Vn j'"1-exp(-eIVBI kT) 
(- W-) l' 

l 1-eX'P[ -2. (VD + IVBI 

~e" Q 1. the wIlt oonduotlnty ot the _Idoonduotor. 

The .. equatlon. a180 get 8U1 "ab17 modlf1ed whea the etteot 

of i1l8ge for_ aDd tunMl pe_tra"ion 1. taken Into 

aoocmnt. 

1.2.111. INJROTIWG OONTACTS 

• a1"ad7 .1'1t10Md, when the 'barrier help" 

b •• o_. oOQ.rable to the band sap, a art • .,. 1Jlftr8101l 

l~r 18 'f'o~d. on aD n-tnte bulk _t.r1al, the 

iJ1ftrllion lqer ha. tile p-oharaoter and sift. rt_ to • 

large lOur.. ot hole IQPpl,. naar the _rta08. 

Under a forwar4 bia. a large ammber ot hole. 

are eallil,. 1nje.te4 into the bulJr n-t1pe _mioonduotor 

80 that the torwar4 _rrent i. DOW oOllPoeed ot hole 

arrent In ad41tion to the URal eleotron current. The 

ill3eotion etneien01 'r i8 detl_4 a. • 

T • 

and 'r oan Ue bet.en .ero an4 UD1t,.. The 1n~e"1011 

ratl0 '0 at low 1n3eot10n 1eftl hal beea oalomlated4 and 

1. siftn a. I 
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wheN r p. Lite"l_.t .441 "lonal hole •• 

~p. Mobll1t7 of hole •• 

17 

•• • ••• of ele.trol1. and hole. treated •• equal. 

What h •• bee •• aid ._Oft le oon .. r.4 with the 

,N .. I1Ge of • _arTier at .. tal-.. .tooDduetor oOl1taot. 

WIlen there 1. DO barrier at _oh • oOllt.ct the eleotrio 

oo!14uotloll OM78 the Ohm'. 1 •• aD4 the oOI1".n 18 •• 1led 

'ohJd..' • 

8110h a .a .. art ... whee the _tal ... rII1 leftl 

11e. abo" the .. lI1ooDduotor ftl'll1 le.,.l tor an Il-t,.pe 

.aterial or ill the other wort. whell _tal work t.JlotloJl 

1. lowr thaIl that of the .. ld.oond1lotor. ?or a P-t7Pe 

.. "erial. th1. 1. ju.t the other way round 1.e. the _tal 

work ftmetioll _.14 be higher thaa that of the .. Id.-

oonaGtor to pronde ohmio oont_Gt. Ho ... .,.r. th1. 

dJlll)le theo17 fail. ill UD7 0 .... due to the eo.plioatioD 

arte1ng fro. 8\1.I'f .... tat •• , etc. 
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III adc11 tion, ohld.o oontaot. are alH tOl'lll4 

.ea a GOataot 1. made Oil • depMra"e _lI1eollCluetor 

oonta1n1D« a larse dean",. of lmpu1 tl.. near the 

aurta.. • High l mpar11i7 ooll .. ntration make. the }tarrier 

estre_17 thin and 110 tran.parent to the earners. 
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1. , SOME OfttBR "AO!Ot?S OOVEl?ItJfG C01t'roCnON IN 

'fRYl' J'ILMS OJ' SDIOOJm.1O!ORS on INSULATORS 

". h .... ItO tar 41a.a.4 the pro ..... tat1ag 

1)1 ... at the .. JI1oolltbtotor -.rt ... or at the .. lI1ooD4uotor

metal •• Dt •• ".. In addltion to the .. , the taotor • 

•• wraiq the tranaport ot earner. aoro •• the "lIioonhotor 

etr 11l_later fila. an alae important 1n 4.te1"ll1l11ng the 

• .,.rall pro,eriy of the _tal-.. II1.oJ'14uotor_tal 

8u4wlo11... l'he followiq are 80_ Rob. pro ..... 

whiClb. , ... ra the ooll4v..tloJl In thin fila. of lnaulator. 

aa4 .ld.ooBdunora , 

1.'.1 

1) Spa .. charp (1nje.t10D oani.ra). 

11) .etal to _tal tumwliDS throqh laMilator. 

111) !UMllng throuch trape aDd laputq. le .. l •• 

1 ... ) Spa.. oharp 11111 ... 4 taIuMt liD« • 

... ) Held loaiaaUoa ot tra,a. 

n) Blenn.a1 breakdown. 

'Y11) Sohottky fi.14 .ai.eion. 

SPAO'g OHA~(l'E (INJECTION CARRI ERS) 

J'rOJl what ha. 'been aai4 ear11er, 1t la olear 

that lt 1. ~o.a1bl. to lD~.ot oarri.re into the la.alator. 



~~~,,~~~~t---~-""'-®-~ 
METAL I 

~': ~1oci!I' I---INSULATOR-~ 

F IG 1. 6 . SCHEM ATI C RE PRESENTL\T . N OF 

DIFF E RENT (C ".8 UC TI LJ M EC HANISMS 

IN r:' I\ L- INS UL ATOR- METAL ~ I ) U E ~. 
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and .. m1oonduotor. fro • .at"able GOnta.te. The in~e.te4 

earner. tOJ'll a .pa.. Gharp 04 ~her tlow of ~nt 

i. goftrJW4 b7 tM •• pa .. obarp. 

Mott aJ'14 <JttJ"M,8 (1940) de4u .. 4 an espre •• ion 

for Qa.. oharp 11111 ted errent denei tr J In a trap-tree 

1 aft leto r I 

J • 10-1')l X y2 4' 
where t )A • Mobilltr of the In3e.ted earner •• 

Jr • Dieleotrio GODnat. 

v • App11ed .oltase. 

d • !hiokne •• ot the IJ1~latol' fila. 

~;oae9 he. 41 ..... d .lngle oarrier .pa .. eharp limited 

_rNnt III inlN1ator. with trape. !hi. work ha. been 

followed \7 that of SId til and Ro .. 10 011 .pa.. eharge 

liDd.ted _nellt ia C48 811111e e17eta1. 0_ oarrier 

apa.. oharge 11111 ted OtlneDt 1a Ods tlla. ha. been 

reported b, Zuleeg and *11er
" 

aDd :ore .. r an4 

Shal10r0 •• 12• 

Extend ft ,",rk 01\ two oarrier .p... oharp 

111ft! te4 OIl.rrent h •• beea 40M b7 r..pert ", 14, Laapert 

ad Ro .. 15, parmenter and R\tppe116• 
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In IPl ex .. llent rene., Lapen 17 sa.,. ae"ail. 

of two oarrier .,... ohar.. 111111 te4 eu'ftnt 1. .0114. 

111 pre .. l1oe of "1'.,.. Re h •• lIhoWll th.t • CRlJ"Nn" 

oont1'011e4 d1fterent1.1 .,.tlft rerinanoe In In_l.tor 

1Iq be o'bMJlftcl It the life ti_ of two oarriere are DOt 

equal an4 the,. are elepea4ent on the degree of InJe.tlon. 

1. '.11. MEtAL TO METAL ELEOTRON m1flfELING 

ta •••• 1'4a.. wi til oludoal prinolple. t an 

electron 0Ul ero ••• potential barrier ot he1Sht V onl.J 

It It. ld..tlo e.rg ex .. e4 •• detlntte alnt .. etTen 

'by t 

R1eetron. wtl10h 40 not •• uatr tht. rel.tlon woul4 '" 

ooQ1ete17 "f1eo1;e4. "owew!',. waTe_ohanio.l 

anal7e1. ot the probl ••• ho .. that an eleotroD whtoh 

haa lnftftie1ent energ to p ••• o~r the barrier ba. 

a 4ell1'11 to ohanoo of , ••• Iac through It. No doubt, 

an e1eotron .. ft ftlnotlon I. raplalJ a, ... ted an4 

on11 very thin barrier. allow el.eotrou to be tranni tte4. 

It two _t.1 eleotrode. are .. ,.ratea 'b,. • 
thin lqer ot an lnMll.tor (r-.J 50i ), then 11'1 the abMJloe 

of an 81)p11e4 To1tap, clJ'naII1. equl11briua enet. aD4 
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the rate. at which eleotroa8 peDetrate the barrie. in 

0,".1 te dlrenlon. are equal. Howe .... r. it OM metal 

1. maae more .,.tl .... tho the other. theD there will 

be a net omr~nt tlow. In a 81.plittea tora, the 

ou.rrent TOl"_ relation.h1p tor tunnel1q 1. I 

J '. "v2 ex, (- BIf) 

It oan be .. en tha" the pro .... i. te.peraWl'e

lnde'P8ndent. 

'f\I.JlMl.1IIg h •• been propo .. cl 'b7 Jrenke118 and 

.til" then estenal .... oalcml.tlon. haft been reponed 

by sommerfleld aB4 Bethe 19, nola and ~lr.Ohe.teln20, 

HOla21 , .a422 • ft.h.r aDd tJlawr23 haft reported 

tunnel1D« ~p AL-~O,-Al d10de.. the "8I11t • 

• how that eu-rent 1Ilorea... expo_ntiall1 wi th Yet 1 tage 

and 1 t 1. near17 lnd.pedent ot te.perature. 

OoDduotloll Oall a1eo t~ plaa. b7 the tunae1iag 

ot ele.tron. throup trap. u4 e.pt7 lmpu1.t,. 1eftl. 111 

the eetdeoll4u.otor. A 1arse deD.it,- ot ft_ e.pV 

nate. 100atea Mar the trend. lewl otbr. a taTOUrable 

001141 tloD tor till8 pro..... Peale,.2 4 ha. oltt81_4 an 



ex-pre •• 10n tor 'tuJmel oarrent through IN.oh trap. for a 

reot~lar potential barrier. 

In ... oa .. af e1eotroDa ttlllMl trem the 

oonaa.t10n 'aDd of the ~tal to the .0Dduotion band ot 

the .. aool1ftotor atter whioh the1r motion in the 

oonduotion band ot the .. llleoBtuotor 1. ,o"rned b7 

the .pa .. eharse the, oreate. 

Qeppert25 hae oon.ldeNd the 0 ... of a 

reotanca1ar potential 'arrier and deau .. ! aJl expre.don 

tor auoh oon4uot10n. Pi 1;_11126 ha. etu4le4 theoret10all1 

the .pa. oharse 1i1l1t8d tunn.l elll •• lon 1n -pre .. noe ,ot 

trape and f)' .. md a temperature ctepeJldenoe of O11rrent. 

1. 'eYe PIELn IONISATION 0' TRAPS 

So_ of the f1lled trap' 0_ be loDiMd uncter 

the aotion ot eleotrio fteld aDA oaD OOJltr1~te toward. 

the denat ~ ot oon4uottol1 e1e rirone. Thi. pro .. e. 1e 

bOWD •• field ionia.Hol1 of trap. and i •• 1pit1out 

When the tnp denei t,. near the oon4uotton band. edp ie 

lar.. ancl the barrier hip. 



due to fle14 loD1 •• tlon o~ trap. 1. ot the tora I 

E ,/2 
J • 4 t esp (_ B t ) 

t .E 

where • E • E1eotrte tle14. 

it • EnezaD' ot the tzaap left 1 _ aMlre4 
~. the bottom ot the ooDduotlon baDd. 

A alld B an eoutante. 

Boer and !Dmme128 haft .tu41ed the elttot of 

f1e14 on oonduotlT1tl of .inrle ory.t.l. ot Od~ and 

interpreted the 1aorea .. of oonduotlv1t7 with field 

•• an .nd.noe of f1e1d lo1'l1.at1on of tra."pec! eleotron. 

(a) ATalanohe breakdown 

VOIl "lp1'8129,:50 ha •• hown tbat at hilh eleotrio 

flelde, the tree eleotron. ia the ooDduotion band are 

a0081erate4 and the,. tranater their .x .... e.1'11 to 

eleotroa. in the .... l.n .. band raidq the. to oonduotion 

'baJl4 an4 oreatlD« new e1e.troa-bGle pair.. 'rh1. bul1d. 

111' • large dena1t7 Gt tree oarrt.r. an4 J-V Nl.tiOD tak •• 

tb. torm. t 
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Pol' •• rrier 00111810D and mnltlplioatloD to 

tate p1a .. , the tlla 'Moku •• an be larger than the 

_an free patil of the earrier •• 

Von JJIJ)pe1'1 ha. attn'buted the lnoN ... In 

attmat dend tT ot • ".,.r .. -'bl .. d p-n 3unotloD. dl04. 

to thi. pro.e.. !l.oIrq and ~.Atee'2 haft al~ reported 

aTalanahe breakdown In pl'llalliua a4 .1lioon. 

(b) Zener breakdown 

~ell • hip :field le app11ed aoro •• an In_lator 

or a ...t.oonduotor then the ban4 dlagram bend. neep17 

anct the ele "rOil ill the Talen.. band ha. the ._ e.r.,. 

a. &!l e.pV 1.ft1 111 the GOnRetton band .1 .. wheN In the 

ory.tal. !h •• le.trou aan th.n tunnel thr~p the 

gap" and the _neDt 4el1d t1 J 1. of the tom I 

J • AT esp (. - ~/B) 

Wh.a aD eleotrio fi.ld 1. ap,11ed aoro •• the 

'barrier, the 'barrier helpt 1. lo_red du. to the 1 .... 

toree and the IlWlber of eleotron. oro.dq the barrier 

In.N..... '!'he CMrNnt dend V, theretore, be.o •• a 

hnotlon of a"plled n.ld a. well •• of te.perature. 

!hl. 1- aJ1 Important _ Ghani. which we WO\1ld 'be 

dl •••• 1118 111 «Nater detail alollC with our experi_ntal 

"_It. 1n Chapt.r III. 
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1.4 PHOTOOOftDOCTIVtrY AID PHOTOVOLTAIC E~~CTS 

!he tree eleotroll. and hole .... rated bJ thel'llal 

10ni.at1oll haft .ell.1 t7 oor:re.poD41JIC to theraal equil1briua 

anel are oal1ed "eq1l111br1u oarrter.... Be.tde therul 

1081.at10D there are other "'.f lQah a. optloal exoit.t10n, 

whlch Od eoatnnte to the ... ratio. of tree oarrier •• 

tn oontra.t to thenal e.r«7, eMrl7 u .. 4 to ... rate 

the exoe •• oarrler. 1. retatneel 1I&1nlJ bJ ele.troa. and 

the .... rap e.rl1 of the 017.ta1 latUoe remain. praot10al17 

uBaffeoted. Hell_ the theNal eqUllltnUll bet.ea eleotron 

aa4 1.ttl .. 1. 41.tr11Nted and eoueque.t17 the oa.rr1er. 

ge_rate. by upt are .. lled "ncn-equl11bJ1.UlI oarner.". 

The total doll81V 1. the .. of equlll'nUl (no' po) and 

nOlll-equlllbriua (.6.., .6 p) oanter 40n.lt10. i.e. 

p • Po + ~ p 

A. a "_It, .qu.tion for oonduotlnt, 

beoome. 

!hue the .x .... oonduotl.1tJ 4ue to non-equiUbrlWi 

oarJ1.er d.rw1 tJ' Ie P'ftJl.. I 
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a.MIIdag that the .obili tie. tor eq1lil1briull and noD

equilibrium carrier. are the ._. It i. rea.ol1&ble 

to a ... that II1mber of ele.tron. and hole •• _rated 

ill UJd t tt_ and \Ul1 t Yolu_, b. 11 t and A p' _ou1d be 

ltropanlollal to the o."tlcal •• rg abeorbed 111 un! t 

Yoluae • It the 1llten.l t7 of 11ght 1. I then ClUantl tJ 

of optl.al enerD abearbed ln un1 t ti_ ill 1 .. 2 l.,er 

with thi .... 4x (where x 1. ill the dlreotlon of light) 

1. ,ro~rt1oBal to I and dx t 

- 41 • kldx 

where k 1. the ooetfiolent of proportioDali ty lmowa a. 

Optl0Al abeorptloll ooeffioient. Theil optioal e.rlJ 

a"'aorbe4 ln uJd. t ti_ and TOIUM i. I 

- dI/4x • ltI 

" enoe ~ n' and ~ p' abould be proportional to leI t 

A D' • b pi • I3kI 

where ~ i. the ooettioiellt of proporiionallt7. Pclrther-

IIOre, lt I repreHnt. the DWlber of quanta per MO •• then 

i. the flUaDtul 71eld i ••• the DlDlber of eleotron hole 
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It illumination 

.tart •• t a oeriain t1_ and it the pner.tion ot oarrier. 

1. the oDl1 proc ••• taking pl ... then the den.it,. ot DOn-

equ111briUll oarrier. iDore .... with t1_ •• tollow. 

(P1~ . 1.7) I 

~n • 6p • ~kIt 

!)a.hed l1ne 1n tipre Npre .. nte 800h a pro •••• 

Ho .... r, it ie kDoWll th.t atter • oertain t1me 

trom the beginning ot the illumination. "ad,. .tate 

( 6 c et) 1. eetabUlthed, whtoll oorre.})OD4. to the .te.dJ 

.tate ot the DO~qailibr1ua oarrier 4en.itle •• 

The ._ ie trae when ill.UJl1ution 1 ..... d, 

phote.on4Qnl T1 V 40e. not 4eoq 1n.tantaneou.17 IN.t • 

oertaln "_ 1e required tor th.t (ftS. 1.8). H1 .. and 

4 •• Q' GIlrw. ot the llOa-equilibrium oonaot1n tJ 

(relaxation otlrft.) IIq be elq)onent1al 01' un-expo_lltlal 

de,.nc11q UPOD the aatun ot the re oOllbiuUon prooe ..... 

There aN three eleotroni. tranattion. whioh 

are OOJllDlOn 1n photooonduotore I (.) .baorpt1on and 

esot tatlon, (b) tr.pplng aDd oapture anc1 (.) re ooablution. 
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VARIATION OF CARRIER DENSITY WITH TIME 
DURING ILLUMINATION. 

6n - t 
--=1-e- ~ 
6n s t 

2 3 4 o 

t 
--= ~-7 

2 3 4 
t 
1" 

...----1 LLUMINATION ---....... ----DARKNESS-----I 

RELAXATION OF THE NONEQUILIBRIUM DENSITY ON 
EX CITATION WITH A SQUARE LIGHT PULSE . 
LINEAR RECOMBINATION CASE (Ryvkin).34 

p - type n-type p-type n-type 

• 

~ ••••• -:r - - - - - - --
T Fermi level 
Vmax 

Fermi level I -- - ----'---
00000 ~~_ 

o 

BEFORE CONTACT AFTER CONTACT 

ENERGY-BAND SCHEME FOR DESCRIPTION OF 
PHOTOVOLTAIC EFFECT (Bube) ~6 



29 

In prooe •• (a) the exoltatlon mar take pl&oe 

(1) trom the Taleaoe band to the oon411otlon band 

pro41lo1q. tree 81eotron and a tree hole, (11) trom 

• looall .. a 1 • ...-1 11'1 the tor'14d.a bancl to the 

ooDdttotlon band ~rotm01DC & tree el.otroa or (111) 

froll the T.lenoe band to • 100ali .. d la...-l produoiDg 

a tree h"le. 

nnoe a oarrter 1. fre.d it will remain tree 

llnti1 lt 1 ••• ptured .t an imperteotieD or reooab1 •• 
• 

41Net1,.. the dlreot reoomblDatloD i. generall,. 1 ••• 

~robab1.. !h. eap~d oarri.re oan b. eith.r rel .... d 

baok thermal1,. or reoombl_. In the tora.r 08.. the 

oenter. are called "tr&pplnc oenter." and 1n the la.er 

"reooablnation oeD_r.". '!'he reooablnatioJl throuP 

the recomblnatlon oenter. takea pl ... wh.n an el.otron 

1. o.pturect 'by an .xol tea .. nter oontaln1q & hole or 

when • ho1. i. oaptured b1 an exoi ted oenter OODtaln1D8 

an .l.otron. 'rh... truat tlol1S 111&1 be a.8001&t.d wi th 

rel .... of photon. in _lob oa .. the,. are .ald to be 

"redlatlw" • 

In .tead7 atate, the reftr .. rat. of annihilatlon 

or re oollblaatlon ot oarrler be co_. e quel to the abo ... 
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rat. of oreetion. Th. valu. of non"'qu1librium oarner 

den.tty, therefore, Neoh •• a .... tur.tioll" atter • certain 

time. 

Real •• 1.llt1t1 •• pproaoh to photoooDduotl.tt,y 

-pheno. __ taned with the Introduotioll of the OOlloept 

of lifetime at tree oarrier and the oArrier oapture 

.ra ....... UO!l to • bound .t •• which .ooorcl1ng to Ro .. '5 
were not u .. a before 19415. 

Lit.tlM i8 the ti- tor which .aGb geDerated 

oarrier .%181:. 11'1 tree .t.te "tore It oo.biue. Pre. 

st.te 11te1:1 • ..,. be "'17 difterent tor cliff. Hilt 

earrier. and otten the ..... rage Utetl. 1. ueed. Th. 

eteed1-.t.t. e1e.tron and hoI. den.ltJ are theretore 

where r n and r p an the aftrage 11fet1._ flf ele.tron. 

and ho 1e. re.,. .tl'ft 1,. • 

• 

?1hel1 .1 ther eleotron or hole predominate. 111 • l17-t.. I 
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?eotor. k and ~ repre .. nt the interaottoa of 11gbt with 

•• terial and. the '01'Ooe •• f)t generation of D(,)n-8f1'lll1br1u1I 

earrier. are 8Oftl"Md by the.. 11 and r are oontl"011e4 

by tbe iater.otton ot the oarrt.r. with the mat.rtal and 

ret)re .. nt the pro ••• ot the aotton and Neo.b1llat1oll of 

the Den-equilibrium oarri.r •• 

tf b1 n __ an. the noa-equil1br1ulB hol •• an4 

.leotron. (pnerated b,. ltSht) aN .. parat.d, a po_ntial 

41fterenee will art .. _'he •• t1n:» portion. of the ._rial. 

T'ht. ri .. 11l TJOtenUal 1. oall.d "photoTOlta1o effeot" 

and 18 0._4 due to abHrDtton of photon. In the Y1 Oint 1:7 

of • PGt.ntl.l ltarrter. ~oh a 'barrier ~ art .. at • 

P-D ~notlon, at the o(,)Dtaot betwe.n .. tal and .. .teoDduotOI". 

or at the ~Dotlon of two .. m1ooDCluotor. with uDlqual. baa4 

gtl-PII. It may al80 art .. 411e to the dlfterenee bet ..... n 

the 811rt.ee and ftluB8 ooD4uotlTlty ot a uterial. !be 

•• t.b1t.m.nt ot the J)hotO"f'oltage OaD be de.oribed tn 

term. at til ••• rl1 1 • .,.1 •••• tor. p-n 3UDotlon •• 

ab01lJl tn -.tg. 1.9. ftle .1 •• trou prwr •• d under 

illumination in the -p-type 1)GrtiOIl 110" aoro •• the 

barrier and .talerl, the hol •• generated 11l rlI-Vpe 

portion oro •• the barrier and go to the p.reglon. 



It the 3wlotton 1. open oiroultec! a "f'oltqe 

1. bullt up aoro •• the 3unotlon. '!'he built-up 

photOToltage 1. of the ... ft8ft •• that required to 

«ive a forward bi •• to the 3unotlon. It le hardly 

ne .... Ar1 to .tate that • ~-n 3unetioD photo~lta1o 

ele.nt le at the ... t1- photoOO1'lduotiD,~ too. 

saoh an ele.Dt bia .. d ill the Nftr_ direction will 

ohanp it. reftr .. Otlrrellt ohara.teri.ti. unde r 

Illumination 1.e. the reftr_ GIlmllt will ri ... 

Th1. had l.d to oon.trmotion of photodlod ••• 



111 ~F.r,ENTIUJ rm(}~T!VE TJ r·:SlSTANC r.: , 

SWITCHnm Arm ~E~,~ORY prrENO~"Er1A 

" 

'jIhe differential eleotrioAI r •• iat8Jloe dV /!!T 

nor3811y hae 9 ~ositlve Talue. flowever, under certain 

oondit1onfl some material. may exibit " nelr.atlve <iV/dr. 

~nnel or ~eaki dIode is baeed on negative resistance 

~henomenon and 18 widely u.e~ for am~llfler Rnd 

o.olllator ooeratione in the rAnge of high frequenoies. 

Ther~ are twn types of d1fferential negative 

reeietAnoee; (1) a current oontrolled negative res1stance 

(CC~) ~iR. 1.10, an!! (ii) a voltage oontrolled negative 

reeietanoe (VC~P ). In the former, which ie a180 known 

AP. t f,-8haned', t"e ~rrent i8 m~ltlvalued at ~ certain 

voltage, whereas in the latter, whioh i. a180 oalled 

t N_eha,ed t the voltage ie ~~ltivalued for a ce~tsin 

current value. A.part from negative !'eeietance, eome 

samplep may show ewi tohing and memory effeots. 7i'igure 

1.'19 8ho~e bietable oonduotivity .tate and switching. 

Figure 1.11b showe the sama but with a memory effeot. 

Th di~terence bet~en these end eimple negative 

r ellietance given above is obvious from a oompariaon ot 

t he flgtlree. · Por example, if t he I-V 0llrY8 1s 8imilar 
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tn one In P1g. 1.1'~ 1.e. O~BCBOA ••• then the .ample 

would be sald to be bi.table and to show ".~tchiDg" 

bet"en the .tate ('A and ('B. Here the negative 

reeletanM part tB 1. not re .... r.ible and on deoreaeing 

t he voltsge a new path CBO and 1lOt CBAO 18 followed. 

The 8smnle, In other worde, switche. trom the etate 04 

to rr~ at the voltage V A and viae vera., at VC\ . This 

type of 8aM!)le doe. not ha .... "met"'ory" beoause on 

pwitohlng the Toltage ott (l.e. V • 0), it would be 

having the reeletanoe oorres~ondiftg to 0/\ whether ,.. 

came to 0 from a point on 00 or O~. 

The aunle would be .aid to be "biatable", to 

ahow ".wi tohing" and to haTe a "memory" when the curve 

. hown in the Fi g . 1.11b 1. tollowed. ~ere the I-V path 

It oan be .. en that the part OASO 18 

81milar to that in Pig. 1.11. and a1ao switChing from 

(\ A to nB tan. place at V A in the aame manner. HO_Ter, 

the ewitching back trom the state OB to O~ doe. not take 

place at V • 0, bu.t at • rever .. Tol tage ot V c. 'rhua 

at V a 0, the sample oan be either in the .tate OOB or 

1')('" de".ndiDg on it ... paat history (I.e. the magnitude 

8nd direotion of the auulied Toltags). 

would be called "amory". 

'!'hie etfeot 
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Tn whst tol10w. ,.. gift !l briet account of above 

cl ted pheno_fta wi th partl~lar reterenoes to _tal

inwlator-metal .andwioh .tru.oture •• 

1.'5.i C'1~ "'En CONTROLLED NEG~:rIV!S t('£SI ~:rANCE 

CONn oan be de.orlbed a. tollows ; On lncrea.lng 

voltage, current ri ... ete.dlly up to certain voltage and 

then t t inere .... 8llddenly with a .i1lll11 tantlou. drop ot 

voltage. dt.r a certain min1J1llM ln voltage, the current 

ri.ee again with voltar.e. ~lg. 1.1~a show. the general 

beha.tour of this phenomenon. Thill behaT1.our In the I-V 

charaoterietic ill reported frequently but not yet tully 

under.tood. There are a number of propoeed theorie. 

bAeed on different meohaninll. 'rhe im'Oortant ones are 

dl.cu ... d below. 

(8) !valtn0he lnjeotlon 

The theory of negatlve re.letanee ba .. d on 

avalanohe ln~eotion ha. been developed by 1unn37 • The 

oflrrler energy inorea ... wi th voltage and at a thre.hold 

voltage Vt , the carrier m1tlplicatlon talce. plaN gtT1ng 

a wdden inorea .. In CJ\lrrent. Additional ioni.ed 

carriere .. t a .,a08 .harp which produce. a oon.lderably 

lRrge tle1d near the anode. A further inorea" in the 

cmrrent re8\11 t. in 11m! ting the field to • very thin 



region near the anode while the field in the entire reslon 

le nearly reduoed to zero. The avalanche region beoo •• 

• .ource of hole" and one Call dra. more au.rrent at low 

fleld. 

ChopralA ba. ob .. rved a e1m1lar cew in tro-os1de 

thin tilme. Cttrrent first 11. ... llnearly, then 

e~on.ntl.11y And at higher Toltage a .ndde. breakdown 

occm.re. ne ob .. rnd that ~ th a de ora a.. in temperature 

the breakdown To1 tage increa ... while the current dene! ty 

deONa.a. At low temperature, in ~reneg.tlve re.l"tance 

.tate, the Ollrrent O~y" v2 del'8ndence and after the 

negatiTe ree1.tsnOtt the cnrrent obeys the law t 

I • 

whioh i" .1mi1ar tf') Town .. nd dleoharge equation . 

ooncluded that the nhenf')menon i •• bulk pro~rty. 

He,g ha" aleo re~orted a similar negative 

Re ha. 

resinanee in thin CdS tilm .andwiched bat.en ~u electrode". 

'1'0 start with, the I-V oharacter1tttio i" linear with a low 

lm~.4anoa whioh .ub .. quently ohanges to ."ymmetrio 

rectifier-llke behaT10ur of • ~nelderably higher impedance. 

0n inorea .. of Tol tagtt CCNP. ap-peare first on the blocking 

alde and lAter on both elde •• 'lfe was not able to explain 
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the exi .tenoe ot the low tmpedan .. ohmio .tate ot the 

Tirgin .ample. CCF pheno_non ha. been exp1.tned on 

the ba.t. ot lmpaot tonie.tton ot trap. or impurltte. 

leading to ay.lenche oarrier m1ttplio.tlon. 'rhe 

meohanin ot avalanche breakdown ha. al80 been u .. d by 

hlm40 to exnlatn the CCNP in thin oxide fi1me ot ra, Nb 

an4 Ti. J.fe ha. Dropo.ed that the ."ace charge .. t up 

by the .10w !DOnn« bole. nd1.tribt1te. 1t_lf in llUoh 

a way that it get. ooncentrated 11'1 a thin oritical 

redon 0 pable of maintetniDg the a.,alenche. -:thte 

explain. the neg.tift reai.tanoe in the 'renrN' 

direction ot the reotlfying etructure. 

(b) ~ble injeotlon with ohang! 11'1 lifetime 

Lampert 14 he. wlgeated a _Ohaniem tor CC!R 

on the b •• i. ot double ln3eotion. Re ha ••• ~d that 

the inenl.tor oontain •• cce~tor-ltke le.,el. whiOh 11e 

below the 'Fermi le.,e1 and tor wbt eh e> p» on 
( 6". o.pture cro •• _otlon). At • certain .,01 tage 

V th' hole litetiM inore .... aDd tn3eotton et.rte. Then 

the OllrHnt tnore .... IlJld tbe "I'oltage drop. to t 



The pre_noe 

of traps gift. ri_ to .. nei tiT! ty to light and hy.tereeie 

in the I-V curve. 

GeJ)J)ert 41 obeernd a 8J1IDDetrioal coW'. in Nb-ftb 

oxide-'T. atNoturee whioh he aleo hal' attributed to double 

in3eotion with unequal lifetime of eleotrone and hole •• 

rrentl'l842 ha. reported N_ and S- type negative 

reat.tance and relaxation oeoillations in AU-doned double 

injection Ge diodes. vc~ (N-type) hae been obMrnd 

below ~5° K, before the CON? (s-type) with double ln3ectlon 

beoome. important. N-tY'Pe negative re.l.tance hall been 

e~la1ned by an oooupatlon ot the 0.2 ey gold level, while 

the ~neratlon of oScillation. has been related to the 

f.-type negatift reeietance. 

(0) Avalanohe breakdown double Injeotlon 

St.el et &1 4' h ... studied the T-V ohar.oteri.tio --
ot forward biaNd -p-n ~'.lnotlon. They hsn oODoluded that 

the inj.ction ot minor! ty oarriers in the bod,. of the 

diede ill .... ntia! tor the brea1tdown. ~oooJ"diJlg to them 

th. ne~.tift reslstance ls ~. to ~rrent that tollows 

the on.at of avalanobe breakdown at the nolnt oontaot. 
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Beam anc! U"Iletrong44 haft J)ropolled a meohanin 

where an I~P80t Ionization of the metal ione Ie oaueed 

by the oarrier In,ected into the oxide by ~ohottky field 

emil.lon or tunneling. 

hllc!le,.·5 ha. invoked high mrrent tila_nt 

formation to explain the oarrent oontrolled ne~atiT8 

rel!il!tanoe and tormation ot high tleld domaln. in the 

0 ... ot VCNtt. 

Van Beok46 ob .. rTed current •• turation and 

negative' ren.tanoe in evaporated Cd~ thin film. which 

have been .solained •• due to trapping ot hot char,. 

calT1ere at the relY.1lelve center. In the grain boundarle •• 

Voltage oontrolled ~~8tive reai.tanOi oan be 

de.crlbed a. tolloWII r 

The omrrent tiret ri ... ete.di17 with voltage 

Dto a critioal value beyond whioh an lncre ... in voltage 

"dun. the oarrent. "iter a oertain minimum value, 

current again rieee .teadily with voltage. 

Kromer.7 ha. !'ropo .. d til _Oh~n1 •• on the b •• ie 

et the taot that the high kinetic ener81 electron. and 
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h,.,l •• in HmioonduotoJ" haTe negati" ma..... The 

oontrtbu.tion du. to the .. oarrier. will now •• ,.tive 

ettect. 

Pld1ey and watkin.48 ha.. ~gge.ted that the 

oarrier. at high el.otrio field. oan be traneterred into 

aab-band. higher in oonduotion band, where mobili t1 i. 

low due to large elleoti .. _ee in the band. Deoq in 

mobi1it7 will gi .. ri .. to To1tage oontrolled negat1 .. 

re ietaDoe. 

~1dle1 and ~atk1n.49 ba.. a180 .hown that the 

eteadJ .tate den.ity of the oonduotion eleotron. tall. 

at higher field. due to the 1nore ... d rate of oaptare 

of eleotrone by the reptll.in center., wh10h lead. to 

the VeNT.' pheno_JIOn. 

Ridle1 and oratt50 ha .. reported bulk negatin 

reei.tance in ~old 40".d germaniull and haft oontributed 

it to the tormation ~t hIgh f1eld domain. within the 

bulk of the eem1oonduotor. Formation of the .. domain. 

i. e%l)ltdned on the ba.i. of eleotron tunneling through 

the repul.1" tra~ center. who .. oapture oroe •• eotion 

inorea". with f1eld. 



41 

'f 1olnllott' 1 hse obllened VCF in A1-A1 oxide-A1 

88ndwiohe. and ha. explained the re8ttlte on the baet. ot 

positive dlpo1e formation oaneed by the f1e1d ionization 

ot _tal donora in non-etoiohio_trio tilm. whioh inoN .... 

the barrier. 

?ollaok et al52 haTe studied the vapour depo.lted --
fl1me of .\l-oXide eandwiohed bet.en two u.tal eleotrodes. 

A,fter a oonro1ete formation ot ioniC epa. oharge l.,er, the 

phenomenon of vcrm i. ob .. rnd. 

Uiokmott5' ha. a1ao e~died the negative re.i.tance 

1n anodio ox:lde ti1m. and explained it •• du.e to the 

tormation ot 1mp!.1rtty band 010" to the fo'ermi 18nl whim 

initially help .. in tunneling of eleotron. from _tal to 

metal through tra?. The tran.ter of e1eotrone to the 

conduotion band trom the other 1.~le or Ta1ence band 

inona •• erponentia11y with fteld. 'fhi B red'.!ce. the 

tunnel ou.rrent at higher field. aoro •• the Bam':')le and ao 

VO " ie obeened. 

VCNT1 hall 81eo been obael"ftd by ~pehteln54, lotte 55 

and pem1denkoT et a156 and hae been attributed to the --
eleotron-~honon interaotion. Donoh57 , lhano.a!! A!58 

and ~oer59 have ginn the theory of domain formation to 

eXlJlain the aooueto-eleotrio inetabili tie •• 



Me.d and Spitzer60,61 re~ort.d voltage oontrolled 

negAtive reeietanc. of one polarity and explained it OD 

the b.et. of the ~rm1 leYel po.,ltlon .t the metal

eem1conduotor oontact. 

1.5.111 ~T STABTJE C("\ml1CTYVY'l'Y wrTij S'ttTCHt NG 
AN'O 'ME , OPT PRENmlENA 

. oWhorter and ".diur62 (1959) reported "ew1tohlnc" 

In d"".d germanium 8t liquid fTe temperature due to aTalanohe 

bre kdown -produced by 1111).ot loni •• tion of 'TTl' or v group 

{" paritie.. The 10ni •• tion .wltoh.1 the lample from high 

to low impedance nate. ~w1tohing baok oo~rl when the 

oarriere reoombi_ with ioDized impur1tie •• 'l'M. deyi oe 

",a8 named "01'10181"". "he7 Cli_oul .. eI two t ype. of oryolarl, 

one ue1Dg unoompene.ted Ge which hal h1«h l.-peduoe (.,...., 107 

ohm om.) 1s1ll a oritloal Toltage where cmrrent Inore .... 

by more th8Jl .. nil order. of magn1 tude ~ aDd the othel" 

utll1.1ng a oompan.ated p-typ' Ge • Th1. one exhiblt. a 

• 1111ler eleotrio oharaotert.tl0 except that a Msatlft 

r. letan_ ooou.rl between the low and high lap.dance 

Itatee. Thle 1e a "bulk" behaY10ur linee both oontaot. 

are ohmio. Sw1 tohing tl_ ie of the order of 10-8 .. 01. 

~ ••• ler and 1'ompkln.6 ' (196') haYe t~d that 

p-tY1)8 ()e waterl doped with lithium (hlp atomio mobll1ty, 



n-t," d(I"8nt) could be u •• d tor a junction de~oe called 

"tleud.". I-V charaoterietl0 ot thle dlode oould be 

re~r.1b11 tranetormed tro. reotttJins eta'. to a reel.tl" 

one by applylng a eleotrio fleld at eleYated temperature 

(fttON than 1000 C). Tran.foratlone are o ... el by tleld 

.nhanced d1t~doll of Li lone. ~e"r .. bla. 1e beUend 

to OaR .. eleotric fleld oontrolled preolpitation of .xoe •• 

ot 1.1 10n. ln tha p-Il 31mo"loJl redon. Preolpl tatlon 

~.~adaa the reotlfler oharaotert.tto and tlnally 

notlfioation dlaa'Opeare .1D08 p-n junotion ie Bortad. 

"ormer reotitying atat. t. re .... t.b11.h.d by .pD1J1D8 

forward hlee. 

nlatt and qlokmott~4 (1965) ha" ob .. rved a 

blatable oonduotl rt ty 111 N'b-Nb oxid.-metal diode.. If 

the yol te~ aoro •• N'b-l'Tb ox1de-1~i 1. alow11 rai .. d, a 

wdd.n break<!o1ftl ooour. to a hish oondu.tin ty atate. 

Th. origlnal high dlod. re.i.tan.. oan not be reoo~red 

but the dlod • ...., be repeatedl,. .wi tohed bet •• 11 high and 

low oonduotirtty .tata.. the diode atter breakdown 1. 

in atable high conduet1T1ty atat. wb10h i. frequently 

oharaot.rt.ad by COW}. On renr.lng tha dlode polarity, 

it .witohe. to • low oonduotirtty atate ~oh i. etable, 

.nn if the polarity le ohanced upto .0_ critioal YOl'_, 

where diode again .witoh •• to t~e hilb oonduotirttJ .tate 
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and oyole oould be repeated. Tn addition, the,. al.o 

relton.d tha~ CeNT' in the ._ 410de maJ appear at two 

d1fferent Tolt.,... Tt in.t.ad ot ~i. Tn eleotrode i. 

uMd • eimilar eleotrioal behanour i. obtained exoept 

that VCNf> infleotion i. aleo ob .. ned in the low 

oonduotiT1ty etate betide. the wall-deTtloped CON? 

COlltrary to Reu and U"JI.trODg44 od ChoTJra~, Hiatt 

and niokaott tind that the metal eleotrode. pl., an 

iaportant role HOW_ ' •• l)le. with ZD, Od, Pb and SJl 

oount.r .l.otrode. do .shibl t both oon and VCN1~ . 'btlt 

tho .. with All, Ag, Al or Hg do not 1.e. tbe" i. no 

ob"rT&tion ot VONR 1n the low oonduot1vltJ .t.te. Moet 

proMUDoed 8W1tohlng i. obtained with B1, Tn and Pb where 

1 t oonre eTtn at low teurperaturee (4.20 It'). The,. haft 

not beell able to 81'" Ul1 eXJ)luatioll ot thi. COllplex 

behaT1our. 

Min.hi .. and 00'WOrker.65 (1965) haft reported 

8W1 tohilllJ l)heno_llon aooo.panted by aTalaDee bre akdoWJl 

in thin til •• ot .. 1I1-1nnlating GaA' .andwiehed betweeJ1 

two _t.l eleotrode. (w, Mo ba .. and Al, Te a. ooullt.r 

.leoUode.). The, ha" found that _tal har41J influenoes 

the eleo~rioal behaTiour. on applying Toltag' to the 

ean4wioh 1n aD7 d1reotlol1 the aample ..t toh •• trom low to 

h1Sh OGntiuot1rtty .tat.. 1'U1'1onr Tolt.,. 1. thioklW88 
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d.~ndent and tor filma ot 0.01 to .. ~ral miorona, it 

Tarle. from 1-'0 V. Btlataining voltage 18 nearly 

00 nat ant (n.7 to 1 V). l'e.,erature et"ot 1a almoat 

nes11g1ble 1n the ranse of 770 ~ - 4500 ~. Switohing 

tl_ 1. enlmated to be lea. than 10 nil. In their next 

,aper66 th.y ha .. 1n ... tlgated the thlOkne •• dependenoe 

of breakdown, tllrno~r and ea..ta1n1ng volt_e. Breakdown 

voltage 111 that voltage where foratlon take. plaoe. 

The breakdown 

volt ... 1. Dearly y,roport10nal to the thi".a, while 

the behaY10ur ot the _.t81l11118 vol tase 1. abnormal I.e. 

1 t df) •• not depend on thloa. •• , whioh i. ln marked 

oontraat to "oryo.ar". 

con.in ot an lnjeotlon voltap (0.65 V) and a •• talD1nc 

volt~ (5 x 1(,)' V 10m, by thtoklw •• d). Te1lqlerature doell 

not ha~ aDJ deteotable etteot on Vb' Tt and V._ They 

ruled out avalanche lnjeotion _ohani •• ln the region ot 

the em.taln1ng voltage IIlnoe thl. vo1t&«11 deduoed trom 

~'7 theory and ourrent mmltly,lioatlon .. a~rement. In 

the pre-breakdown .tate De~r 00 •• 1e •• than 1 V. Their 

n.ta1n1q voltage i. about. halt ot the band gap enerU' 

(GaAII 'Eg. 1.4 eT). 

Takagi and ~lzuah1JD&67 (1967) ha ... ob .. rftd 

negati'ft red.tan_ and IIwltohiq aooompanied with breakdown 
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1n .1"«le cryatal filma ot CdS grown by subl1mation. 

T'e-poai te4 Tn and Au plat.d Mo wire he'ft been uNd a. 

contacte. CrJatala han been exaJld.ned by applying pul .. 

fIeld ot 2 mioro MO. width and 30 Rs rel)8tl tlon frequenoy. 

CUrrent i. 'ftrJ nall under low tield nne. the ... ple 

re.istivity 1a about 106 ou om. (\n inorea.ing the tield, 

O\U"rent 810'w1, riee. and at a oertain orlt1c!l1 voltage, a 

eudden 1'1.. of carrent take. place. ·~.n the applied 

pul .. &ftl!)~i tude reaohe. the turnoY8r voltage, the ourrent 

r1 ... rapidly and the terminal voltage dropa .imultaneoualy. 

Switohing oharaoterletlc 1. independent at the ohoice of 

po18rity of the anplied voltage. They ha~ al.o found 

that the breakdown vol tace 18 pro1')C)rtional to the ... ple 

th1okM ••• Turnowr volt ... ie un.tabl. and 4 •• re .... 

after reDeated operations. '!'he _naiDing voltage has 

been obeerYed in the .... fa.hion a. 1n the l)reT10U8 work 

on GaA.65,66 i.e. co.~o .. d of the two ~art8, one injeotion 

voltap Indel'8nde.t ot the thloknea. and .. 00114 a thiokness 

dependent voltage. On the b.si. tbat .atain1Dg voltage 

in CdS 18 lIO_what higher than that in GaAs, they haft 

inolud.d the ~a.lbl11tl of avalanohe ln3e.tion oontributlon 

to yield the negative reaiatanoe and to 8Ilnain the dieohar .. 

etate. The authora have Nled out double lnjeotlon 

.e.haniam on the baet. of the faot that "'17 little teurpera

ture erteat haa been ob .. rved on the .. 01"1 tloal voltagea. 
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!he .amp1e .h~ .. «ood Photooonduo~l~tl betore breakdown, 

but 1. 1uen.ltlft to llght ' 111 the nitOh1Dg .ta~e. 

Patl1 aDd S111h.68 (1967) haft repOrted aD W'ItlIltl.1 

_gat1ft 1"8etltan .. pheDO_DOn In e.,..porated CdS thin filii 

lal'Ulwtohed between ~WG AI e1eotrode.. Atter breakdown 

at • oenain orltloal To1t_ co~ 1. followed b7 votm 
when the l)olar1t7 of the bla. 1. ohaft8ed. tnt tially, the 

... ple ha. hl«h re.latanoe and current 18 lma1l under 

moderate applled el.otrio tleld. 

arrent riee. atddeDlJ. !hI. tran.ltlon tab. 1'1.- .. en 

'bot~om Al eleotrode 1. made 'Mgatlft. On reduotn« the 

-roltage, the .am,l. remaine ill the hip oonduotlT1't7 .t.t •• 

Oaly by ohanglag the bla. polu1.tJ .... ,le nltohe. fro. 

high oonauotlvtv atate to the fon.r low OM. 0701e 

oan be repe .... et lt bla. polarit,. 1. agun changed maklng 

AI the lid tlal hlgh 

1m".danoe Itate of the Yirgln lamDl. oan not be " .... t.blt.h.d. 

the firet n1 toh1D« 1e defined •• breakdown. Th.,. hne 

.110 tGUnet tbat temperature ha. only a 11ttle- etteot on 

the nitohin« nltap IN.t not at all on -.~aiD1D1 .,.ol~ .... 

l'Urthermore, thloknee ••• well ••• leotrode _tertal do 

not ha.,. &nJ .lgniftoant etteot on the .ltain1D8 'YOlt ... 

which In thelr etud1e •• pp.ar .. to be about 1.7 v. 



sakamot069 (1967) 1n hia atudlea on eleotro

lum1nea.ent propert1e. of thin ~nS evaporated tilma, 

40".4 with Pb. cu., 01 haa obael'ftd a 8111lilar "han our 

ln .tead1 .tate I-V oharaoteri8tio. Re ha. tound that 

at "_ ol'1tioal a1'1)11e4 'Yo1t..-. current -.dden1, ri .... 

'rile .aa-p1. re_in. 1n thia nate unle •• the aign of 

Yol tage 1a ohanged, .en 1 t n1 tolle a to the low oonduot! Vi ty 

atate. No en1a1lation ha. been B1 nJl. 

C'_ ot the _at deta1led pre .. nt_tion on the 

awi tohi1l8 pheno_na ha. beell reported b)' Slmaol18 and 

Verderber70 (1967). The1 have ob .. ~d nagatift re.iatan08. 

tnr1toh1ng and reftraible Mmory e f fecta in thin evaporated 

S1-onde t1lme aandw10hed bet.eD AU and Ai 4epo.1 ted 

ele.trod ••• 
o 

1Pilm thiokne •• ranpa bet.en 2<'0-'00 A • 

'!'he ObMrftd e1e.trioal propeMie. haft 'beea attrtbu.ted 

ta reat1 t tra. ele.trol1tio introduotion of Au iona tro. 

go ld eleotrade lnto the SiOfilm. The ., .. plAt Don 

temperature 1nde~DdeDt ooft4uot1~t1, voltese-controlled 

~lat1ft re.i.tanOi and Nftre1ble voltage and theraal-

voltage -mol')' etteot •• The formation ~rooe •• ba. been 

related to the 1ntroduotloJl of 4U ion. whioh take. pla. 

under a oertaln voltage anplle4 on the ... ple plaoed under 

a moderate vaamum. To develo p for .. tioD it 1. __ .a&r1 

to make Am eleotrode po.itl .... Atter thi. prOM •• , the 
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__ ple which i111 tial17 haa a hiSh impedan .. ttlrna OftI' to 

a low 1mpedan .. atate. current through a tor.d oup1e 

1a eight ordero of magn1 tuc!e higher thall that of the 

untor.d 0_. It T01tage 1. alow17 reduoed to .ero a 

proJlG11Jloe4 VOP reSion ia ob .. rnd. AlIT repeated 1)-0 

Toltqe ewee, protluoea the e_ oharaoteriatio, thue the 

ohanp in oonduot1Tlty 1a pel"llaMnt. In "fie. of the 

taote that (1) Al-S1o-Al .an4w1oheo do not aho"" a eillilar 

behanour, (ii) 1t ia neoeoelU7 to maD AU e1eotrode 

poaiti~ to get the formation, and (ili) the toraatlon 

co BOt take place at temperature 10 .... 1' than - 500 C, 1 t 

hu be011 oonoluded that formation 1. due to the 111<~eot10J1 

of /tIJ. iou • In faot, the formation ooour. more readily 

• t a1l e10TIlted teaperature. OIl ",..re1128 the bl •• 

polan..,. .t high To1t ... , the _ple IIa7 rewrt to high 

1 __ danoe atato whloh Rggeat5 that 10na aJ"e _pt O1lt 

fro. the i~lator. 

I-V oharaoterietl. of the untor.d ... ple eo •• 

101 I "-/ V 1/2. A "roq te1lJ)Oratu.re dene_enoe 71 ot 

After fOl"ll&tlon, the CItlrNllt 

n ... "e.di17 'trith Toltage aftd .t V --./ 4 T ne.atl~ 

redatan .. repon appeara. 011 deoread ... the TOlt ... 

the ftrft 1. lIOre or 1e •• "tra .. d. peak to Telle,. r.tio 
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i. 10~1.'. Tbe volt.p .t whioh peak atU'ftllt ooaare ie 

'D-C oharaoteri"i. 1. ft17 .t.bl. 

011 the oth.r hud, atter goillC thrOUSh the _satift 

re.letanoe, if the appli.d ~ltage is reduoed to •• ro in 

Ieee than (\.1 ••• , the orig1ul GU.rve i. DOt retraoed and 

b.ok to the oonduotiJt« _tat., a TOl tap i n the oppoai t. 

dlreetion h •• to be a~pli.d. Ho_wr, tht. b.hanour 1. 

a,..-trioal in the een.. that anJ direction of applied 

Tolta«8 belond the threahold would induce the high 

reft.tanoe atate whioh would b •• ra .. d bJ' • TOltap of 

o~poe1t. polarit,. 

Negatt Te re atstanoe haa been eX1)lai_4 on the 

ban. of the form.tion of a narrow band in the forbldd.n 

~.p. ~t low Toltage., oonduotion takea 1)la08 thrt)Ugh 

this band, but at higher Toltage. this 1& apprell .. d 

below the 11erad. 1 .... 1 1n the .tal and 1_ therefore not 

sTail.ble for oonduotion. Thi_ oau ... 8 _dden deore ... 

ill oonduottTity and hence a Depti ... resi.tance. The 

-1IlG17 i. attributed to 80_ tral'J)ed oharS- stored til the 

.. m1oont\uotor, when the volt ... Ie rel .... d qui.tly_ The 

norea eharp dletorte the bed nruoture of the lnllUlator 
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!he nored ohar .. 

1. wt~h4r.Wft oa ~he applloa~lon ot Tolt.,. ot o1'po.lte 

polar1t,J and the or111nal oaDduotlon re.tored. 

ArPl172 (1968) ha. NJ)Orted Nftrdble nltehlD8 

tro. hlgh lapedanoe to low Impedanoe .t.te 111 H-oxlcle 

thia tllllle. 

Pil •• hsft been fabrioate4 b,. anoell.atlon of T1 

_tal 8heete 11l all eleotrol7te. Vaomtm depoel ted Al, 

AU, H and B1 haft been u .. 4 a. OOttDter elenrodee. 

Pilla th,lolme.e i. about 100 i. I-V oharaoten.tic. 

h .... beell tra .. d OD an o.ollloa..,,. b7 applpDI 100 Hz 

aienal. Initially, the I-V oharaoterietio ot the 

ineulatlq et.te Ie eUght17 a.,_trio. Howen!", juet 

betON bNakdoWll, marncl obaap OOCllra tollowed b, 
unOf)ntrolled nltohlng. 'rh1a traneit101l 1e tairlJ 

coapl.x, 1 t oan be acoo.pWe4 b,. CC!m or 1 t .., aftn 

nitoh to a high ooMuot1T1t7 obJl1o atate. Beaide. that, 

the.. tranetorutlon. tollow eaoh other ia • talrly 

ral140Jl oreter btlt one OaD di.tlnplah oontrolled nltohilll 

between high 1.pedenoe and low 1.,.danoe atat... He ha. 

tmlnd that there ia 110 •• d tor e-peetal ellT1roDaallt. aa4 

the tranal tlon. take pla.. e1 ther 11l Ta._ or ln air in 

the t •• perature ruse of 77-5000 x. Swl tohlac OaJl be 
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obtainedeJ.ther by ..,ltap 01011118 or b1 applpDI pU .... 

Reftral IIW1 toh1D8 01 ole • 1DQ' 0... failure I.e. ...,le 

..,. remain either 1n the low or high oonduotint1 n.te 

(10 ohm). Th. _thor doe. DOt find that eleotrode 

material plq. aD7 ded.lft role. There 18 JIG o_ .. natioll 

of Ton eftn III the 8&J1l)le p1 ... d under .aOW1ll and ha'f1.a« 

~ e1.otrode. oontrarJ to that foulld by qtokmGtt51 for 

thin anodto oxide. and b7 81...,na and ver4erber70 tor 

SI-ox1c:1e. ArSel1 tlnd. that ou.rrent In 8Jl1 e1:.te 1. 

pr~,ortlona1 to the oontaot area and tbn. the ~lt ot t~ 

diel.otno 1. a.tlft. purthermore, It ha •• ea DOtloed 

that eaoh oonc:1uotlq .tate ha. Ita own I-V oharaoteriaUo, 

aetl.atloa enerl1 or laok ot It. 

At 770 
1(, before IIW1tohlD8 1. e.tab11"e4, I-V 

beha~our ia ohm1o at 10w.01t ..... followed b7 • aqa&re 

1 •• resioa and flnal17 1»7 a redoa .ere y......,v6 • After 

aw1toh1ng the .tate 1. oharaoten.ed by I-..oV'/l. '!hiI'd 

at ate 1. l"lre ohllio. The .. three .taw. are a.,._trio 

wi th :re • .".ot to yol tap and eld11 bl t -1101"7. When 

n1 tolled ott In a partiaalar .ta_ the tila remain. ia 

Sqaare la. reg10ll of tM 

I-V oharaoten.tio of the et.. (1) 1. attrtln1Wd to SOL 

_ebaJd._ a. propo .. d b7 Lampert7' and the higher power 

",1011 ot t ,-..Jv' cbte to .0_ tora of .pa.. ohal'p 1111:1 ted 
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oon41 UOI1., the three-haln. POWI' la" ot nate, (11) to 

tl1"'ntar,y 1113e.t1011 and ohmio reSion of .tate, (111) to 

.0" form of eleotron hoppirag oonaotion. The author 

h •• not "l"GJ)O .. d aDJ tbeol'J to explain the n1 tohing 

.0han1em. ne _rel,. nile. out the po •• ibi11 t,. ot a 

'Dha .. ohange .oauH the dielenne oon.tant remail1. 

unohaJl8ed thrcm«hout the ew.l tohiq .otlon. 

-,.ldaan and au.tterre.74 (1968) han ObHl'ftd 

rcJJV and n1 tohlng in amorphou. boron ttl •• depo.1 ted 

tro. boron 1»7 eleotrOI1 bo.bard_ftt. Va.tlJIl depodted 

t1 t.m.1lIl h •• 'been uHd tor both eleenode.. On .pplJiDg 

TO lt ap , cmrrent 1. t1r." proport10nal to V then to y2 

and tinal17 to .,n where n 18 greater than ,. ?Ilrther 

inon ... ot arrent 111 thi •• tate le.d. to an lrre .... ralbl. 

'brealc40Wll. ~olWlr .pa.-Gharp redOD I r..,J vi 1. DOt 

tftJld af- r brea1t40wn. 

tormed .tate. 1hre.hold Tolt_ where caRR 00_1'. and 

... t81111D8 Yolt ... are Independent ot ... p18 thiokDI •• , 

the ratio ot 'th/T. 1. equal to the rat10 EglEr, where 

EC 1. the baD.4 gap and Er 1. the e.r87 ot the reooablnatlol1 

1 • .,.1. 

P\lr'theJ'lllOre, telq)8ratu.re doe. not influence the 

threeold aDd nn81n1q Tolt... ne,. propo" a model 
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bReed on a c..'1ange 1n eleotron oapture oro .... etion due 

to tilling ot reoombination level with eleotrone by 

avalanche ionization. 

The au.thore need the model given by Lampert 14 

Itnd stateE'v 75 1nTo~r2R the role ot nt omblnatit)n 1 • .,.1 

in the ewi tohlng mechanism. In addition, they pOstulate 

the mechant8m of t1lli~ the level. It i. assumed that 

the etartl~ matena1 i. n-tyf)e 1Ii th reoombintl\tion level 

1n the middle ot the band ga'P. ....--ecomb1nation oenters 

Are tilled with ho1ee and are thue able to oapture 

e1ectrone trom the oonduction band. The hole C\1,rrent 

ia first o~c, then apace-charge limited until the 

aTAlanche thre8hold voltage 1e reaohed where hole. are 

ion1~ed to Talence band. vn de]')8ndenoe l"e8t1lte trom 

the increased hole ourrent. nn inoreae1ng Tol tage further, 

elpotrone are ionized to the conduction band, where the, 

haTe R lone litetime. current is now oarried by both 

holee and electrone. Traneit tim8 doe. not come 1n 

picture due to the thinnese of t.he sample, hence the 

behaViour 111 thiemee. indeoendent. Peei.tance drope 

until the T~ltage acroee the sample ie juet .~tficient to 

ee., the recombination centers tree of hole. by ionization. 

~ reversing the oyole, the recombination centere begin 



to till with hal •• , the eleotrone are o.otured 8nd the 

renet.nee lnOreS"8. The 88111;)1. then turn. to the 

original .tate. 

OTehlne1Qr76 (196~) ba. rer)orted r.ftrlible 

ewtteh1ng Dheno_rut in clt.ordered .truoture. e.g. amorphou. 

eemloon&ttotore like ~xlde, boron-b.eed ~188eee and materiale 

contalni~ 4e or Te combinea with othera from IT!. IV and 

VT l!roun. It hae been oonoluded through field ettect 

me~8flrementlJ that band ga." contain" a dletrt butlon of 

trappina: and recombination oentere wi tb denel t1e. 1n 

XOBe. of 10'9 om-J ev-'. 

'T'he _jar features ot the ew1 tohing pheno_non 

fl!'e the folloWing I I-V charsoter1etl0 18 eymmetrloal 

wi til reepeat to the "ftraal ot the applied 'YOlt_ 

an4 Ottrrent.. The methode ot the aam,l. preparation and 

electrode mgter1a1do not nla,. any 1'018. P1ghl7 reeletl ... 

.. tete Ie ohmic 8,t field. below 1(')4 v/om. .\t higher :fle1da 

dyn!l!ft1c reel.tanoe deere" ... monotonically. When applied 

f1eld exceeae a thr.ehold vaille. the ed~le .l'titohea to 

the oonduoting etate. Tn the oonduoting .tate the ourrent 

oan be 1norea .. d or a.oreaeed without Rffecting the voltage 

drop, thl. v"ltage 1. termed •• the hold1ne Toltage Vh -

'!~er. the dynamic renetanoe 18 010 •• to zero. It the 
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ourrent 18 cfuoed below the oharaoteristio value. termed 

a. ho lding current Th , the 8.m~1. ew1tohee baok to original 

hi ~ly re.letl~ etate. 'l'he ew1 tChinp; proce ee 1 e 

~~ table. Tn the high reelet1,. .tate the thre.hold 

vttl t8~ inc1"'efllee p 81m08t 11near1.7 with t he th1olme •• ot 

the aam'!')le. (In thle ba8t. and on the ttnimnortanoe ot the 

eleaotrntie material, 1 t 1e ~noluded t hat the ofJ~rrent in 

the li .~h ree1et1" "tate 1e bulk limited. tn oontr.at 

,0 t h,le t e holdiM voltag9 1. wealtly de,.nd.l\~ OD 1thloJctW •• 

. ch "JRgeete thftt 11'1 the oonducting state the Toltage 

dr" f! entirely 8t OM ot th.e eleotrode •• fln nttohlDg to 

the oonduoting "ste, cu. 'rrent filament. apl'81ll' to torm 

11Gb ru-ow with lnorea8ing cu.rrent flow. t~l!!1illU' au.rrent 

fl1mnent. have be.a obMrved by • oer 77 and ooworker. and 

re (pite ~nerally eeoo1sted with t n t eha1'8 lnetab11i1:1e •• 

y nl'l."1ng reotangular vf)ltage tml •• 1t has been found 

that pwitohlng ooour. with a delay time td. The duration 

t ewttehtng prooees i~ le.8 than 1.5 x 10- 10 .. 0. 

The m tohing ,rOM e. ,can be analyeed in term. 

of the nucleation tJor,y Where ~~eleatlon rate 1e voltage 

d . nendent. ~he oonduction and switohing nrocee8ee are 

closely relRted to the .traotoral dleorder and tle 

am01"nhOU8 nature of the Materiel. whioh in turn re 
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ae.nc1.tea with t t e local bonding charaotertetlce of the 

The di80rder allow. moet .toa. 

t4'} c"mnlete their Yftlenoe .tflte R,nd thus e etablll1h a 

h1 ... h degre. of oomoen •• tlon reeu.ltlng in Ineu.lating 

b.h..t~r "r the .. materiale. ~ large overlan itl ener.g 

of the levela .temaing trom thevalenoe band with tho.e 

trom 0 nduotion band 1. expeoted to nroduce a large 

a.nd ty ot tra." •• Th~.. traDe when t.hey are ocmlniea 

can e •• tly be innized at l!IDaerate field. by lo-wer1ng 

t he tra') denth and reduoing the oa;,t;ure oro8e-.. otlon7A• 

Parde! 1nereA" ot carrier concentration rewlt. and oan 

exnlain the "beenea non-ohmio behanour in the low 

conduottVlty .tate. \ It'OOnentlal dependenoe f)t O\lrrent 

on TOltage in high re81.tift state, betore nita ~lng i. 

eXl'latned tU) 1ntemal field ionization and amieelon from 

Tt 1, be11 ..... d that after ew1tch1D8 

a re-d1etrlbutlon 01 carrier., 88 a re.~lt nt oppo.itely 

oharl{ftd carrier. haYing verf dlfferent mobil! tiee and 

tranri tion rAte. through the eleotrode interfaoee, gifte 

r iM to a 8ltaoe ebargeand fleld enhanoement near one 

eleotrcde and to the emal1 value of Vh. 

A memol'1 etteot hall a180 been ob .. ned • After 

• wi tohlng ~rom high resistanee state. atructtlral ohange. 



reNlt in the 1):reaervatlon "t the oonduoting .tate 

even when the Tol t ge 18 re!Dl)"d. The material oan 

be rever.lbly n1 tehed baok to the hlr"h re.istance 

lit te by 81'l,,11011t1onot ... current nttl. of et the l' 

olarl ty exoeedlrm a t hreebold value. 

Tn what follow. we ref)f)rt til new type of 

bistable cf')nduot1T1ty, .w1tchlJl1~ and memory .tfect 

in thin films of edGe f\\nd edTe eandwiahed between 

two ratal eleotrode •• • 

--------------------------------------------_._,----
, Bhort note d •• oriblng the .. etteote 
haa alre~dJ been publlehed79 (1968). 
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1.6 

Cdf!. and edTe are .. mloonductor material_ wtdoh 

fi r st attraoted attention heesuee of th~1r ~h~tooon~otlTe 

~lthough the •• two mAterial. 

hRve been .ta4iea oone1~er.bl1 1e.e than the other o~mponnd. 

of TT.-~ ol.e~ .uoh a. CdSe and ?nn, there 1. et1ll a vast 

(lr:.ount of l"lbl1catione on the study of theM two cor;Jounde. 

Cdr. and edTe u~lftllJ ory.t~lll.e either in 

71noblen~e or hexa~onal-wurt£ite struotures depending on the 

stoiohiometry and ~rep.ration conditione. 

olytytlee are aleo lcnown to exlf.!1t. 

Tn addition, eome 

The zinoblende 8t~c~re (7nS) 18 bA~ed on the cubio 
2 enfl08 grnup Td-1I'1"m. There are four ~.nS molecml •• in a nnit 

eel1. The atome o~~p~ poeitions with the following 

ooordinate" I 'S in (a) C",",O; (\ ,1/2,1/2; 1/2,0 ,1/2; 112,1/2,0 

and 4"'n in (0) 1/4,1/4,1/"', 1/4,'/4,'/4: )/4.1/4,,/4_'/4,'/4,1/4 

!veJ')' "tom 18 eu.rrounded tetrahedrally by four atom. of the 

other kind at a dietance of + V' a "here 'tl' 18 the 

011 Ie lRttioe parameter. There are twal .. next neare.t 

neighbour. of atoll. of the eame kind at the d1etanoe ~ a. 
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~~lx of the .. are di.tri buted at the corner. of a hexagon 

in t he same oltuw as the central stom; the remaln1Dg .1x 

for • trigonal Antlprt8m with three aboTe and three below 

the plane of the hexagon. ~incblende arrangement do •• not 

hve center of eymmetry 01' inver.ion. '!'he zlncblende 

orystals are polRr and the opposite fa088 e.g. (hkl) and 

(~), and oppoe1te direotion. [hkl] snd [hklJ may h.~ 

different -phy.ioal and chemioal properti •• (iPig. 1.12). 

The wtlrtzl t. .tmoture (Zn S) ha. the .oa08 group 

O: ... -~6,mc and . there are two moleculee in the hexagonal 

unit cell nth two Zn at 0,0,"" 113,2/',1/l and two S at 

('\,~,u, 113,2/.,,+ + u with u rJ ,,Al. EaGb. loft etom 1. 

bonded to four n atoms, an~rox1mat.l1 at the corner. 01 

a "etrahedl"On, one at the di.tanoe " 0' and three at 

[~ .2 + 0
2 (U_112)2 J 112. There are twelve neere·at 

n 1 ~h nuret 81x at the corner. of a hexa~~n in the e&m8 

Ian ae t e central atom at the dl stance • a'; the remaln1ns 

.ix are at the oorner. of 

r...!... 8
2 + ...L e2 l'l2. 

L , 4-

• trigonal nriem at the diet.nee 

If cIa • 2~>Y, • 1.6'30, 
nel it u . • .,~, the neareet-neighbour ooordination 1. 

tetrahedral and the "welTe next neareet-neighbour dia"anoea 

Rre equal. 



(I - METAL ATOMS 

:-J- NONMETAL ATO 

FIG. 1.12 Z INCBLEND E ST R" CTt.; l vF THE 

CUBIC Zn S (PaUllng )80 

• - METAL ATOMS 

Q -NONMETA L ATOMS 

FIG.1.13 WURTZITE STRUCTURE OF THE 

HEXAGONAL ZnS (Pauling)~o 
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rtzl 'tie doe B not ha.... tl center of symmet'17 and 

there it!! 8 J)olar 8X.1e Darallal ta li'oo ~ (~g. 1."). 

~oth ~lnobl.n~e And ~lrt£lt. forme are known. 

~or t he zlncblende form the latt1ce 'ltlrametere are 1 

• ~.o ~, dOd_se • 2.62~, dOd_Cd. 4.2 ! while 

fnr the wurtzlte form they are t a • 4.2985 ~, 0 • 7.0150 1. 
(b) Cadmium telluride 

, '" . 
Od~e umall)" oryltallize. 1n the Cftlb10 zinoblende 

. 0 
srr npement, with the l.ttlce parametere • a = 6.481 A J 

dOd_!' • . s:: 2.po ~ and dOd_Cd • 4.58 ~ , althGU.gh 1.,_1:1._ 

the 1ft.trtzi te t1'08 hal alao been ":parted. Hexagaaal Ml1 

4imene1.en. ertral'olatea troll the lattice parameter_ o'btalne4 

t:r-om hexagonal eol1d. .,olutton Cd ( se, Te) are a • 4.57 t 
and 0 • ~.,e ~ . 
1.6.11 

'Eleotrioal ttropertlee t)t the OdS. have been ,tudled 

lel!8 ext.naively t han tho" of edT. mainly beOauN it 1e 

dlt t! l It tn 1)Nf)8.l'8 Cdse. single ory_tale of h1 -;h pa ri t,. 

C a ~.!e ann C!dTe have the band gap of 1.7 and 1.4 - 1.5eV 

reltf)eetl"181y and the fundamental ab.orptt"n edge 11 •• in 
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ten ·nr intr red. :'; leotron etteotlve ma •• m* /m In CdS. 

Ie bout .1' and mobillty &round e:;nl'; om2.Iv.Pe o. detel"llined 

t rnom i;em~r8ture for an n-type material having he 

earrier c~noentratlon of tho ~rd~r of 1 ~-17 om-'. 

(ld". 1« tUd.~ •• amoJlg 11"-VT O1)m'lf7Unds tn the .. nee 

t hat it oan be made either n-tyne or l)-tyne. I" tf.otl .... 

Aee (m ~) ie about ~ ." tor electrone and n . 41 for hol ••• 

v@r the exnertoental Talu. ,,1 m·/m hae been tound to 

e~nd "n the method of d .termination • I\ctlfttlon energ 

-tyne • . .I.r~ aotlTatlt'tn aMrgy tor ."..type edT. aho •• 

why eo far there hae been d1ttl"11t y in getting n-type 

conc!1.1ot1Ti:ty in TT-VT compounde. ,renny and RubeS2 haft 

r Mrt d that n-tyue oondl1otlrtty In C!dTe ie obtained 

with IMrm.rltle. from tTl or VIr group and P-Vpe from 

T 0 grOU!l. n, cu "nd Ag dlffU .. extremely rapidly 

in both material. ae interetitlel. bmt they can aleo 

mlbni tut. Cd in the lattice. 

by mbnl tuting Cd. Jenny and 

G.. and In aot .e donora 

be.n2 haft de termined 

Tt 1ft worthwhIle Mntiomng t hat recently eu.ooe.8fu.l 

~renaret1on of n-t~ Cd~. eingle oryetal has been 

renorted 1. 



osrrler mobility 81!! ,f' cm2 Iv eeo. tor both p-ty-pe and 

n-ty~ material by t all afreet mealmrementl!!. oxygen 88 

a 1m~rl ty in tT-YT COMJ.)onnd8 play-I!! a "1'7 lr.tnortant 

t rsther a ot)r.'lJ')lex role. tt8 pre_noe 1n the .. 

materla1e may 1884 (1) to the formAtion of 8011d 8olutione 

b t en. the chaloo~n1ae snd oxide 1)l"oduotng a ehltt 1n 

the oert1nent energy "aremetere (it) tG the apneeranee 

of e'f)ee1tl0 dteGret. 1eve18 or band" within the tGl"bldd ... 

C 'I), ud (111) to certain Iftlrf'aoe "henomena. Normal 

~d8"rntl"n, t hemal deeorptlon ae well ft& nhotoatirulated 

adeoJ"l)tlon and deeorpt1on hs'ft been obeernd. :'h. 188t 

one h",. beenetudled in ~r.at detail bY' Bube and 

co rkerr,"3,A4,R5. in ~neral oxygen aete u aooeptor-

1 ke im-pnrtty , lt deorea"l!! dark conductiVity 1n the CdS. 

t lnct"ettMe the ratio Ii ltd. !,,,art of the pe.t 

t~. t~nt~ 1n fabrioating nhotoeenaitl". elenent& are 

related to ~xygen adeorption. 

nrodle and ~.Co.bee6 h8~ toun~ the dteleotrio 

conetsnt ot Cdse .a 9 at 4.20 
.. • 9.5 at 7.,0 v. and 10 at 

2d(\o :~. '!'or Cc!Te, rte !'Iobel ~7 baa reported the dlel.otrio 

~nnetl!tnt aa 1 ~ .9 flt 20ft 
'P' and 11.0 at 17° 7 , me"tmNd on 

!'J-tY1?e nlatertal h the carner o~noentr8tlo1'l ot 

.It X 1n13/am.3• 
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~~any of the important .olld ."ate ',henomena lOoh 

ft. ~hotov~ltnR8. ,h~tocon&uotl.tty, storage and eleotro-

1 1m.neeoenoe ha .... been found In thin lq,ere of the. two 

mftt.rial. or III their eo11d eol~t tion. with other material. 

'T'heee film. are alre 4J' ueed In 

ome dence8 suoh .8 field etteot tranaietore and photo-

el mente and some are 'Under ttlrther lrrftnigatlone. 

"'her e Are nnmber of way. of nrel'&J1,ng thin filme of 

t he materiale .uoh ae ohemioal depoe1tion, enbllmatlon, 

emtterlng •• aouUJll eval'orat1ont epl taxtal growth and 80 011 • 

. ,.. ndlng on the 7'!ay and oondi tlone of the prelt81"ation, 

t hin film may 8'PlMlU" ae a "ringle oryatal" J' 1yol7.talll. 

t 1m wtth oreterred orientation of mioroofJatal11t.,. 

nolycry.talline film ot randomly oriented ema11 oryatala 

or a!!'101'!)htm I! fi 1m •• 

b7 • oan~ 4ep"8itlon, the ,ronertle • .., be affected by 

mal\T !')"paratlon l'qrametere Noh "s mlM. tJ, "hy-noal torm 

of t he ae~e1t, aepoe1tion rate, 111m thiotn..e, temperature 

of t he evanorator, geometry of the dep~eltlon arrangement, 

nAture or t ho ree1dual atmosphere, nature ani'. temperattlre 

of the 8t1betrate and .ar1ou. oet(le :)081 tlon preoelJe1ng. 

~.O~1 88 of all the ee and the ~aot that Tt-VT oompoande 



el1880018". in •• l)our ph... "hiOll om ... non-etolchloM"17 

in t hedepoe1te there 1e a fal r lf poor reproduolbll1t7 of 

t h obeernd ehsrRcter1etloB of depo.l ted 1!-\ compound •• 

Ae already mentioned both Cdze a. ll.a CdT. 

y xi.t in two ory tal _difloatlon. viz. _bl0 81noblencl. 

1'14 hexagonal wnrtsl te torma. Shallm.,.. qa hae found that 

C T nbllmed ill a1' on 8ft the 1a.8 -.b.trat oontain. the 

he -~nal mo4lfioation (~t.lte ty ), 1n ad4itlon to the 

wal enbl0 tom. ~e ha. round th t the f8~r oo~. 

lVh n the t11m hae n exoee. of metal. 8xoe • of Te 

'lllp •• th OI1bio form Thin filnta mbl! d. un er 

v OU'tm do not have the hexagonal form. Large proportion 

of t he hexagonal form 'oooura when f1lm 18 depoet ted at 

b trete" temperature of 70-4 0° (1 and eTa~orat1on 

.i. he fllm8 tend tt) haft the 

( 111 ) lane. of the 0178t8la l'srallel to the Imbnrate •• 

. 1 texture 1. lo~tat low temper tuN and in the thioker 

11 tI . The 1 tti08 ara"l8tere of the hexagonal form aN 

• 4.~~ ~, o. 7.'0 ~, ola • 1.6'7. 

~.latn1k and sorOkin89 hsy. r~nd that anomaloue 

h~to • • ~.t. in thin evenoratea edTe tll •• 1 due to 8 

l~.rp,e rmmbel" of "1'1e. onnneoted hotooellt!. The llhoto-

effect in each cell 1. eenerated at t he houndary between 



1 and Gllblc lattice •• ~hey90 ,91 have oonoluded 

t h t larMt :~ "-~'r.' can be re'Prt)duoed only when t h IlUbetrate 

tenner ture ie high since only at hIgher teml)erature 

tcx~ na1 form 1a nbtAined. ~lme deonelted ~n whit. 

"'1) 1 re wbetrate hae a higher f.~H'ini' beoauee 120' proaot •• 

,referent! al prnwth and orientation of t he oryetalll t •• 

nd ' loo~e of the hexagonal mndltlostion92• 

~fateuno and In~e9' ha~ etudied cry.tal growth 

an orientation of @vanorated edTethin tima. 'P-tJ!'8 

r. "'e ~la. been deJ)~.tt d on hot eu.betrat •• (120-2500 C) at 

normal and oblique-inoidenoe (4~O). They ha~ found that 

"'J.bet!"ste tenDeratuN hae a pronounced influence on the 

or ent tion ~f t he film.,. F1lm. coneiet of f1 brou. 

orystaliite. of else le.e than 0.4 - ~ .A miorons, whioh 

ahow well-defined cryatal planea of a hexagonal crystal 

habit. strong de?)ttndence of ~"wth orlentat1nn on the 

lreotlon of le"oeitlon hal' been oroved too • 

. ~ez"el.otr1o effect ob .. rved in 111m. grown OD 

qu ·~3, he. ehowrL that th,e r.d(1'l) {,lane ill ~djaoent to 

t he 8ltbetrate. Thie has lwen found to hold tor moet 

<ltber eu.b.tratee exarnned. 

th illumination Ie parallel to obliquely de~e1ted t113, 

~lJ!l" deooelted with normal ino14enee do note eXh1blt 
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hotoTf)ltaia efteot. ',he po.ttift v"ltage ~e"lop. on 

t } 111de 010 .. to t h ev.norator. Following selD11e~oT 90 

. n~ ""'"rtk94 the .nomaloull oh,.,tovoltage 18 attributed 'tio a 

tr Bitton atruct"re bet.en Ollblc and hexagonal ph .... 

rthermore, it 119 ehown that the lame llae II'trtloture 

nernendlet~lar to ~, TI axi. Ie introduoed during growth. 

The ext.etence of both hexagonal and Cfttbl0 phaBe indioate. 

t At Iftm@llae are probably cot!l1')oMd by ataoking the .. two 

. h 1m. an~ the intertaoe. may be reel)ODeible tf)r t he 

~hntf)T"ltl\ , • .. soh tiber cryetallite .,1878 role ot 

1') ntovt)ltal0 element anil its 8ign ill ne~ tift on the 

etlb trate 8ide M~ ~o.ltlTe on u r>1.'8r enrt •• aide in the 

ep of qttarts embetrat~ . 

~JO.mar3a195 hae e"'.ld1e ~ interaotion of 02 wi til 

film denoeited 1n the temnerature range of 0_,60" C 

nd re .-tre r nge of 10- 4 - 1(l nm. 02 deorea .. _ dark 

o ndnottvt tJ of n-type edse and thull aota a" 8coeptor 

Imntlrlty. Te h f! a1.0 found donor type ",.altl.,. adllO:rbed 

C'"" Mnt on ~d('1. filliP whioh oould be reveretbly reTl"ftd 
r 

from t he mrface. '(-ray IIhowe thAt depn_1 te-c1 film ha. a 

highl y t)riented hexagonal etruoture with the '0' axi. 

n"r"!l81 to the Mlbetrate 8. It hall been t011nd that TaooUDl 

b king containing el t he I' large exee •• of Cd or t1e i . pro".. 
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et lehtometry of the oompnund. 1 rtbe rmore , the,. han 

ob rved thet fa.t eleot ron tran.ter from the semiconductor 

film to the oxy n take. place at ~ temperature when 02 

1 Intrnduoed Into reaotton veeeel. ~h1 1e interpreted 

e t l-t.e formation of ohem1eorbed 02 of the aooeptor type In 

t e rnnnolayer of adsorbed atome. ,tt high tellnerature. 

bow Y'0 C, faet deeorbtlon takee nla08 and the ree1etanoe 

. 'Oroaohef! the vitI, e of a "olean" 8tlrtaoe. ndRe film. 

~n n-tyne throughout the expert nt. 

Im1zu.96 ha •• tudled eleotrlcal propertlee ot 

Cd eT8t)t)rated til .. and halt tound that there are two 

kinde of eleotrnn trap. 1 .mallow (n.,'5 eV) Which are 

reenonet ble for hl~ o~nduo1:1T1 ty in til!?!e de . 081 ted OJ'1 

he II'llbetrate Rt 1 (,,,0 r! and deep trape (" .4 ev) reeent 

1n film. depo.t ted 011 the _ben.t •• at temperature 
o bon 150 -. 

nrodie and p.eed97 have need a .~o1.lly developed 

xJ)erlmental t ohniqne tor the ett14,. of tra~ trag leTele in 

t hin .vanor ted film. of Cd~ and found Mallow leftl. 

near ~ . o1p eV with a trao deD81ty of about 1 ~ 15/om' 

" '\ermined bJ field nimal.ted emi •• ion. 

lTl p,h ."hotOToltage effeot hae otten been reported 

in eTSl)4)ratec1 thin tilm. of CdTe. peneak98 and !loldeteln99 

h ft re orted etlob an anOmqlO'l. photovol tate ettect and the,. 
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b ft found that it OCOiU·. with 8811lpl.a aepGuted. under 

obl1nne inoidenoe. n1nce nho,tovol tage 1. limited by the 

bnnd ~8P ~f the material (1.45 ev) it ha. been oonoluded 

t h*1t fl1ml' conelet of large rmrnber ot junot1o».. The, 

h ~ not found any depend.nee Oft t he eleotrode material. 

omaaohenko and ~doru.1~n have studied the photo

e. ~ . f . 1n ~dr. obtained atter VS~lum thermal oepo81tioD 

They claim that 

e xte rnal ~hotoeffect from the metAl to the aemfoon&motor 

18 tU11m~rt8nt and homogeneous p..n junotton 1. 110t formed. 

I t h a been ooncluded that photo-e.m.f. in Odse 1a of 

barr1er-tyne origin. The barrier -phtltoeffeot 1n CU-Cdse 

nhotoooll. a~~e8r. at a heterojunotlon. A phvs1cal 

b m er laye'r has aiao been formed at the contaot ot 

r.d f',e with M . 4U. t. 

,'wank 10 1 baa atud1ed eurfaoe propert! •• of IT-VI 

e"1'!\omlnda of clea.ed 81ng1e oryrial edf)lee under ultra 

~1x n-tyoe .am~le. of d1fferent material. 

8ft been found to po." 88 a Dept1 V9 Iftlrfaoe oharge 

re8'11t1nrl; f1"om aeoentor-ltke etat •• below the JPel'll1 1eftl 

at t he "lrlace. Aoceptor l.~l. are near to the Permi 

level Which 1e near the oonduotion band edgeinlllOiIt oa .... 

,~et 1 88m! ot)nduotor 8I1rfaoe barrier. btr18 ale been studied 

by I"'.ennert and ooworker.102, 1,'e.41o, . Cowley an.d Ba. 104• 

ft ,,! t •• r and l''fesd 1\ 5, (JoodtnaJ1106 ,107 nON !! !! 10e and IIUl 

other •• 

• • • • • 
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t91/Cd ~8 or CdTe/metsl thin 111m pandwiob 

'e+n cturefl '1ave been tlMd for t he study fJt the meohaniam 

of. the ob.erv8d bistable conduot1v ty phenomena (ew1tohlng 

The eandwloh •• have been f)re~ared on 

1n.' latlng ~b8tratee by the T8cuum denoeitlon teobn1que 

nd theIr eleetTio91 nroperties have been etudied. The 

t chnitIUee have been eed for t he earnnl. nre'()sration and 

for the tn8Sl!ft1remellte of phY8io 1 proTMtrtlee are as 

t,,11 we I 

.1 

.', b.tr.t.~ 

~et.l/Cd r je or cdTelmetal sandriche. :\'8re normally 

n r d on p,lase eubstrat ••• 1la88 ~b.tr8te. (Gold 

;~ a1 mioroslid'. t dimeneions 7.6 x 2.54 x .1 om) re 

01. ne in dilute ohromio 801d and .. Med thoroughlJ by 

rinsing with boilIng distilled water . Ti'inally , the,. were 

hed with double disti lled water, rinaed With ieopropyl 

alooho1 IUl dried un!ier an infrared lam'O. 

CadmiUM M1ent • and oadmium telluride 
~ . - - . -. 

;\11 d • .,o.,itlonfl h8ft been done ~th CdS. and Od1'. 

8U.pnllen by ,. t)oh and I,ight Co ., uurlty 99 . 999 I er ce .. t, 

withnnt any intentional doping. 
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Vacuum d.~o.ltion un1t 

etandard vacuum coating un1t .upplied by ~/8 . 

1 ~1 d ~'igh Vaoaurn. o. 11tl1., 'Ban~alo:t". , hae been ueed. 

;Phi p un! t h (I an 011 d1ttu.a1on pumt) Drec.ded by a rotal7 

011 l'JUtn1l and the nreeeure 1e 08A81U .. d by Mrani and 

",nning , auqea. This unit CD produce a low nNeau re 

of abnut ~ x 1 ~-~ Torr. The eonroe to ~b.tr8t. diet.nee 

of)uld be ohan-"'.ed but in order to bltTe maxi1lll1m reproduoibility, 

the d1atRn08 wae ke~t oonptant at about 12 em. All 

~eooa1tlon8 hAve been done by reaiative heAting of a 

tungeten filament made of a t"ungeten wire and eha1)ed 1n 

nro."er torm. 

'Il'or all eleotrical meaeure ·.nta glaee mbetrate. 

~ade by cutting mioro 811dee oarallel to the ahorter 

1d in 7 emall viecae of d1mene1one of about 2.54 x 1 em. 

fter meelti:np;, theee amall niece. were oaretully latd down 

D,y thip way one can depoe1t 

Two .. te 

ot rnR8Ke , a8 I!!hov,.'!l in ? tg. 2.'. '1:8re cut out from a miea 

The mask was eet on a frame whioh allow8 Q1aOl 

or ft" miorof!11dee. 



"'+- TO V AC U U M c.:f:j;..-

--"AIR INLFT 

1 - ELECTRI CA L LEADS 

2 - N OVAL PIN -PL UG M/F SOCKET 

3 - ~ O P E R ROD 

4 - SAMPLE M OUNT 

5 - H EA T ER ELEMENT 

6 - QUAR 1l WINDOW 

7 - THERMOCOUPLE 

8 - LIQUID AIR DEWAR FLASK 

DETAIL AT 'A' 

FI G. 2.2. SAMPLE HOLDER ASSEMBLY 

"---"II I I I Au 

MASK 1 • MASK 2 

FIG. 2.1. MASKS AND SAMPLE 

CdSe OR CdTe 
SAMPLE 
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Cd!': .. or (!dTe .andw1ob •• were preoared With three 

Itterent .leotr~d oombination ••• ehown below , 

\u-Cd:-.e or CdTe-AU 

B ... eleotrode. 

~h. gls e ~b.tratee were put on the frame with 

19k no. 1 on tOl) ( '71 R. . 2. 1 ) • ~r denoeltlon ot aluminium, 

fIlament wee made ot tYlO tuneeten wiree (dIameter 0 .5 mm) 

twiated and .h.~d in the form ot • ooil (n.A om. dla.) • 

. "1. t h lJUoh a filament one can oarry out cany d."oel te, 

wi thout no.el ble burning of the tilament due to alloying 

wi th al in1u!!t elnce enffiotent amt>Unt ot heat ie developed 

to ~ro~de .. ry ta.t denneitlon. tung.ten filament 

whloh had been tl ned earller W88 loaded with bout 

('I. t; D!r. IroeC-tml'9 alumini'.lm toil (John.on and ., f'they). 

l"A)ld waf!! deposited trom anoth~r tungsten filament. I'lhen 

v ouum ot about ~ _ 1n-6 Torr wae d.vel~~.dt ~laee Bnbatrate. 

prevlouely oleaned by ionization un~er Ta~m ot about 

5 10-2 ~~rr, were heated upto '500 C tnr half an hour 
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and theft oooled. 

h .ter made of niobrome wi" trOUnc! on the mioa abeet 

(10 x 9 .). The beater wee kept .t a cllnance ot a_11" 

, om. abo .. the emb.trate. Chro .. l-~l~l thermocouple, 

who.. 3uJletlon we. in 010" oon"aot 1d til the nbnr.te 

3un belo" the oenter of the be.ter w •• u .. a for .allU1.B« 

te..".ratu.re. The "e1llJ8ra-.uN gJ"adient "'.. not more "haa 

2(,° 0 aloag the 10D88l" I1de of the ... It and 100 a &lollS 

wi th Dorter ,id.. Th. IUbetr_" •• were th.n 0001e4 do. 

to room teJDl).rature without breaking the .,..ua and the 

d.,.,.ltion ot the metal .. I .tarted. 11 .. ot aepolttlfJft 

w •• ke~t •• abort •• poe,ibl. tor all .. tall. 

"DepO.l "lOll of cclse 01' C4re 

~~ter the depo.t tlon of the ba .. e1.otr04., alr 

hact to be let Into the Iflt •• to enable lUI to obpp the 

me.k tor tlle ... loonduotor depoli tiOD. BtJth Cdse Ul4 

CdTe were de~o.1ted fro_ 11110a crmolble. nlaoed in a 

tungeten filament b •• at. ~1 ••• ~betr.tel with .11'8_41 

4e1")81t.4 ba .. eleotrode were mmmted with ~alk No.2 

(Pl •• 2.1) Oft top and the tMDll»lng .tarted. When nowua 

,,~ 5 x 10-6 Torr ...... reaohed, l"tt1e. _" h •• ted upto 

the required templrsture _ntioned be1",,_ All th." 

cte1H'dttonl Cexoel't wh.n COld .. I the 'ba .. e1eotro4. 
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becan_ ot the net ot 41ttcldon) ha" been 40ne on hot 

~batr.t. t.mperaturea ot 150, 2~O and 2,o0 C. It .. a 

fOl1B4 that the beat re_lta _re obtained with the a .. pl.a 

depol1ted on the eub.tr.'. t.~t · .t 2'00 0, 80 all a .. pl.a 

were ,re,ared at thi. In1batrat. t.aperature. 'temperature 

At tMa rat. it toolt 

a,pro%1mat.ly 45 mimt.a tor gettiq a 1 mioron thick 

d'poalt. nu1.ag d.poaltloa pre •• re did not illoNa" 

A.tter the a'noe! tlon .,," "ver, a .. ple. 

were oool.d down to room t.mperature under the ... high 

Taauum. 

Count.r .l.otrod. 

At thi. etat. T.~1Il haa to ~ rel.aeed again 

tt) enable ue to change the ma.k. sample. with a1read1 

d.poatt.4 ba ••• leotr04 •• a _11 ae Cdse or CdT. fila were 

",laoe4 on the apport with f«a.k WOe 1 on tOf). 138fore 

.eJ)081tlOIl toolt place, aampl.a we" anneal.d tor half 

all hatt!" in a .aftUlI of 5 x 1('\-6 Torr at the t.1IlperatuN 

Tn ord.r to tlnd out the be.t oonditione, a 

~ew batoh. a ot eampl •• were anneal.d at atoh high.r 

temperature, .ftD at "no 0, 'Wt no algn1tloant difteND ... 

Aft.r .ooling the _b.trat. down to rooa 

tem,eratmre, the o~t.r .l.otrod. d.po.itlon we •• tarted. 
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It we. found that the rate ot metal deposition had to be 

kept low epe.t.lly tor 8014 a. otherw1ee the ahorting ot 

two eleotrode. throu&h thin lSler of deposited compound 

oOOQrrec1. 

E1e.trioal le.4. 

?or qq.81t t.t1 ... eleatriaal examinationa a preslft1r8 

Gontaat to the eya,orated eleotrode ... s made by plaatag • 

e1lftr toll over 1 t and presslng with a orooodile ollp. 

110_'"1", tor a quantit.tt .... eleotrioal ._.ra •• "a, _ 

.-perial unit was oon.tmoted in order to oar17 eut the 

Blenn.al __ 811ft_Ate UDder hip TaOt1U11. Thi. 1lJl1 t 

In thie oa .. , the 

oonte" area of both b ... and oOtUlter eleotrode, wa. 

coatea with. thin l.,er ot depo.ited .il ... r .iDoe 

a4heNnoe of gold to the ,I ••• wa. "1"1 poor. 'rhi • 

• Babled 11. to ha,", oontaot. made bJ .olderiD« • thin 

oOJ'per wire UUDIJ 'Rood '. -tal eolder. Pft'Pared ."'Ple. 

_re D'Pt in dark under 1Il.01.tttre tree atmo.phere proVided 

1t7 usln« phoe.,hona8 pentoxide trape. 
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ME ASUREMEIfTS 

SinM ..,. 414 DOt ha.,. proper t •• 1l1 t1e. tor the 

"a_"_nt of ttlll th1olme •• , it WIl •• a.red b1 we1ghing 

the aample 'betore and atter depo.i tion. Thu. oJll.J the 

anrage thie1me •• oould be obtained b1 thi. _thode !he 

thiokne •• dependenee of the I-V oharaotert.tio ha. therefore · 

DOt beea .tudled. tn general, the ... ple. had a thiotM •• 

of ~.5 to 1 mioron and aa area of oro. __ .. otion of 0.1 .q.oa. 

A. .-pa01al un! t ".. oonnr\1oted 111 order to .a.re 

lnder TaGUum the Tariou. eleotr10al and photoeleotrtoal 

parameter ••• _11 •• their dependence on temperaure 

(11'1,. 2.2). The unt t w •• made of "Pyrex" gl ••• aDd wa. 

'Punted with blaok palnt. A qaarts gl ••• wladow " •• 

butlt la to enable the il1UJdnation of the ... ple. The 

uJd' pt. 010884 'by a Pl"ound gla.. ~011lt with e1ght GO'Pper 

eleotrioal leada .. aled in. The llDi t we. al.o _1'p11ed 

wi til be .topoooke and 0_ pho.phora.e pentonde trap. 

'!'he lODPr part of unt t, wh1ch we. DOt paiated ,.. ... 11l88rtea 

lnto a ther.o. tla.k thr01lp a b11 rubber oork. A 

ther.a111 lnnlated ta.rmel ,.,.. In .. ne4 throach the Nbber 
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oork for ~~~l11D1 l1qui~ air. Saapl. hold.r wa. mad. 

of • ohromium plated oopper rod of diameter 25 ma. and 

length '00 D. !hre. hole. were .. d. along t he holder 

to plaoe • n1ohroJDI wire he.ter !\Dd a therm1.tor or a 

~hermoeouple • Th. .uple i. plaoe4 d1reetl, in an 

body. The un! t ft. oonneoted throUSh a gla •• YacnlUm 

e quil"_nt wi th the Edward'. Yaou.Ull un! t that oontain. a 

rotary and a 011 d1f~.lon pmmp. The ., .... ft. aleo 

en pf) lled wi th Pirani and Penning ,&Uge •• Thi_ unit 

enabled any ___ "meat_ to be taDa either in dark or 

under l1ght and al.o under a vacmua of the o:rcJer of 10-6 

Torr or aDJ other prelllt1re. 

2.'.111. cn~~3NT VOLTAGE MEASUREMENTS 

file yar1oa.e arrent Y01t .... a_"mlnte haft 

bee. taken tor _tal/OdSe or Cd!e,A.tal etftotul"tt_ In 

order to _e .. nain the nature of the nrrent traneport. 

The yarioue detaile of the _thode are de eoribed below I 

( a) Plnami 0 charaoterietio 

!he eandwioh in .. riel with a Tanable rell.tano. 

, ~ . (ee. fi«. 2.,) ot 0 to 10,000 ohm_ wa. oo~oted to • 

trian&Ular pm1.. generator t 11" • The Yoltage drop a.ro •• 
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FIG. 2.3. CIRCUIT DIAGRAM FOR DYNAMIC 

I-V CHARACTERISTICS. 

s 

C 
R 

FIG. 2.4. CIRCUIT DIAGRAM FOR PULSE MEASURMENTS~ 
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t he •• n~w1oh . ~ , wae led to the ~-amnlitier while the 

volt.~e aorOB. the resistanoe wa~ led to the Y-am~llti.r 

ot the o.oll10.~ne 'C' (Tektronix 515A). The x- and Y_ 

&in ot the .~plitier were ad3ulted 80 a. to limit the 

trace of the beam within the .ie. of the osoillo.oope and 

W8e oalibrated with the internal calibration eignal. ~a 

the voltage drop aoroe8 ' l~ ' wae equal to '1">1 (where 'J:'; is 

the resietance and! the OI.1rrent) the beam ~lreot1y traced 

the current voltage oharaoteristio of the aandwioh whioh 

wa. photographed tor further analysi.. A speoial oare 

was tftlten to kee" the resi.tanee t'> amall oompare~ to the 

eample re sistance • 'Phe range of the triangular .01 tage 

V and its repetition trequenoy wae oontrolled by the 

oontrol ~~l ot the pMrator whioh has aD output impedence 

ot ':00 ohms ane! i. capable ot delinring a maxilll1m current 

of 12mA at 1~~ volt. with le •• than 1 per cent distortion. 

If the generator ia loaded, ita output voltage tall. but 

.till the I-V oharaoteri.tio ot the sandwioh remains 

unaffeoted. tTowever, for ezoe •• ive 10aeliJ2g the .... 

b.~ina to behan as a oonatant ourrent g8Mrator and 

our rent oontrolled properties ot the device oan be atuelied. 

(b) Pul ... a.remanta 

In order to eliminate the ettect. of .low .tate. 

ane! trans, ~11 .. oharaoteri.tio or the .andwioh wa •• tudied. 
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ig. 2.4 8howe the o1rC\llt diagram need tor .aoh _aalre_nt., 

where '1" i8 a reotangular 'PUl .. generator giving fJ\l1 .... of 

one m1cro .. oond duration and repetition frequenoies of 

1n00 o Il!e 0 • The cu.rrent value. under puliled oo!l<11 tlon. 

were meseared by obeerrtng ths inatant.neoue pul .. Tol tage 

flOrO.,. a Netnor ' -' I in .. rie. with the eandwloh .::;. and 

a~pl1ed to ODe ot the two .y. in~t. on the o.o1l10.,00pe 

• C' • The T'll tage aoro •• the .ample WR8 _Beured d1reotly 

by nbeernng the JJtll .. outlJ'lt on the other 'V' input on 

the oeoillo80ope. The oeoilloeoone Y input. oould be 

pwitohed through. (twitoh 'Sw' from OM to another. Thu8 

both the current and Toltage could be reoorded "parately. 

(0) steady atate oharaoterletto 

~tg. 2.5 showe the oir~~lt diagram w.b1oh wae l1 .. d 

f~r m.~enr1ng d.c. I-V oharaoter1.tto under varioua oonditione 

inoluding l')hntocurrent reloation emma and photOOllrrent

illumination oharaotertetioa. 

The T~ltage wae applied to the sample' s ' from 8 

potentiometer , p'. A dry cell battery (3-9 v~lt) 'B' was 

oonneoted to the YJotenttometer through the .vri. toh ' SW '. ~he 

outDUt Yoltage from potent1omet.r was mea~red on a V.r.V. M. 

ty" while the current reading. were oaleulated from the I n 

drop aoroe. a preo1e1on reei.tor • • whioh wae .aeu.red on a 
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VACUUM - -4, 

FIG. 2 . 5 . CIRCUIT DIAGRAM FOR 

STEAD Y STATE I-V CHARACTERISTIC. 

T 

-::- SH 

FIG. 2.6. CIRCUIT DIAGRAM FOR 
TEMPERATURE CONTROL 

C 
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vi orating reed eleot.rometer • ~~ L' • The eleotrometer 8110 

onerated the reooriter t ~n', whioh was u.ed for recording 

current readings. The ourrent-v~ltage oharacter1etioe 

were reoorded by obHrv1q the cmrrent for various voltage. 

ft~~lied aoro •• the .am~le. In makil'lft ob .. rvation. of 

volt~, oare "a. taken to nb.tract the emall Toltage . 

eb.en-ed aoro •• the eleotro_ter and thi. 'YOlta" was 

always a .mall fraction 01 the .~nlled voltase v. 

The temperature depend.noe of cmrrent was .. alft1red 

by two methode 

(i) nnder oon.tant applied voltage in the 
temperature ranc- troll - 1000 C 

u1'''o 1000 c. 

rhe rate of heatin« of the ... ple wa. oontrolled 

by the u .. of a etel) down traneformer with ..veral 

The traneformer wee uNd in -preference to 

a variac (variable auto-tran.former) to ~roT1de a oomplete 

i.olation of the sample oironit trom the a.o. main., whioh 

could Otm .. 8ptlriOU8 eignal •• The rate of temperature 

ri.e WIle suffioiently slow to enable readings to be tann 

at any oon.tant te~erature. 

(il) Under variable applied Toltage and 
at varioue oon.tant telll'8raturee in 
the range from - 1000 0 upto 1000 o. 
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Tt WIt. 'Do •• ible to maintain oonatant temperature 

below 0° C beOI!lUM of the eTaauated unit. ~bove 00 C the 

te~rl!lture wae oontrolled b,. mean. ot • chopper-bar 

temperature oontroller whioh Gould maintain the temperature 

oonetant wi thin + 50 c. The temperature wa. meallUred by -
meane of a notentiometer. 

Tn order to maintain low temJ)8rature the un! t wae 

firet filled with dry ar80n and then liquid nitrogen ~a. 

poured into the thermoa tlaek. After getting the oon.tant 

low temperature the un! t wae eTacuated and _aeurement. 

we re taken. 

Fig. 2. ~ di.1'l.,a the oircuit diagram tor a 

temnerature oontroller whioh operate. a. tollowa t The 

220 TaIte a.o. i. ted to the tranetormer '1- Which i.olate. 

the aample oiroui t and reduce. the output To1 tage in .tepi 

(by mean. of the .. leotor n1 toh ' S') to give the de.ired 

oontrol o~r the heatiDg rate of the eample. The thermo-

oou~le ' T~ ' Which ia nlaoed clo .. to the .ample ie u .. d 

tor mea8ur1np: the temnerature with • ~ potentimneter • P' • 

The temperature oontroller aleo u ... the e&me thermooouple 

By ueinu. thie arrangement 

it .. a ~o •• ible to maintain the temperature con.tent at any 

re quired value in the range ot ("0 to 2C'Oo c. In the tigure, 

IT denote. the he.ter (250St ), ' e' the chopper bar oontroller, 

t n . the rel.,. oontaot onerated b,. the oontroller, 'OJ' the 

oold 3unotion and ' ~rr ' the earthed &hield. 
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The nh~tooonduoti~ty ot the eamp1ee of Cdse and 

CdTe wap meseured by using a d.o. Toltage souroe and a 

steady illumination trom a tuns.ten filament lamp. 

Varioue illumination inten.i tie. were applied by the u.e 

of a .. t of neutral densit, tilters. The ele otri oal 

oirouit 1. the .ame a. that uped for the statio I-V 

meaeuremente desoribed above. 

The respon .. of the sllJlll)l •• "'aa .a .. red by an 

apDsratu8 whloh oonaiated ot a light aour., tOCMdq 

Opti08 and a r,rnohronoue-motor driven ohopper di80. 

Light lnter:m~ted by the rotating dlao fall. on the 8uple 

whOM ree1ptance ohange. with esoh pul .. of light. The 

wanform ie a.1)lit1e4 and ted to an o801llo.oope trom 

vrhtoh the re."on .. tlme (l.e. tt_ taken to reRoh (\ .6' 

of t he maximum Talue) i8 e.8tly oa1culated 8inoe the 

oh~tm.r trequency (2(" otta) ie lmo1m. 

The ~,en oircuit nh~toToltaRe WAS meaeured by 

meane of • T1 bratiM; reed eleotro_ter ?"i th the input 

reeistance ot greater than 1012 ohm •• The photocmrrent 

under .hort oirouit oondition. Gould not be detected. 

Thia ie attriln1ted to the high internal reaista.noe ot 

the .~l •• 

• • • • • 



CHAPTER - ., 

nESULTS AND DIScrrSSIO' 



Alull1n1um-cadDd.um Nlenide or telluride-gold 

ean4w1ohe. h ..... been nrepared Oil gla •• eubnrate 'by the 

"'a'POUr ph ... 4epoll1tio11 teohn1qu.e de.oriMd above. The 

prelnm.re in the ohamber •• ot the order o~ 10-5 _ 10-6 

Torr aile! the !IOUr_ temperature we. al)proxiaate11 750°0. 

The anbetrate we. 'betweea 150 to 2~o o. llepo.ited 

lqer8 "'1'8 aDIlealed at 150-'50° C under .,.aOt1UDl. The 

thioknee. of the .. moonduotor layer range. trom 0 .'3 to 

1 micron. 

The.. .andwi che a ahow tnte re .tiDS bl.table 

Initially, 

the ~rgin • .-pl •• (preformation atage) abow a reotitier-

llke current-Tolt.,. oharaoteri8tio. After an inttial 

formation (po.t formation etase) they ahow bi.table 

oonductl Vi t1 and 070110 n1 tchine bet .. en a high oonduoti Vi ty 

and a low oonc!uotiT1ty 8t*te which takea pla. oont1rmoual1 

under a~~lied oro110 yo1tage. In what tol10w" we de.crib, 

N8Ulte of the detailed erpen_ntel inve8tigatioa on both 

the ~re- and ~ost-format10n atages of Al_Odse (or CdTe)-Au 

sandwich.s. 

DYNA~IC I-V CHARACTE~!STICS 

The dynamio 'I-V oharaoteri.tic. were _a~cl on 

the .. t-np de.ort'bed earlier. The photograph of 0.01110.00pe 
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reoord tor Cdse in pre-torma~on etage 1. 8hown in 111. ,.1 
and that ot CdT. 1n fl8Ure8 ,.2(.) and '.2(b). 

CdS. aan4rioh esh1ld t. _ • .,~'r1o, reotlt1el'-

11ke T-V ohal"aoter1nl0' "C8lU'ft I). All oase ' .. ple. 

al1lO81: lnnr:lab17 IIhow the e8M behanour. nowenr, the 

I-V charaoteri.tt •• of Al-CdTe-All ... dw1ohe. are rather 

eena1tlv. to preparatton oondit10n.. W. GOUld di.tlnguiah 

two type. ot lample a, OM wIlIOh aho". non-1iMar INt only 

elightly .ey~tr1~ T-V oharaotertetio and ba •• 1arse 

reeietanoe ot the order or 1n5 ohllle in both dire81:ion. 

(~lg. '.2 at ~rye r). Por the other type there i. a 

pronounced reotifioation obaerYed (Plg. '.2 b). 

AI-Cdse-~ sandwiche. are forward bia.ed by 

malt1B8 AU eleotrode Mgative, wh10h 1. o~ntrary to what 

one wmlld expeo1: on the ba.i. of wor~ funotlon theory .1nee 

Cd se 1, u8U.al17 D-type _terial and AU ha. h1per work 

tu.not10n. tn rever.. bla.. a raple!' ri.. ill O11rrent i., 

obMrnd beyond a oertaill Tolt.,.. The magn!ft4e ot thi. 

voltage varte. to eo_ extent tro .... ple to .ample. So" 

eamplee .how an .btUpt ri .. in ourrent re .. mbllng a Ze.r 

410de (Pig. ,.,). Ho .... r. large !l7.,tereel. effeot 

tollo'" thi. tranei tl0D a. oan be .. en trom the t18'lre. 



Fig. 3. 1 Al-C dSe-Au sandwich (before formation) in dark 
(curve I) and under light (curve II). 
Horizontal : 10 v = 8 divs. Vertical : 1 mA = 
1 div. Applie n freauency 0.25 Hz . 

Fig. 3.2 (a) Al-CdTe-Au sandwich, non-rectifying type, 
(before formation) in dark (curve I) and 
under light (curve II). Horizontal: 
10V = 8 divs. Vertical: 0.14 mA = 1 diVe 
Applied frequency 0.25 Hz . 



Fig . 3.2 (b) 

Fig. 3.3 

Al-CdTe-Au sandwich rectifying type 
(before formation) in dark and under 
light. Horizontal: 10 v = 8 divs. 
Vertical : 0.11 rnA = 1 dive 
Applied frequency 0.25 Hz. 

AI-C dSe-Au sanclwich (before formation) 
in d ark, having large hyste re si s e ffe ct. 
Horizontal : 10 v = 8 divs. 
Vertical : 5.2 rnA = 1 dive 
Applied frequency 0.25 Hz . 
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The etrmoture ia hi8hly photo._"n in the 

ranp of Ti8ible light, mainl;y when it i. "nr .. -bi ... d. 

Photoatlrrent inon .... rap1417 with 1nore.d .. applied 

rever .. voltage (]llig. '.1, aurft II). 

Tn Al-CdTe-AU .,.ate .. , the 8anch.i •• which abow 

"otltloatloD (1P1S- '.2 b) han the properti •• n17 8im1lar 

to the 4l-0d8e-All ... ple. 41 ..... 4 .bove. Bo_nr, 

oontrary to Odse, the telluride lIaI14w1oh 18 torward bi .... 

when AU eleotrode i8 .ade po.iti". Like C4se, tM • 

• ample i8 .lao photo .. n.i ti" mainly when l'enr .. -b1 ... 4 

(ll'ig . '.2 b). 

Tn Al-OclTe-4U ayatem, the aan4wiobea, whioh do not 

show pronounced reotitio.tion (rig. 3.2 .), show. pronounced 

photo 00 nt!u.O'tITi t;y and thi. i. obearved for both direction. 

ot applied volt.,. (?1g. ,.2 a, ~ IT). 

It one applle. a negetin voltage on Al eleotrode 

(relardla •• whethar lt i. ba .. or oountar elaotrona) ot a 

Talua greater t han a oritioal voltage (VA)' tha ... pla 

.witche. trom low conduotiTitJ atata to • hilh17 oondmotlng 

ohmio nate. It remaln. in thi •• tate a. loq aa a 

.. Jlt.in Griti.al Toltase (Vo) ot rever .. polarity (l.e. 

AI+) i. not exoee4ed. On exoaeding thi. oritio.l Tolt ... 
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the sample switoh •• baok to the low conduoti~ty .tat •• 

'l3Urther inoNa .. In voltage (Al n081tlft) doe. not oau .. 

• ~ ohange md one ba. to make ~l negatl ft qain and .x.ed 

the vol t888 V.. to swi toh baok to the oonduotlD8 .tat.. On 

.n~lylng 8011i01ent Toltage ot a amall repetit10n frequenoy, 

the sample will ew1toh from low to hi8h condu.t1~ty etate 

and Tioe ver •• . lll a 070le. The obaened oyola would thue 

be OA~~CnR~~AB ••• tor Cdse (Pig. '.4) and OABOCDBOAB ••• 

for edTe (?1g. 3.5). 

Tt 1. generally pos.ible, to enab11. ew1tohiq 

onlJ it oDe oan apply a ~tt101ent11 high negat1~ Toltage 

on the .\1 eleotrode without pa •• ing an ex •• 81" our.rent. 

Tn other WGrd8, .amnle •• howing the behartour of Pig. 3.2(b) 

and ., • ., tor CdTe and CdS. re.peotively lfbere CNrrent attain. 

h1 h va1ttes at fairly low negative Toltage on Al eleotrode 

U8U 1ly do not 8how formation to the IIW1 toh1Dg atate. 

yt 1e thup .. en that 1n the post formation .tage 

the sample oan exiat in either of. the t~o etage. J (1) EDOA 

(low oonduotivity state) or (1i) B~C (high oonduotiVity 

nate). The .t.t. (1) 1. attained atter • positi" Toltese 

greater thaft Vo has be.n applied to the aluminium eleotrode 

and NJIl81ne .table 80 long a. the neg.tlft voltage VA i. 

Dot exceeded. It oan be oyo1ed any number of time 
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renr.l bly between the Tol tage V A 0)1 the _ •• tl ft .ide and 

The .tate 

(li) i_ attainet! atter • negat1ft Toltage of aagnt'tude 

«reater than V A ha. been applied ad remaine .table 80 

10118 •• the ""oattl .... Toltage Vo i. not exceeded. 

(a) tow oonC!UotiT1tl nate 

Generally, the sample in the low oondaotiT1ty 

etate of the noat-formation et.ge (l.e. atate 1 deaoribed 

aboTe) has hlper conduot! T1 t1 than that in the t)ft-tormation 

atage. SUch a auple, who .. eonduotlrtt1 hae been enhanced 

on tormation, 10". the reotit10at10n oharaotertatto8 

partially and ~hoto .. n81tlT1ty completely. Ho_ftr, there 

are some _ample. where the oonduotlrttr in the post-forut10n 

low oonduotlT1ty etate 18 near17 the ••• a. that in the 

nre-formatlon atage. In ncb a 0... the original 

reotifioation and photoeen.ltlft oharaoterlatlC8 are ful11 

Tn w.ob a eample the oyoUo .w1 tohiDg 1. 

d •• troyed under illumination (~8. 3.6) and the 'I-V 0111"18 

be oome. (\ t'H:Q . It JDa7 be oonoluded that 1n this oa .. the 

formation prooe.e i. not oomplete. 

Atter rep •• ted 8W1toh1ng the 8ample may barn ott 

g1T1nc ri .. to a high Nai.tanoe, mob higher than that 

in the pre-formation .tage. 
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the ewftOb1Dg e.tabli8hed without ohance i. I-V charaoteri.tic 

between pre-formation and poat-formatioD .tace, oited above, 

there ha. not been rt.ible dam.,. ot the .andwtoh. In 

other oa .. , i.e. when there i. aft appreoiable formation, 

the .ample ulQ.all)' show. eo_ pin hol •• ia the counter 

eleotrode. Thie 1a e.peoially mical for ... ple. which 

po ..... high raai.tanoe and have a higher thi.a. ••• 

However, if the int tial awi tohi~ takea plaoe at low 

teml'8rature (liquid n1 tropn) t the abo'ft-_ntinne4 d~ 

oan be a~id.d. 

(b) Rish conduotlv1tl .tate 

When the voltage ot the -«atinl, bla .. d Al 

eleotrode reache. V A' the .ample .witch •• to the high 

con&mottT1ty ohmio .t.te B~C (Pig. '.4 and '.5) aooo.panted 

by a large drop ill the voltage. Thi. i. e1m1lar to what 

1. ob .. rved in _rrent controlled negati.,. re.l.tanoe 

(CCTfP). The ew1 tohiDg 1 •• fa.t proce •••• tll1&ted to 

take place in aboRt 10-7 880. tor edTe and 10-5 .. 0. tor 

Cd r,e • In the high oonducti vi t1 etate, the eample has a 

"eietanoe ot 10-50 ohme. and 1a ind.vendent of voltese 

(ohmio etat.) aDd temperature. 

The .witching from 0 to D i ••• 80ftated with a 

larse droIt of current .a ie ueual17 ob .. l"ftd ill the 

v~ltase oontrolled negati ... reei.tanoe (veNn). 
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Thilt .w1tohlDg pheDOMDOIl i. ben pertoraed at · 

frequenoie. uJ)to 2.5 o/lNto. 

nnto 250 0/ .. 0. the same beha'Yiour 1. IIOre or le •• ObtaiM4 

although at ti ••• w1tohiq 1187 be 1I1 ... et out. At nl1l 

higher frequenoie •• wi tohtng cl1eappear. ooapletely dd 

the .am.,,18 oyole. 011 the path "OE . Con.equelltly if one 

illorea ... Toltage ot aloh • hIgh f'Hqu.nOJ () 2'0 HII) ill 

or4er to ."roduo. ew1 tohing aample unally pt. damage. 

Hown2", It the .aJI1)le 1. apt at liquid I11tJ'Ogell 

te~r.w.n 0_ can prokoe 0101io 8Y11 toh1~ ."'11 at 

h'eqn.noiea UJhO 2500 0/ .. 0. 

At thia stage 1 t may be worthwhile Mntloll1Dg that 

tb 112"at I-V traN of a treehl.y prepared nrgin a"'Ple ie 

eometime. ohmic with .lope similar to Bnc ot Fig •• '.4 anel 

,.,. Thl., howftr, 1.e4iatel1 ewitohea to the 

pre-formatlon charaoteri.tlo_ dl.oa.ltHd earlier. Thie 

tranetormatlon taltee l)laoe when ,,1 eleotrode le ude 

po.ltiTe a. in the ea .. ot the poet-foraatlon .tap juat 

die.lt.d. 

Tt llaJ alao be rele.,.nt to Mntlon that Au-C4se 

(or CdTe) I-AU .andrioh.a pre'Pareel in a e1m11ar W&J' alWQ'_ 

eho1' the ohmic high oonduotivity I-V cn1n"e. Ho,...,.r, It 

he- neftr beell poeeible to ooDftrt the. to the hlgh 

reatetl" .t.te trom whiCh cyolic awttohiag Gould be 
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Prom thle, It 1. oonoluded that Au-Cdse or 

AU-Od!e oontaet. prepared under our experimental oon41 "ion. 

are alway. ohmio. 'J'hi. ha. an 1DmOriant beariD« on the 

pro""!e. of our __ wiehe. aJl4 would be dl.O\1 ... d 11'1 

aetail later. 

Tn ftat folIo .... dl._ •• the .. remlt. in 

detail in the tollowiJl8 "q11enoe s 

stead1 .tate I-V eharaoterl.tl0., temperature 
and ~lt.,. dependenoe of ooD4uotlon and 
.w1toh1q. 

RelaxatioD etfeote. 

PhotoToltato and photooonduot1q propertle •• 

. eohaDi.m. 
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III order to exa1M the _ chant.. of eollnotion 

in the _"1)le., D.C •• aare_nt. were taken under yar1OU8 

OOll41tlona allowing emtlioient ti. tor e.tab11~nt of 

eQUilibrium. The experi_ntal .. t up u_d tor thi • 

• a."ment i. de.Gribed earlier. 

Pipre. '.7 and ,.8 eow the plot. of •• 847 

atate I-V ollaranerini. ot U-Cd8e-AU and Al-CdTe-AU 

Il!am~lea re.peo"i..,.ly at rooa teaperature ill dark (case) 

and under 11lbt too (OdTe) Oil a linear .oa1e. It can 

be .. en that there i. not -.oh dlfferenoe bet .. en the_ 

and the oorre.JOll4i_ d7Q1l1. oharaotertni ••• 

Plpre ,. 9 st. ft. the I-V plot (Oil a linear .oa1e) 

for a Al-od!e-AU nndwiah at 'YU'iOU8 te.perature.. It 

oan be .. en that the .ample MOW. a .troD« yol tace an4 

"e.".ratu.re dependence. It i. generally tound that 

hiper the red.tan .. the areater i. the t.aperature 

ctepenc1anoe. Thu. tor all U-od8e-AU .an4wioh, there i. 

olllJ a 811p.t temperature depeMan .. in the torward 

41reetloa lRlt aa a"Nolaltle dependan .. ia the "ftr_ 

direetion. The aarne 1. tNe tor Al-Cdft-A1l aaadwiohe. 
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whtoh MOW reotlttoatlon. On the other hand Al-CdTe-AU 

eanclwioh •• wIlloh lIhow high reel.tanoe 011 'both .1d •• lIhow 

a nroJUf temperatuN dependu_ til both dlreotloJUI (?is. ".9). 

~ !lOw atwlIlpt to aBal,._ the. rea1t. tn the 

tollowiDl .qu.I101 • 

(1) Dlreotion ot reotlttoation 111 the lilbt ot 
work-funotion theo17 and other propertie. 
ot Oda. u4 C4'!e. 

(11) Teapera1Alre aJlCl Yo1t ... d.pendanoe ot 
-.r~nt and the l1ght th.,. throw 011 the 

I 

_ Ghani.. of ooD4uotton. 

Ca) Dire"!o. of Notit1oation 

!'or Al-C45e-AU 8Jn ••• the C48e-AU. GOnt .... ha. 

be.n tm1114 to be ohlde und.r our .rperiMn"a1 oondl tlon •• 

Thte ".ld -811 that the reotifJ'1n« barn.r re.poJl81ble 

tor the ob .. J"ft4 a.J1IIII8trio I-V oharaoten.tio i. pre .. nt 

at the Al-C4se Int.rt.... Tn that .... the direotion ot 

""ltl.atlol1 oan be eXJ)laine4 it it 1 ..... 4 that oar 

OdS. 1. a-~ whioh indeed appear. to 'be _U-_pport.4 

b1' the PIlb1tehecl re8Ult. ( ... paae 62 ). Howeftr, nr 

t1Jl4tq that the Al-Ctse oontao" i. blook1aa wherea. the 

_-C4811 _ntaot 1e obm1o ooan.tot. with __ earlier 

olt_rfttteu. ?or eU1Dpl. Le&rll!! 11109 haft tnad 



9' 
that AI-nCdS GOat.e" 1. ohmio. Oft till. bailie, It 18 

11ke17 that Al would gift oludo oontao1: to Odse whloh 1. 

In taot 

bJl.eald. et al110 report erperi_nt.l ooDfil"llatlon to --
thl. ettect. However, the, alao report that 1ft 110_ 

0 .... .AI doee Dot give ohlde coat.et to 04S. Adlronoh 

!! !!'11 ha ... a1.0 ob .. nwd th.t Al Ii"'- a blook1aa 

eollt .... to T.Ot1U11 depo.l ted Cds tilme. 

nere are TlU'i0118 WIO'. III whiob aa expeoted ohJl1o 

oont.ot 118.7 beoo_ reoti"lq. The ex1atan .. of Rl't ... 

riate. GOU14 'be reepon81b1e tor the o) .. nee! reotlfioation 

lrre.\Moti ... ot the aatun ot the _t.l .. JI1OOIlc1uotor 

oOllt.ot. III ad 41 tloll. a barrier can alao be ore .... d due 

to • toretp .. "erial on the arta ... 

«"1l the other haDCl, the AU-Cdse Mat •• " which t • 

• xpeot.d to be blooltin« OIl the b.d. of work :r.n"loa theory 

ha. be 00_ 011111 o. AU h.. • hlP. work f1uletloa aJ14 It. 

1'erai 1 .... 1 1 •• xpeoted to 11. lo .... r thaD that of n-04se. 

Oa .. kiD« the Au-Cdse oont •• t. • b1001t1q barrier 18 

th.retore .xpeotea to art.. .t thi. conta.t. In t.n, 
tor .~ ),.ar. AU h •• be.a u_4 a. bloeld.ag el •• trod. to 

oas IUl4 C4se 112. Ho .... r, .peoiallJ in the 0 ... of ti11n 

... porat.d tilm •• COld IIQ fatl to 81 ... blooJd.as oonta.t •• 
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Zuleeg and MIllie l' 1" haft ob.rnd that AU, if 

1 t ie 4epo.lte4 •• the -a. eleotro4e, 40e. not dft bloeld.q 

oont.at to CdS. The, beUe.,. that there 1. a teD4enq tor 

an lrd.ttal aeDtell10n by C4 ato •• to the All ocnnaot. !hi. 

Cd 1.,.1' re_lte in n+ redoa aJl4 there'b7 fone an olmio 

!loata"_ 

Nakai et all 14 haft toud that AU e1 •• trode --
aeponted oa Cdse fllm. CiTe. ohld.o oontaot. The author • 

• tVi_te th1e to the reduetlOD of the work fUnotloJl of 

the upper _1'1 ... of cdse " sa. ac1aorptloa. Ohldo 

AU-CdS oontaot ha. beea 0'.rye4 bf Bu3ati 115 too. 

III our 0.", AU-Cdse ooataot 1. ohmio .ppareatlJ 

due to the tormation of a hlgbly deSODIrate .. m1OOJlduotor 

at the n.rfa .. , clue to tile 41ttu.a1on of lmpu..rl tlee. Hip 

40DOr Of)noelltraUOJl Mar the _rta .. make. the 'barrier 

en"_l, narrow and hen_ tran.parent to oarrter •• 

In regarcl to Al-C4Te-AU eandw1ehe. we h .... alread, 

.. ntlo_d ab01lt two extn_ .... ns. (1) which eldl1'i t • 

.. 11 'Pronounoed reotlt1er-llte Ghar.oteri.tio, and (11) 

whloh Ie hishl7 reftetift tn both direotiona an4 mo .. 

oDl;' .Ught a.,...tr7 111 1t. I-V CDl'ft. SO- aan4wiohe. 

aa:r Ibow iJlterme41ate charaoteri.ti •• aleo. 
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!he fir.t 01 •••• ppear. to be analosou. to the 

.... of ~l-04se-A1l dl ..... 4 .bow and .l)pear. to ha'ft 

the barrier at the Al-C4ft IDt.rta... A. haa beeD _ntio_d 

abow t the AU-C4Te-Au .an4w1ob prepared b7 ue under the 

ynoe .. nt experi_ntal ooD4i tloDa _ow. ohldo behanGar. 

lJ7 ehanc1Q 0_ «014 elerirode to a11lld.n1um (Al-CdTe-AU 

aaadw.loh) reoUftoatioa .,pear •• It le, theN tON , 

re.eo_bIe to eonolude, on .... alll, that, the barrier 1. 

at Al-C4!e in_rf.... The ob .. ne4 41"otlon ot reotitl

.. tiOD 0_ then be explai_4 lt Cd1'e i. P-tne. Thi. 1. 

not llDre ... nable 'beoau .. it i. wll-knoWll that Oafe oan 

be e1 ther n-'t7Pe or P-Vpe ( .. e PaP 62 ) • 

The .. 00Jl4 01 ••• of Al-Od!e-AU aaa4w1oh •• JI&T 

.,we their prol'8M7 of hiah reat.tan .. ill both dire.tiona 

e1 ther to the exi.teaM of a hip .. rie. Natatu.. (l.e. 

aue to aD 1ual.Uq layer or due to a high "ainuoe of 

the _11£ Cd!e) or to the ext.tea_ of two oppo.i1l« 'barrier •• 

wou.ld re .... rt baok to thi. problem later while di ••• eiDe 

other rem1t •• 

(b) Me ehaDi •• of ood".tioD 

tn the Ch.pter OD "!ntrt:ul"otion" we haw &1"a47 

41a .... a the .... ri011. t)o •• ible __ ani._ of oonduotion in 

thin fila of in_latora and .. .s.eonduotor •• A oOllpaneon 
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ot Tar!OUe .",atl011e renal. that •• ad,. ot our.rent •• a 

fUnotlon ot Yo1 "ace ad t •• pera.'t:uN oan si.,. aJl indpt 

lnto the _ohaD1_ ot ooUuotlol1. The ehal'aoter1n10 

ftattt.re. ot nr _plea i. a hip te.,erat\lre a4 TOl tap 

4epeJ14enoe of ooJ'lCluot10n. !hi., theN~oN. lea u. to 

look tor _ohafti_ which 11l'YOlw .U-ODC •• peratuft •• 

well •• TOlt .. aepedenoe. Sltoh a 4epell4el1_ ot the 

reftr .. diode ftrren" CaD 'be o'btat_d lt the .tt.ot of 

~ohottQ 1 .... torae or t1umel 1»8_trat1011 1. inTobd, 

.0 ... the 410d. GIlU"NJ'1t In "ftr .. 41renlol1 11l the 

.'b .. Doe of th ... , eho .. a ... rat10n and be .... incl.pendent 

of ...,1"_. 
SohottQ 116 h.. 4e4u .. 4 an espre • 81 Oil tor the 

.-' •• ion ORrrent 4en.ttl fro. a .. tal into Taemu. wb.a 

the _t.l 1. h.ated •• _11 •• lIlt'bjen.4 to .... t1 .... 

,.."'la1. '!he Dlgati.,. -pot.nUal lower. the 'barrier 

h.ll'1lt due to the 1.... ~oroe IU'1d temperatuN rat... the 

eMrQ of the .l.catron. to enable the. to oro •• the 'barrier. 
I 

'!'he _rNllt denat t7 J in nob • 0... i8 81 .. n 'bJ s 

J • • .,! ezp (- -Ii ) ezp [2~' ( :i ) 1 I'll 
where t A • Mohar4aon GOn.tat. 

T • Temperature in Og. 
tI • Barrier helpt. 
k • Bolt .. ann OOD.taDt. 
tl • El. otrold. 0 Ghar ... 
E • A,pl1.d 11.ld. 
1r • Dieleotrio oonetant. 
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Itat .. and '!aatrapon"7 haw reponed an aulo~:ou • 
• eohaDia for the e1.otroa elliadoll III In_lator. or 

.. 1Id.eonducnor. wh.n there 1. a ltarn.r pre .. at at the 

ooataH. !b. e1.otrou b'oa _tal oro •• OftI' the ltarrier 

with the hl1p of thlraa1 1.1'81. thl barrilr It .. 1t bell11 

lowred ~ thl fleld at the oOlltan. flo .... ft1'. thl filld 

at thl ooat.ot 1. pftrJMt4 b1 the nature of barrier redOIl 

utt It. wielth. 

The etteot of Sohottlq eld •• lOIl on -.rNat 111 a 

reftr.. bl ... 4 _tal-.. lI1oollduoto1' diode hal alfta47 been 

ell ..... a 1. Chapter I aDeI the .zpre.e1oll hal thl tora I 

J • 
. ex (T + T ) 1/4 J 

A,r! ISP (- 0'IkT) exp t D k! B 

( .. I ,ap ~5 

for eldldoll froa _tal to .. 1I10oMuotor whtoh JIQ _ 

4iftlrent ~. A. the Ri0b.ar4.on GOnltant tor _tal-'Yaamua 

8m.doll (A • 120 A14p/.2 _ a.I".2). tI ~ barrilr hllght, 

• a oon.tant, TD 4ttt.don ~lt_ eel VB 'YOlt ... 4rop 

aero •• the ltarrilr. 

In pra.tl .. , the allplied Toltap 'fB 1. appreoiab17 

Mihal' thaa Vn• JUrtUftlOft, •• -..111« that VB V. the 

appli.a ~l""', .... haft 



98 

J '::::d A 1,2 er.p (_ ctltT) esp (aT 1/4/k'!) 

or 10, J~ • log A' - ~/k! + .v1/4;1tf 
!~ 10« J # i. ltlo"ted qua." 1 IT at a 11_4 T01 tap. ~he 
plot eoulc! be a .tra1pt 11_ with 1llter"pt equal to 

10, A' and the alo,. eqa.1 to 11k (.v 1/4 - .>. JQMher

_re, It 108 J 1. ~10'te4 apillet .1/4 at a fixed 

t • .,erature the. a1ao the plo" __ 14 be • atra1p~ line 

wi th the iater"pt (101 At rI-) - ~;lkT. and tile a10pe 

.lkT. 1'rom the two Inter .. pta It 1. tilerete" poaalble 

to o'tala the n1:a •• ot the eld..don oo •• t .. t A' aDA the 

barrier baisht. 

It, 011 the other hu4, ta.JlM1 pe_tra.loll eo.trol. 

the aohlatioD of the barner helpt, OM ... ahow, 011 

the 'baet. of arpaeata ei1lilar to aben, that 10, J n .,1,12 

ahattld be • .tratCht 11_ 4 • 

PiP" ,.10 .how. the plot log ,yt! a. a tlmotloD. 

of 1/'r ~or two Al-Cd!e-AU eandwioh •• 111 the pre-foraatlOll 

-tap with A1 poaiti.'ft and pld _satl'ft. Th •• _plea 

'beloq to the noa-reotifJ1ftC ola •• and haft hip reat.te .. 

ID ltoth 41ftotloD.. A 11_ar relatione!p 1. o'b .. ned 

dowa to 2eoo It. The Interoep't for 'the two p-a.,h. (A) 

anct (B) 11ft 10, .A' a. 1.' and '.1 ".,.ot1'ft11. !he 
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clift.reat I-V ftne. of ft •• '.9 de! 0U'ft A of Pia. ,.10 

an4 that of '.11, '.12 aIld ,." haft 'bee.o'btaiMd trOll 

the ... I!UlPl •• 

Pl,are '.11 abo •• the plot of 10, J •• a ~et1on 

ot T 1/4 tor •• pl. A at Yarin. teJQ8rature8. It 0 .. be .e. that the .xpert-ntal point8 are quit. 01... to the 

.8' 8tra1ght U .. in ••• ea... Ue1ag the ineer.,t 

troll ty graph. and the Talu. ot loa A' obtai_cl aboft, 

the Talu •• ot tI haft been .al-.lawd tor ,."., '4,0. ,2eO 

and 2960 X and an ct"n 'be low I 

'1'8.,. COx) ~ (.V) .... _ (eV) 

'1' 1.o, 

'4' 1.01 
.99 + .04 

,28 0.99 -
296 0.95 
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• .p/.2 
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10« (J -;;.) • 11 t J 
1n s 10' r-' i· I i f 

Al(+) • Al(-) , Al(.) , A1(-) • t t , 
! I I I , • I • 10-7 t 

10-7 • 7.81 • '.0 x • 5.0 x i 0.26 • 0.48 : I , 
I 10-6 ! x 10-' 

, , 
4.70 '.9 x 6.0 0.62 , 1.12 • , , 

• t t • • 10-5 • • , 
'.47 

, 
1.' x 

, • 1.20 : , , - • -• , • i , 
10-5 I 10-5 • '.'8 i '.5 x 5.6 x , 

1.60 1.81 , , 
t I , 

i ,., x 10-4 • 10-4 : 
'.05 • '.2 x • 2.49 2.48 • , , 

• • , 
f 1.0 x 10-' I 10-4 I • 2.92 '5.8 x 2.9' 

, 2.69 • , 
• • , • 
f 6.4 x 10-' • 10-' • • 

2.10 
, '.0 x 

, 
'.66 

, ,.,., 
I t I • , 

• , I , 

S_p1e h •• n.~ e1eotro4e .,aolD« aJl4 0.1 .2 afta. 
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TABLE II 

nark CftU"Nllt a. a 1\mOUoll of t •• pra",," 

tor the a .. d_eIl B at 2., YOlt. 

f , r 
MaP/.I (JJi!> , , J , 10. + 11 

TOX: . i 1/! x 10' x:-1 

I i I I t Al(+) Al(-) Al(+) Al(-) t 
r f • t 

\ I t , 
19., 

, 
5.18 5.0 x 10-7 1.0 x 10-' I 0." , 

0.4' I t t , , : 
10-' 

• , 
I t 

217 t 4.60 : 2.5 x • 0.72 , - t - , 
t • I , 
t 

10-' 
t 

10-' 
, 

2'1 • 4.'" 1.5 x I ~.O x • <'.45 1.18 • , f , t • , 
• • • 10-5 

, • 246 
, 

4.07 
, • 1., x , • 1." , • - • , - t , • : • , 

• • ".4 x 10-5 1 • 26n I '.7' • - , - , 1.70 t • • • • • I • • • 10-5 • • 281 , 
'.56 • , 8.0 x • t 2.01 , , - • - • t , t , • • t 

10-5 : 10-4 t , 
29' 

, 
".~1 

t 4.8 x 1.6 x I 1.75 • 2.27 • I t , 
• • • 1 

10-4 x 10-4 t t 

'10 .'3 • '.22 • '.9 x ~.1 • 2.61 • 2.6' • t • , 
t • t • • 10-' 10-4 , , 

'21.5 
, 

'.11 • 1.6 x ~.~ x ,.20 t 2.9' • , t • , f • : t 
10-' 10-' 

, : ", '.00 
, ,.8 x 1.4 x '.54 '.10 • , , • • : , • 

I 10-' 
, 

10-' • 
'45 2.90 • 5.0 lit 2.2 x • 3.62 • '.27 t t • t , 

• • t l t , t 
10-' I 10-2 

, • 
'55.5 I 2.81 t 7.0 x 1.0 x I '.74 f '.90 t t t t , t t t • • • 10-2 I 10-2 : , 
"7 • 2.79 • 1.' x 2.' x ,.98 4.2' • • t ! • , , : • I • I I I I 
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'PiP" ,.12 .how •• ~lot of 10« J u a fllaot1on 

of T 1/2 • lI.N aleo ,.. get a l'8aMnab17 good .tralght 

11M 1n the rap ot hlper Tolt88't. and, 1ft taot, it 

..... ~l'f 41tt1ault to 4e014. whether 101 J i_ proportioaal 

to V 1/Z .. to V 1/4. A corre.t depencleaoe WCMlle! be 

log J == yD. where 'nt 11 •• ia the ru&e of 0.50 to 0.25. 

n other word., 0_ oanet exolude aD7 of the two 

_eham._ Tis. the 1..,. torM aDd tu~l ett •• t. 

Aotuall,., lt ..,. be too UIlftal1.ti. to eQeH that U7 

OM meohaD1_ oOlltrol. the 10_riDe of the barrier helpt 

in a beterop_ou. _.ple lNoh •• O1lr. Whtoh JU7 ••• 

ooadl.rable la.ral Tal"iatiou. A .• 1e _ll-lmowa, the 

t1mMl eHeot 4epeJld. ·"'17 .. aIdU"'17 on tbe \tarrier 

tbiokne., and if the .ample 8how. a Tartatioa ia the 

'thioku •• of the 'barrier alo~ the ooatan area, thea 

theN Will be a eon.la.reble Tartatioa in the O\1rNnt 

aend t7 trOJl "81011 to redoll an4 1n .0_ redoll. of larp 

barrier thi __ •• the .'teot of 1 .... tor .. might p"401l1 .. te 

.erea. ill other repoll. of nall barrier thieJtne •• tuaMl 

etten upt oOJltr01 the barri.r heip" JIOnlation. The 

e •• tloa 1. further oo.pll •• "ed bT the taot that there 

..,. __ emall barrier-hee oontaots wb.e" Ohll'. law Id.pt 

b. o_yed. EYea the theoretioal ectUations whleb ,.. ha .... 

11M4 tor interpreting our re_1t. haTe .ell aecluoed under 

OUi _ ..... 'tioa i. 
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FIG . 3.12. LOG J VS. V '/2 CHARACTERISTIC OF 

Al-CdTe-Au SANDWICH [At POSITIVE]. 
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that the ele.tron ooGlttNlt10n of the .rta. nate. 1. 

i t .. l~ DOt • ftlnotlon of eanent tlowiq. rue Jd.ght 

ftOt be tme 111 aotual pra.t1 ... 

Howwr, the li_ar relatlollah1p bet .... n. 

l.~ J 1'1- an4 1,A!, and a fatr17 rea..,ubl. ftlu of 10& A' 

.... to 11. nroD« eM1lCh endenoe. to 3u.riil1 the ooaolu..loll 

that a barrier 1. pre_llt aIl4 the oonduotio. 1. due to 

the oarrtera oro •• lag the barrter. ftrihe~", thi. 

laarr1er i •• _jeri to oorreot10ne due to 1map toroe 

and Wnnel pe_trat1011 at hiper TOltage. eo that the 

I-T "laUonah1p 4oe. DOt allow a ... ration 1Mt • nro .. 

TOl tace dependenoe. 

'l'Ile plot of log J til .. 11! tor the above two 

_.,le. with Al -sat1'" ut! gold 1)o81'i'" i. ehown ill 

l'iPft ,.". Here, aleo 0_ ob_rve. a nrollC te.perainlN 

d.,.ndel'l" ana at hiper .aperature_ the plot ia li.ar. 

Ro ..... r. the de1tart1lre fro. Ii_art tJ .. ta 1ft at a eUpt17 

hifFller _JIltera.re than 1n the pre'Y1oua graph i.e. 

J1sue 3.10 ('-,00 K a. GO.pared to 2800 X). The interoept 

anel the alo,. ot the h1cb .aperatare part of the cra_ 

ha .. approxi __ 17 the ._ •• 111e •• in the ,"nna ea ... 

The departure from l1ne art tJ in the 10& J ~ •• 1/! 

p1ete at low teaperature. tor elther direotion. of app11e4 
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Fig. 3.4 

Fig. 3.5 

Fig. 3.6 

AI-CdSe-Au sandwich shoming the switching phenomenon 
(after forma tion) OABOCDEDOAB ••• in dark. 

Horizontal: 10 v = 5 divs. Vertical: 11 rnA = 1 dive 
Applied frequency 0.25 qz . 

AI-CdTe-Au sandwich sho wing t he switching phenomenon 
(after formation) OABOCDOAB •.• in dark. 
Horizontal: 10 v = 8 divs. Vertical: 4.8 rnA = 1 d iVe 
Applied frequency 0.25 Hz . 

AI-Cd Se-Au sandwich showing t h e s witching (after 
formation) OAB0CDEDO ••. in dark, and its disappearance 

. un~er light 0~QJO. Forizontal : 10 v = A div s . 
Vertical: 7.3 mA = 1 diV e Applied frequency 0.25 Hz. 
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Tolt_ oan be attnlnlted to nall i.lud. Gt eollCbleUJIC, 

barrier-tNe "ston.. Aloq the OGntan ana, theN 

appear. to be relioa. when the barrier 1. 80 aall that 

eM set. ohldo OGDcbletloa or 1. 80 thin that oonftotlon 

i. poedble cbI.. to tuJmel1nc. The .. m1«ht arl .. cht. to 

1nhollOpM_. c:liririlftltioD of lJJllJ'lrltle.. Ifo d_bt, the 

fl'aoUonal area ooftrect b7 Reb. ndoa. would be re1a"1'"17 

amall. Thue at high te.peratuft. when there 1. a 

OOJ1814erallle OOnftotln tJ aero •• the barrier, the relatln 

ooatn1Ntien fl'oa the barrier-tree resion would 'be uall 

and would, theretore, be not able to ehep the o,"rall 

emrreat te.perature re1ationabip. A.t low t"peratureB, 

how...-r, when the ooD4u.otlV1 t1 .eroB. tbe barrter i. 

ooneiderabll deorea.ct, the nlattft eontrtlNtioJl fro. the 

barrier-me "lioa nart. predoJd.natlq. Thi. ooncluotl T1. "7 

belJ1g nearll te.perature incte-pencteat, the total _rrent 

rellainB eoanat with .... perature. A .im1lar __ n01lr 

ha. beea ob .. ned b7 Pollaok 118 ia thin A~O, tila.. He 

ha. eSl)la1Mct thi. re.ut a. clue to pftdOll1DaJ1oe ot 

ft,-UD« at low temper.taft when SohottkJ fiel4 elli.doll be_.. too nall. 

"- DOW tab up the Toltage and te.perature 

4epenctenoe of .anctw1ohe. whioh lIhow proDftlloed reot1tioation. 

All AI-oct8e-AU and ola •• 1 (l.e. J'i8'l" '.2 'b) of the 
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AI-Cdft-AU 1an4w1ohea beloBl to tbta ern,. nader re ... r. 
bl.l. 1.e. when Al eleotrode tl _gatt ... In ca .. o~ OdSe 

.nd po 111 tl... in 0.. of Odie aan4w1 obe.. the oharaot.n nl •• 

are "'1'7 JIIloh 11m11er to wha" ha •• lft.41 been 41 •• a.4 

.bO'ft. '!'he plot of 108 J TI V 1/4 Ie •• treiCht 11a 

(H,.re 3.1,). The Ta1ae of ~ .1 O81_1.te4 fro. the 

interoept 1lll1Dg the ftllle ot eld IdoD oon.tan" •• 120 .,/.2_ 

4e8"e2 _rna O1lt to be 1.0 eT. tor ... p1o A and 1.1 eT for 

... ple B (both Odse .an4wteh •• ). !he .. ftlll •• are 010 .. 

to that got tor Al-OdTe-. aandwiohel. 

Pol' the forwar4 41reoUoJl. ho ....... r, there 1a • 

aubd dlttereftoe. AI a1J'ead7 _ntlolWd. In thi. 0 ••• 

the eal'Nftt t. nearl,. lndepende.t of .aperature. The 

torwar4 OtlJ'NJlt denli t1 II Ii 'ftn ltJ ( .. e page II.f ) 

Thnl .t forward Toltap. when VB ~ ~ je, the ar_nt of 

the expo_nUal tera TWIIhe. an4 J _eo .. _ar17 

inaepe1ldent of .... per.t1lrII. 

PilRre '.15 ehow. the plot o~ 10, J ••• ~ot1on 

o~ V tor the forward dlreotion. A. espen_d, the plot 11 

11Mar .t hiah TOlt..... Ro ..... r, the .lope 11 _oil 1e.1 
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thall the .xpeot.4 .,.al11. et e .At!. Baa depaMuN • .tro. 

the Idlal Tal.1 1. quite ..-en and oan " .ttr1lft1ted to 

noB-UJlitOftl barrilr hllpt, .prea41D« re.lnan .. an4 -.oh 

other ctlpart1lre. tro. ld •• l oon41Uou. John.an, It al119 --
ha~ ~Ated thl proble. thloretloal17 a.~D« an 

expo_atlal dl.Vi.Uon ftlDotion of are •• of 41 ttl rent 

buTier hetpt.. Tha7 haft lIhown that ~ nlue ot 

.10 __ t.ln .IN and e /kT Oall be Ixpeotld dlpendlac on 

thl ftl1l1 ot par_ter. eoJltroll1J1g the elt.tn.tloD 

t.Jlnlon. lfUlata'20 he. attnblltea thl departllre ot 

_10" from ideal .,.alu.e to thl ba. oontaot wh1eb. beoo .. _ 

1BeNaUBll, important at hipe!' forwart! Y01 tap • 

It ha. been t~d that 1n the virgin .tate, 

oarrent Ohange_ with tl~ tor any partioular applied 

TOl..... • :Both Al-CdTe-AU and ,u-Cd 51-AU .an4w1ohl. 

lSb1btt thi. time eUlot. After nlteh1ng 1_ en.bUahea 

~le. 1Ih1oh hpe been ttor.d t 40 not BOW aJl7 tlme 

ae.,.ll4ln.. either 1. the low oonduotl T1 tJ or ln the high 

oon4u.etint7 riatl'. On thl othlr hand, if thl ewi toh1ng 

ha. Mea e.t.b11Beel without 'formation' then the ti_ 

de'P'n4lnoe re_lna juri a. tn the 'virgin' •• pll a. 

1'1me efteot tn 'unton.d t .ample. te tatrlJ 

OO!!l'Plex and it. behaT10ur .arte. trom _ple to _ple 
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but, in senersl 'th1. etteot ie oharaoiien .. d 'by •• low 

ri .. ot wrNnt in renr .. -bi ... n di04e and tan rt .. 

tollowed 1»7 s .10w deOIl1 in the forward 4iNotiol1. 

Cd'l'e QJt4w1ohe. wtdeb ahow reotltloatioll (01 ••• i. pqe 94 ) 
uRal17 "0 DOt .xhibit the d •• ., ot oarrent in forward 

bi... Howenr in .nN_1l' reotl~aa ..... there 

0_14 'be •• light deoQ in _mnt with ti.. Ri_ of 

_mnt lf1 til "1_ 1. ob .. ne4 ill the reotifJ1ac t,.,. 
ect"e an4 Cd So 4iod.. when the7 are Nftr.. bia .. d an4 

i. neB reO'ttfJiac Vpe OdTe for both d{:reeUon.. Slow 

de.Q t. f01lnd maiB17 in Oel. lUlder torward 'bi ••• 

file .low ri .. ot .mllt with t1_ appear. to 

'be expoMntial. Tll. t1_ required to :rea. the nturattoJl. 

ftl1le i. _t connant bwlt ~ar1e. fro. _ple to _ple. 

!he p_rel behcftO'fll" i. p'ftn ia Pig. ,.16 aa4 P1«. '.17, 
fer Od Be and Cd!e re .,..t1 ft 11 • 

De.., of arrent, .. alNadl' .tate4 alto ... , ha. 

beea found la ada. torwarcl-ltia .. d •• pl... In "hi. oa ... 

the Cftlrrel1t attat •• the •• ture"io. nlue ta •• r than in 

the ..... f ftrftnt 1'1... The .aturatloa oar"l1t 1. 

apl'roxtaa-17 oM-third ot the uzillJJl tntttal .rrent 

( ... 11«. '.18). 
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At lower tem,eraturea tIl1a e~teot "_na, 

although theN U7 be a 1IDlal1 ehup 11l the tl_ 

O(,Ulnant. 

The faot that the .. t1M etteri. are DOt o_ .. rft4 

after foraation 01e.r17 1nd10a.a that thla «ependenGe 1a 

eo~ete4 with the format1on pr...... tn t.ot, the 

.'b .. n.. ot tl_ dependence ",,14 .... taken •• • atre teat 

of "toraation". 

Slow ri .. a. _11 •• 4e.87 of _rNnt with t1M 

aN wll-tnoWJl 1n 0 ... ot _tal-.. JI1ooa41l.tor ".t1tier. 

cnemHh4). RiM of eNnent 1. oo_olll7 oalled "poIliU" 

enep"and cte.q "-sat1n oreep". Both aft often olt .. ned 

1n the pro .... ot "tormatl0." 1n reotit1era. It ha •• leo 

'bee. toullCl •• 1n G1lr .... , that th1 •• tte.t 1. Bore 

proannoed tor the re"r.. b1 ••• 

Herd..oh and E .... l.'21 ha" fouacl that the oreep 

plleM_BOa 1. onlJ aU«htl1 afte.ted bJ temper.tuN in 

0_. of .. leD11U1 "ot1tter.. Proa - 600 c to + 600 C 

the etton i. teund to 1aoN ... 01llJ .11pt17. 

Oooper and HarriDgton'22 ha<n IIhoWJl that a ri_ 

ot .a,erature 1. not ..... ar111 ••• et.ted with po.ltl" 

oftep. 'rhe lIOn-thermal oharaoter of pod t1ft oreep oan 
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,1.0 be eonoludod from the faot that .,plloatioD of 

oompa~.ti~17 low re~r .. ~l' ... atter the toraatlon 

.t hiP. 'YCl'_ relll1l'. in • proDGWlOe4 J)oei tift ONOP. 

A eo_ wh.' ei1ll1l.r relaxation -pheno_1I01l haa 

beea reported ~J .. ~ral worker.· durtq nu4ie. oa ects. 

Hay •• h112, hae reportect a reluaUoll of GU'Nnt In 81aele 

827.'81. of ects. Re ha •• 'Vi_tect the laoN ... of 

ennent _ the .10w relaxatlon of _rt •• n.te. preMllt 

11l the lnIll11.'111« la7er at the _tal Cd8 lntert .... 

(JerehuJl124,125 h •• alae ob .. ned a .low fonaU •• 

• f .utaoe ehaJ'P 1n • 81.1111. orrnal of CdS with aepouteel 

In eleetred... When a eon.tant 'POtent1al d1ffe" ... 1 • 

• ,plled to lIQoh a 017.'&1, a OOlUlter e .m.t. he •• ea 

ob_mel •• sanitaried by the tact th., whell tile exte!'Bal 

801U''' of 'f'Oltage 1. nit .. 4 ott • • CRlI'Nm flow. ill the 

nrc!', 11l the dlreotl0. o,pod to to the dlre.tioD of the 

ftJ'ftat tlowiag UJlder the anlon of ext.ru1 .ppll.d .01' .... 

Th. OftIltel' _rrent d.on ..... 10w11 with time. It ha. 

be.n tOQJl4 that the oharp i. lD4epend.nt ot ol7"al 

'hi .... ~o. wbioh i' ha. been oonolud.d that the Ghar .. 

1. DOt pDlrawd tM'oqhout the 017.ta1 _t 01117 11l the 

eart ... layer no .. th1okD8 •• 1 •• pproxiaato17 1.2 x 10-5 -. 

no ao--.1a'10n of etharp le •• 1I001at.4 with the .,tun 

.f earrter.. It 1 ...... 4 that under external e1eo'J1.0 



tie14 -.rt •• n.te. are popnlatecl leacllag to the 

aconmulatton ot ~~ on the ~rta. of a orr.tal. 

Vllen the ap-plled Yeitage he. been "JIOwd the oharp 

18 liberated tra the _rta. leftl. aDd 1i ... 8 ri .. to 

• eo11Jlter .arrent. 

snow .!! .I! 126 have reported enden.. .f 10n 

tr&Jl8JOrt ln lalll1lat1.. tll11., 1»7 .tud71q .apaet tuoo

Toltap obaraoter1 ~tl0 of a Mtal-ln_lator __ a1oonc!uo'tor 

.,. •• 111. 

AdlroYioh et al111 haft nutted relaxation --
pIle ___ ln eel s thin f1lm dlode. prepared bJ TeOllUll 

4epod "Oft on hot _'b.tr.... AU, In. Al aD4 AS haft 

been "Md •• ele.trode _"erial. with" •• ba_ ele.trode. 

A.1l-Od8-Al eandwlohe. MOW a nroag relau"on. OJl the 

other hand, AU-04s-tn dl04e. 40 DOt relu. ne forward 

onrrent (Al+) tir.t ri... to 10 and then deorea •• with 

tt_ to I. whteh 1 ... ftra! per oent ot to. When • 

partt_1ar 'YOlt_ 1. app11e4, the drop 11l forward _neat 

11r.t ooour. raD141T and then _re .10-17. It the yolt ... 

1. n1 tohe! off and at.r 110_ re.t ti_, n1 tohed on agaia, 

the "_ltlag CNrre!lt 1. 1 ••• the the preriou. 0_. 
f,be7 haw aleo t~d that relaxation ~ro,.rtle. 

of the reftr_ bla .. d diode deoend. 8harp17 on the • .,.01tl0 
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re a.tan. of the f11.1l. Pol' tile low re e1.tanoa ... ple. 

(10' - 106 
ohm. om) the "_ dependenoa 1. oomplax. Attar 

rapld initial tall, the Gtlrrent belio to rt. 810"'17. 

fhe inorea.. ot ClQrna" 1an. n-oa .n. of 1I1_te. to 

.... 1'.1 h01lr.. Com]tU1.lIOn of the I-V ohar •• tertetto. 

of the dlod •• AU-CdS-In and AU-edS-Al. eIlo". that a 

b.rrier la7er art ... at Al oenta.t while then t. DO 

neb lQ'er Oil In. 'fh1. hal been pro .... a 'b7 the ta.t 

that phot • ..,l "age art •• on the Al Idde lN1: not Oft In. 

!hel h.... oonoladed th.t the relaxation phenomena are 

re late a to the 'Pro 08 .... that take ttl.. in tile barrier 

layer near the GOntec", and are due to high ~"l tace 
polar1 •• tion oo.~lio.ted " 0"'1' Gharliag of the trap •• 

In GOna-an to the emrrent drop, &It 1nON... of omrreat, 

•• oortiftg to the. i. &It extre_l,llmMtal ph_no_Mn 

11114 till the t1_ of their pablioation, the, 01aim there 

an no ob-ryaUo.8 rilll11ar to the.. In.rea .. 1n the 

rewr. GU'rent ob .. rwd in 10"" red.ti ... CdS filae hae 

bee •• nt.ti .... 11 explained all he to the rearraDP_nt ia 

the .pa.. Gharp Nston 4urtng Oftl" oharplI8 of the trap' 

le.4iac to • 4eere ... in the field Mar the OOl1tao". 
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1P1p" ,.19 811o.a the behanGar of the open 011'0111 t 

photoTOlt.,. .a • fanotion of t1M for a AI-CdBe-AU •• 4wiGh. 

It eu be ... ft that on 1111l111J'Ultloa, • pbo to," 1 tap 1. 

d .... 10ped with A1 e1.otr040 po at t1 ... and S014 .,.U ... 

(forwart 41reot10n). Th1. 81p. of photoT01tap 1. 

oondnent with the ext.t.n. of • l:»arr1er at the Al-nOase 

ill.rta •• & oon0111.10n &1re&4J arriftd at 011 the ).111. 

ot the I-V ohar.oten.Ue. 1a dark. PUrtheraoN, fro. 

tip" ,.19. 1 t OaD be ... n that the photOT01t ... reaobe. 

a •• a4J ftlu. under l1hudaatioa ln about • lI1_t.. OD 

awltahiq ott the 11Cht, the -photo ... .,lt ... tirat deon .... 

ehU"P11 and thea .10"11 attain •• ero ftlue after ai_tet. 

'!he .l •• tro~ole pair. se.rated ia the _Jd.
oonduoiol' redoft 010 .. to the barrier get .. para.d due 

to the .l.otrio fl.l4 pre .. nt there. The e10.,trol18 rellain 

Oil the "lI1eoDCblotor dele of the barrier wh.re •• the hole. 

JlOW OWl' to the ai4e of the Al e1.otrod.. ru. re_1t. 

1n the photo~l tap withAl paa1 ti ... and I\U -Iatt ft •• 

.. ntio_4 &l»ow. 
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SomIt1.e, tilie Vpe of photcrt'Oltage hae been 

attn_tee! to photoe1l1ell1Oll trom tlw _tal ele.trode 

(~lll .. e anc1 Bu.be 127) • ?or exaple, photone ot 

8Utfio1ellt enerQ a1»lIOr_4 la alllll1n1um _tal IIa7 oau .. 

• photoelliedoll of e1eotrou til the .. ld.oond'llotor aoro •• 

the barrier. TIlie would 1.a4 to denlopMnt of photo

.01t.,. ot the •• e "larit,. a. aboTe. flo,..wr, ~e 

tollowill« expert_n"al "_It ..... to ra.le out photo

.1I1e81on a. the .... of photoTOltage ta CNr e .. ple. 1 

(.) The pho""Yolt.,. 1e expeot.d to ""1''' up on 

ohandn« the 41reotloa of Illtudaatloa It 1t art ... 

att. to photoemt.a1OIl tro. the .. tal e1.otrod... Bo 

-ob reyereal hae beell experi.ntall,. ob .. rnd. 

(It) ne l)hotoToltato .treot dl.appear. on tonatloll. 

It It we. entlrel,. he to the el.otrode, 1t would be 

41fti_It to explaia it. ab .. aoe atter tomation. 

(0) On thte baete, lt would be 41tttCft1lt to .xplain 

the •• ,.ra.re and TOltap depen4en .. ot photo-

00 ndu et1 Y1 t7 (to be 4. eort bed) • 

!hU.,llpt abllOr,tlon in the eeatoonduotor and 

oarrier "par.tloll by the barrier appeare to be the proper 

.~laaatioll of the PhotoTOltage. 
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!h. beha"ftftr of the open o1rca.l t .toTo1 t_ a. 

s fa.nnioll ot "_ tor AI-C4!e-A,U .andwiohe. UJlder 111UJd.

n.ttoll 1. altOWJ1 111 PiS. '.20. ftr.t. a photoT01t_ 1. 

4ewle,.ct wi til Al .leotr04. _pUn ud _ eleotrode 

podtin. Th. maxi ... .,..111. ot tM. TOlt_ 1. N ••• d 

alae." innantarte.ely. We 0.11 thi ••• "maxi_ poettln 

To1tage v. +.. Whl1. the 111ua1Dation 1. ati11 OGlltlmUDC. 

the 'Y01tage .tart. d.oNaftllC with tl •• beoo •••• ro anct 

ftft&117 ohange. 1t. ~0lar1t7. ru. d •• N ... oonti.e. 

(i ••• the reTer .. TOltage oontim •• to 1I1Oft ... ln 

.apt _ct.) with '1_ and tlDall1 appro ••• I a ea~r.tioll 

Yalu.. We .all thl. •• "uzi .. ne,atl n TOl tap T. -ft • 

If the 11ght 1. ni tehe4 ott 1_41.w17 after 

.w1teb1ag it Oil. 1.e. Mfore V.+ ie .ttained. the photo

'Yoltap in.tantaneoue11 fall. to .. ro. It the Hpt 1. 

nt toh.d off at • point after ',,: hal been oro ... d but 

betore '.- 1. reaoh.d, th.n the T01tap firn d •• re ... . 

Inetantaneoul17 'bT a tillite aaount, then It InoNa .. . 

gr.4ua117 od finalll rea ••• sero ( .. e ~g. ,.20). If 

the 1ipt 1. IW1toh.d ott atter the JIUi_ ••• el, ftlue 

of V.- 1. re.ohed. th.n .180 To1t ... tirlt d.ON .... 

inetant.Mou.1, and then nari. ri.iq srahal17 aDd 

.Ppro.ell •• oro after ..,_ ti-. l'Urthel'llON the .. 

• an4w1eh •• MOW eo_ l.tl8'l8 i ••• it 11ch" i. ntteh.d on 
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lmme41ate17 dter It ha. be.a nttehed ott then the qp.1tud. 

of the mui .. YOl tage attat_d CV. +) Wft1d be _lIeI'. To 

88" the torar hilh Ta1ue of T. + , the ... ple ha. to be kept 

111 dark tor Rttiolent17 10_ time betore It 1. l11UJdaated 

... In. 

'!'he photoTOltap-U_ depend.llot olear11 poiat. 

out to the .xt.tanoe of two photo .. l1. (l.t u. 0&11 th •• 

A aM B) oolUleo.4 111 o {)po.l tieD and th., h ... the tol1oftDC 

eharaotert.u.. I 

(a) !he .. 11 , d .... 10,.. Mgatl ... TOl,. ... OD. the aide 

ot Al .l •• trode and po81tl ... -.olt..- OD ..... 81d. 

(forward d1reotlon tor a reot1t711&1 04Te). rarthe1'llOre, 

"hi ... 11 re.poad8 to light "'1'1 f .. t i ••• it attalu 

it. maxi_ T01 tap In.''antuaou.17 011 Pi tohtas the 

11811" 011 ed &lao the T01 tap 4rop. to .. ro in.tanta

neett.17 011 ntteh1JIC the light ott. 

(b) fil. ee11 B ha. the pod" ... 'POlarit7 on the .ld. 

ot the Al e1.otrod. and nepti ... polar1t7 on the aid. 

of the .. e1e.uod.. tt. re.pon .. to USbt 1 •• 10w 

i ••• It. Tol tace d .... 10p. grenell,. und.r eon.tant 

l11ud.uUon and a1.0 tall. ott .10"'17 at_I'm tcah1q 

the light ott. 1IUrth.raore, the ul tl... Tol tap 

4eftloped ulld.r ooD.tant 111W1inatlon 1. gRater tor 

the oeU B the tor the _II A. 
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It oan be e.8111 .. en that with a proper Gholoe 

ot the aap1 tude of the photoTol tap aD4 the re .poll.. t1M 

of the two .. 11. one Oall arri" at a re.altant ~lt ... -t1 .. 

sr.ldl tul17 .. toh1J1g with the experiMnta1 ft_1t. A 

.lmilar analyll1. tor the pho toft 1 t .. reftr •• l 111 thlD 

flla. ot n, Ta, '1'1, Al-ox1de. aaa4wiohed _.ea Al and 

AU eleotro4e. h.. been i1 ftD 1»7 Chopra 128 • 

It !lOw remain. to ldel1tl1'7 the .. two photonll. 

ln the ... dwleh. In tht. OOnDeetloll, .. .., reeall that 

whlle 41 .... etag the dart I-V oharaotert.Uo. _ arriftd 

at two po.dble explanationa tor the high reft.tan .. ia 

b(,.'h 41reotton. 1.8. (1) hiBb _11. •• reatatan •• 01' (il) 

two 'arrie!'. 1n oppoll1 Uon. !he photoTolta1o re_lt. 

ta..,t ftOW d •• or1 be4 apport the "oODd oollelufton. 

,.,.il PROTOCONDUO!tvIfY 

A. 81re.47 d18 .... 4, the oon41letln V ot the 

"114wtoh 1. lnoNa .. d .. r1at417 on l11U111uUoJl ,m.a 1 t 

1. " ... rae-hi ... " (i ••• A1 _sat1w tor Cdse, po.iU .... 

for g4Te, reotif11118 type). On the other hand, 1U14.r 

torwaN bla. (i.e. A1 po.tt1w tor Cdse aD4 _sat1 .... tor 

04'.re) the per Mnt.. ohuce in OGIldllot1 T1 ty 6. cr-/0- 18 

net 80 urbd be .... the darll: oon41lotint1 it .. lf 1. 

qui te hip. Howe .... I' , the noa-reot1tyiaa 't7P1 of Cd'fe 

.o4wtohe. are photo .. na1t1'ft 1a both dlreot10na beo ... 

of thetr low dark oon<1uoti vi t7. 
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The re.ponee tlme (l.e. the tl_ oOlletant r ) 
y.n •• trom "ample to sample, btlt in teneral it i8 

al)'Pl'onmatel7 e.1) m MO. for reot1f71ng CdS. (Al-). 

CelT •• andwiohe. uwally haft lower ti_ oonstant, 

1.7 m _0. (Al+) and 0.8 m .. 0 (A1-). 

'!'he interesting fe.ture of thi. -photooonduotlv1.ty 

18 1ts Yo1tage dependenoe. t\ plot ot log Ti T. v1/ 4 of 

photo_neat tor ~l-CdTe-AU •• wiob (non-reotlfying type) 

wi til Al eleotrode Don t1'ftl;r bl ... d 1. a .tralght llne 

nar.lle1 to the log Id .s V 1/4 where Id 1s the current 

in clark and 11 1. the ou.rrent in pre_noe of light ( .. e 

It<<. '.21). When Al eleotrode i. bia .. d n.g.tl~17 then 

we «f't a eiml1ar behaviour exoept for the faot that the 

plot of log! a •• f\1notioD of V 1/2 rather than V 1/4 sives 

s .tr81ght line for both l)hoto and dark cntrNntS (11'11. '.22). 

JPill1re. '.2' and '.24. ellow logan thm of photo

oonduotiT1 ty 01 and dark oonduotiv1. ty 6 d a. a fUnotion 

of tempera~re at a fixed applied Toltase (2.5 v) and at 

oonetant illumination. ("Ine oan ob .. rve a strong temperature 

4e.,.ndenoe. 

JlUrthel'llOre the photo_rrant does Dot ri .. linearly 

wi th the tnten.iV of light. 

hiper lntenai tie •• 

It tend. to .aturate at 
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TABLE II! 

Dark conduot1 vitI Od and ]!hotooonduoti Y1 "I 6, •• a 

fwlotlon of temperatuN tor the 8andwioh B at 2.5 volt8 

t , 
~ -1 -1 ' t hm -1 0.-1 , , 

I 01 T~ • 1I'rxl0'l(-1 
I d ohll.. 011 o • , , t , • . I 

I , t • , , , Al(+) , 
Al(-) , Al(+) • Al(-) • , t , , 

I , I I I • • t , , , I 
10-11 , t 

10-9 , 
10-10 171 

, 
5.85 , 2.0 x , t 1.4 t 8.0 I , , - , x , x , t , • , , • t 

10-11 , 
10-9 , 

10-9 
19' 

, 
5.10 , : 2.0 x • 1.9 x • 1.0 I I , t X , , , , , 

• , , 
10-11 , 

10-9 I 10-9 217 f 4.60 • I 5.0 x t '.9 x 1.8 , , I t , X , , , , t , , 
10-11 , 

10-10 , 
10-9 , 

10-9 
2'1 f 4.'3 

, 
'.0 x , 1.6 x , '.5 x • 2.6 x , , • t t 

I • , , t • I , 
10-10 , 

10-9 , 
10-9 246 f 4.07 

, , 2.6 x t A.O x , •• 8 x I t - • t , 
• , t • I , , , 

10-W • 10-8 
, 

10-9 2(;0 • 3.76 
, t 6.8 x • 1.4 x , 7.8 x • , , , , 

• , • , , , t 
10-10 , 

10-9 • 10-8 • 10-9 281 , 3.56 
, 

2.4 x , 1.6 x t 1.8 x , 9.2 x , , • • , , , • , t , t 
10-10 t 

10-9 I 
10-8 

, 
10-8 293 t 3.41 f 9.6 x 

, 3.2 x • 2.9 x t 1.2 x , , , , • f , , • • t , 
10-9 t 

10-9 t 
10-8 

, 
10-8 310.5 

, 3.22 , 7.8 x • 8.2 x , 4.2 x , 2.8 x , I , , , , • t , , 
• , 

10-8 • 10-~ 
t 

10-8 
, 

10-8 
321. '5 • '.11 

, 3.28x • 1.8 x , 8.5 x , 
4.3 x t I , t • • , , • , , , , 

10-8 
, 

10-7 
, 

10-8 '3' t 3.0n t , 2.8 x , 
1.' x , 5.8 x , • - , , , , , t , , , t 1~-7 • 10-8 

, 
10-7 

, 
10-7 

345 t 2.90 I 1.0 x I 4.4 x I 1.7 x t 1.0 x , I • t , 
I , I t • , t 

10-7 f 
10-7 t 

10-7 
, 

10-7 
'55.5 : 2.81 I 1.4 x , 2.0 x , 

2.4 x t 2.6 x I , , , 
t f I , t 
t • 10-7 t 

10-7 t 
10-7 

, 
10-7 

'77 
, 2.65 

, 2.A x 
, 4.0 x , 4.6 x , 5.0 x , , • , • , I , , , , I , t , 

, I • I I 

Samnle ha. 0.5/0 eleotrode 8"acing and 0.1 om2 aNa. 
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SWITCHtNG AND ?.'fEMORY l'REllOUEN A 

GENF." AL lPE A TURS S 

Tn the beginning ot this chapter we haTe g1 ftll the 

clynamio T-V behanour of the obMrved n1 tchiq pheno_DOn 

in U-Cd'l'e-4.U. and Al-CdS8-AU sandwiohes and desor1bed their 

main Oharaotertstic8. Now we gift some more details 

relating to the post-tormation ~tAge where swi tobin« has 

been ObMr'ftd. Ba.ed on this a tentatift meohaniam tor 

this Ul'1l18ttal ettect will be propoeed. 

ngure ,.2'3 ebon • l1M&r I-V olot of the low 

oonduct1~ty state of 8W1tohlng developed on the applioation 

of ste.dy (n-c) Yoltage at Uquid nitrogen temperature. 

Hlgh conduct1v1 ty .tate 1.e. ohmio part could not been 

dlsplayed t)n thl. 11Mai' plot beOauM ot its high ORrrent 

Taluee. Thus on17 n1 tohlng Tol tap Talu.e. are 'POinted 

out. 1t may be emph •• ised that here aleo the sample 

8W1tOhe. from low conduoti~ty state to high conductiT1ty 

.tate only when Al electrode is mad. negati". ADY 

8ttem.pt to bring the sample again to low conduot! T1 ty 

stat •• ither by increasing or by deoreasing the Tolt.,. 

when Al eleotrode is negati ... ly bia .. a ia un8tlooe.dul. 

JUrthermore, atter keeping the Toltage ott tor sutficiently 

lODe tiJll8 (5 hour.) the s .. pl. is atlll tound to be in the 
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orlg1nal higb oonduotl~tJ .tate without aDJ deteotable 

ch~. However, when the polar! ~ i. ohanged by aaJd.ng 

etate at the threahold voltage ot n.6 V. In ad41tion, 

thl. expertment whlch ha. been repeatect ~ ti._ prone 

that the formatlon snd .witohing can take ~l.oe even at liquid 

n1 trogen temperature which rul •• out golct ion. inoorporation 

found by nlmmone and Verderber70 In thelr Si~ eRndwiOhe. 

where ew1 tohtng could not be obtained below - 40° C. In 

the Dl"8 .. nt atlldy, on the oontrary, switohing 1. more 

stable at low temperature. ainee the aample 18 proteoted 

from the ,o •• lble damage 411e to heatlng oau .. d by pe_r 

diae1pation. Pig. ,.26 (a and b) 1Ih0we plot ot log J V. 

v1/ 4 for Al(+) (re~r .. direotion) and log J ve V tor Al(-) 

(torwarct direotlon) ot the low oonduotivity atate ginn tn 

Fairly .tratght 11nea in the .. figure. 

undollbte4ly .how thllt the meohanin of oonduotion 1. more 

or 1 • .,. the a.me in poet- and l)re-tormati"n .tage ••• })eGisll,. 

tn low vnltage range. However departure trom line art t1 

at higher Voltage. make. thl. prob1e. a b1t com~lex. 

Beoau .. ot th1e, it 1. rather dltt1ou1t to d1etlngu111h 

pre~oroat1on ~rom ~oBttormatlon .tage • In general. a 

• ml)le ot a reotlfler Uke I-V behaviour 10 ... to 80_ 

extent, 1 te hl,.h rever .. reeletanoe .fter Noh formatton. 
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The amount of 1noNa .. in oonduotlrtty variea frOIl aample 

to au.,le and if th1. ia _11. the a .. ple 1ft_rna high 

reei.tanoe and photo .. nat tln t1 1.e. there mll not be any 

.1gn1t1oant dlfference between the I-V oharaoterietio of 

a Yirs1n eample and that ot the low oonductivity atate 

ot t he .ame .amnle atter ew1 tohing ie eetabli.hed. Th18 

la the beat o.hoWll 1n l"1g. '.27 (1.11,111). Th ... photo

granh. are from the .ample A, of wh.1oh the log J;rr2 va 1/T 

and log J va v1/ 4 rewlt. haft been alreadJ dia.a .. d 

(aee page 9B and Pig. '.9, '.10, '.11, ,.12, '.1'). 
Pig. '.27 (i) Dod the I-V behaviour ot the vir In a .. ple 

in dark 8Ild under lllumlnation at room temperature before 

te'Cl'perAture _slmrementa han been taken. Fig •• (11) 

exhibita excellent ew1tohiug (denlo-ped atter temperature 

meaettremente hORn been oOJllpleted ,oand aample cooled down to 

room temperature) produoed by app111ng ntfto1ently hlgh 

negeti" ~lta~ Oft Al eleotrode. After taking thl. 

'Photograph the voltage haa been reduced belo t he threahold 

aw1tOhing voltage with the eample In low oonduot1Vity et.te 

and -photograph 111 ha. been taken (In dark and under 

illu!!llnat10n) • Thie figure ehowe that reotifioation .a 

,..11 Ra photo nnal t1 T1. ty han been pre .. rved even after 

formation. 

Ao 
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The denendenoe of ew1 tohing Tt)ltage on temperattu'e 

h • a110 been atudled. Tt 1. fOUJ'ld that the effeot ot 

temperatQre In the pOlttormatlon atage depend. mainly 

on t he extent of "formation". SMtpl •• which have not 

loet their virgln Gharaoteri.tioe will al'parentl,. pre_rT8 

t "air high temperature Mnll t T1. ty whioh 18 10 trPloal 

of t he untormed aamplel. 0n the other hand, high 

conduotivity ohmio Itate remain. temperature in£l8n.ttlft 

for all t~pee ot .ample. ~g. '.2A (a, b, 0, d) glftl 

the tour I-V OUrft. taken under ap-plle4 Toltage ot 0.25 Hz, 

allot which ehow ewi toh1ng. CUl'ft. a, b, 0 and d 

oorrel"OOnd to room temperature, - 150
, - 450 and - 1200 C 

re.peoti'ftlr, from where It i. olear that tbe threehold 

vol tst!e inorease. with deoreaetlJ8 temperature. on 

inoreaa1ng the temnerature from - 1200 C to 1500 C the 

t hreehold voltage deoreaee. from 9 volt. to 5 Tolt •• 

Here It 1. worthwhile mentioning that lo_time. 

the lample whi oh 1. not .fully tormed may .how nagati.,. 

4fT /d" in tbe low oondu ot1 vi ty part 0 t the ewi tchlng Itate 

t tem."erature I be low room temperature. lTo .... ver. aboft 

room temper~'t11ree the ou.rrent at ~ g1ftn voltage ri .. e 

on inorea.ing temperature. 

l"e have already _nt1oned that the low oon4uotiTi ty 

part of the Iwltohing .tate hae generally a higher 



Fig. 3.28 Al-CdTe-Au sandwich showing the 
switching phenomenon in dark. 
Horizontal 10 v = 5 divs. 
vertical : 5.5 rnA = 1 diVe 
Applied frequency 0.25 Hz. 

(a) Room temperature (b) - 150 C. 
(c) - 450 c. (d) - 1200 C. 

(a) 

(b). 
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00 nduot1Y1 t y than that ot the Virgin .ample. Wegatin 

dJ /d T could be attri ba. te d to the slow reve real of the 

".formation" which appear. in .amole. where virgin 

char.cterietic. are elowly regained atter 8W1tohing. 

wepti" dJ /dT ia a known etfeot in reotitiere 

and it haa been renorted by man.T authors in their study 

on .elenium reotifiers. The efteot h~ . been sttri buted 

to prooe .... responsible tor formation, which in taot are 

not ~lly understood yet, or to thermal instability, or both. 

The dynamio I-V oharaoteristio. eo f ar d1_cueeed 

han been nbta1ned at a treQl1en01 ot 0 .25 Hz. The I-V 

behaTiour ha. been studied under higher frequenoy aleo 

(upto 2500 Hz). At high frequenoie. the Virgin .ample 

.how. a lArge pha .. ehitt ot ou.rrent with "epeot to 

voltage . Thi s indioate_ a large PC time o"netant ot 

the @andrioh. Thi_ shitt 1s 1ID1oh emaller in poet-tormation 

low o~nducttYity _tate and ie completely absent in the 

~o.t-tormation high oonduotivi t y ohmio state . 

Pulsed voltage-current Characteristio of the 

eandriChe. have been obtained by apnlylng reotangular 

mlleel! ot 1 l1"c duration and a reneti tion frequency ot 

1'50 pnl ... /.ec. The Ollrrent voltage value. have been 

obeerved on the oscillosoope. 



Wig. '.29 ehows the (T-V) plot for an AI-Cdse-Au 

nd an AI-CdTe-Au sandwioh. The plate are more or lee8 

tltra1.p'.ht line e. From the .lope ot the .. gra~h. the 

r ei8tanoe ROMer., to be 1'0 ohms tor Cd S. sandwIoh and 

2('(\ "hme f - r CdTe sandwich. It may be mentioned that 

t he resl.,tanoe ot thes •• ampl •• betore pill .. has been 

Al(+) 2.6 kilo-ohms, Al(-) '0 kilo-ohms 

and CaT. • 

7·"weftr .s 800n a. the J'Ul .. ia removed, the earnple oo.s 

bac~ to this original etat •• It 1s also interestIng to 

point out that such a developed high oonduotivity ohmio 

etate hav1n~ the re8l.,tanoe of the above ie not muoh 

d1fterent in value. to that one whioh ext.t., in cyclio 

nitchlng (1<"-'0 ohma). 

Formation procees ha., been reported by several 

workers 1n ma~v thin f1lm m.tal-ineulator-Tetal samples. 

Verderber!! .!!71 have made a detailed etudy ot the 

forming ,roce.,. in evaporated ~i~ thin film •• lTowever, 

there are 80me significant difterenoes between the pre .. nt 

observstion and the earlier one., s 

(a) ~o ratio of the re.,ietanoe of the unformed .ample 

to tbat of the tormed eample (high resi8tance .tate) 

is between 111 to 1<'0 s 1 whereas the earlier reported 

values are of the order of 108 
I 1. 
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(b) The sample e could be forme d wi th equal eaee at 

liquid W2 temperature .a at room temperatllre or aboft it. 

(0) The time taken for the formation in SiO tilme71 

i8 reoorted aa 10 .. ea. at room temperature and more 

than an hour At - 400 c. Tn the preeent osee the 

tormation appears to be inetantaneoua. 

It may ~rther be pointed out that • • 

(1) ~r tormation it i8 abeolutely e8~ential to make 

AU po.ittve and Al negative. 

(2) On formation, the fir.t .tate to anpear i. the 

ohmio low reaiatanoe 8tate. On the revereal, thie 

ewi toh •• to the h1AA reaiatance .tate, but generally 

this "llietanee ie Ie •• than that ot the unformed 

aample. 

(3) Tho ... ample. who .. reaietanoe i. not very high 

in the unformed 8tate oannot be formed to the biatable 

.tate. ~or example, 4l-CdTe-Au eand~ohe. of the 

reotifying type where negatlve voltage on the Al eleotrode 

bi •• e. the sam!»le ln the forward direotion oauaing a hlgh 

onrrent to flow at low voltas-a, oannot be brought to 

the switching atate beoanee the voltage aoro •• the ... ple 

doe. not reaoh the oritical voltage. Thi. bringa to 

light the faot that 'ewi tohlng' requirea a certain 

threahold voltage and not a threahold current. 
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The moat etrik1ng teature ot the .. aamplea ia the 

"memory t !)henomenon. It ia hardly neoes.ary to emph.ai .. 

that the.. .txucture I! are exh1 bi ting the genuine "memory" 

ettect in View ot the tact that they can be brou«ht to 

any of the two biatable con4uctivity atatee, where they 

remain permanently atter removal ot the voltage. 1IUrther

more, the other not le8s important teature, i. that the 

aamnle oem be brought in 'lne or the other co duot! Vi ty 

state only atter applying the thre.hold voltage ot a 

partioulal" .ign. Theretore, one can Bpeak of a "memory 

ettect" which memor1~1!1 the .ign ot the a!'plied threshold 

T1Urthermore, the ratio ot the re 8i.tanoe in the 

high and low reei.tM04t atatel! il!l ftrr large ind.ed and aleo 

the oonduotiVity 1n the low reaietanoe atate ia ohmic. 

The aa.oeiated photo etteota make theae etruoturea atill 

more Intereating. 

To our knowledge onl,. three reporte ot a memory 

ot tbia type exi.t I Patil and S1nha6A (1961), Simmon. 

and verderoer10 (1961) and OVehlnat16 (1968). patil 

and Sinha who haTe l!ltudied the Al-Cd 8-Al eyetem haft 

ob .. rved a e1m1lar n1 tching and rremory but 1n tho" 

.ample. (i) the .witching trom on. atate to another 18 

much Blower, (11) the low reail!ltance state i8 n~t ohmiC, 
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(111) the ratio ot the resi.tanoe in the high and lo~ 

1" _ll!tAnce _tate 8 i_ not .e high a. in the pre eent oa .. 

and (iv) no photoetteote are ob .. rY8d. 

The eample. prepared by Simmon. and Verderber 

can .how memory only under certain verJ epeci.l conditione 

i.e. when the applied voltage, atter going through the 

negAtive re.i.tanee, il! reduced to zero in 1 ••• than 0.1 me. 

'FUrthermore, the bebaT10ur i. eymmetrtcal with reepect to 

the a,~lied voltage eo that either polarity oan induce the 

.tame state and thu. the eample i_ not caoable ot remembering 

the 1>01arity of the applied voltaR8. 

haft been ob .. rved either •. 
I 

No photo.treot_ 

After the nre .. nt work hae been completed, and a 

re l1m1nary note already PUbliabed[Antlo and Sinha79 

(. uly 1968~, OVahinsky76 (November 1968) publiehed a paper 

on the rever_ible electrical .witohing in amorohou. 

eemloonductor materiale where he briefly mention. that 

hi. _trtloture8 abo'" "memory" efteot. However, hi. 

structure. are .ymmetrloal and the ,wi tohlng behaviour i. 

a180 w,rmmetrioal. Tt doe. not depend on the direotion 

of t he a~~lled volt8~. ~rthermore, although the 

tran.tt1~n trom low to the high conduoting _tate take. 

place at a threshold voltage, the 8W1tOhlng from high to 

low oon!aottng state takee pla.,. on applioation of a hish 

ou.rren" PIllee. 
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'Rven !II 811nerf'iois1 eXRmi nation of t he preoont 

repult~ ie enoup,h to eh~w how connlex the prooeeeee 

r e eponei ble tor ewi tching and memory might he. The 

phenomenon ot negative reel~tanc. by iteelf ie quite 

complex and it i8 not 8tlrprieing to find that althollgh 80 

m ny ~lt.rnat1ve ex-planatione hAve been put forward in 

DRat, none of them appearsto be wholly satisfaotory. The 

ewitching and memory m8~e t he process etill mo 2~ difficult 

to interllret. Tt 1e, therefore, only natural tc expect 

t hRt t he model we chooee to exnlsin All our experimental 

re.u1t. might not be unique and there could be other 

Altern~t1ve poseibilities. 

~lr experimental re~tlt p. have undoubte dly 

established t he exietence of a barrier in t he virgin 

eample p. ~he barrier ie a180 present in the hi gh 

resi8tivity stat e after reversible ewitching ha s been 

e.tablished. nn t he other hand, t his i F clearly absent 

in t he high oonductiVity ohmic (!Itate. ::'hu8, f or 

reve rsible .w1 t .ching, we look for 8 mechanism which 

invnlvee t he alternate removal and formation of the 

barrier u nder alternating anplled field. 

T.'U.rthermore, it haa al~ been eetabl1ehed that 

the bsrrie r ie pre.ent close to the \1 e lectrode. Ho~~vert 
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it is desirable to know more about the nature ot thi. 

b rrier in order to find out the ~ay in whioh it oan 

be fomed or renond. 

In this regard some mean1ngftll general obeervatlone 

mi ght be ment10ned. (i) This type of switohing ha. been 

observed for three difterent .emioonduotors viz. Cds68 , 

Cd '1e and edTe. rt 1s, theretore, lIkely that any meohanism 

Whioh make~ uee ot any speoifio property restricted to a 

Dftrttmllftr eemloonduotor would not hold. fii) The pre.noe 

~t one , 1 eleotrode sopeare vital. It ie a1eo neoee.ary 

that there be a Bhort erpollUn to oxygen in between the 

deno8itlon ot Al and the eemioonduotor. 

to expeot that other metala ~ioh oan torm similar oxide 

akin mi~ht also show switohing. (iii) The e et~bliahment 

ot hi gh conduotivity etate takes place only When Al i. 

m~de n.g8ti~ and ~u poeitive, irreapective of the 'p' or 

'n' oharacter of the semiconductor. Thue the sri tohing 

f rom low to high conductiVity state or vice verea haa 

nothinr. to do with the rever .. or forward biasing ot the 

diode but 18 intImately connecte<1 with the applioation of 

a vol t~ ot a oertain magnitude and polar! ty ac.roe" the 

enrtao. l,ver adjacent to the Al electrode. 

Tn order to arrive at a model whioh ''('ould be able 

to OOTer all the experimental obMrvatione and reeulte too .• 

let UI Ftart from the high o~nductiv1ty ohmio etate. 
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.\l!! the .~oi1'io reeietance (Yo) in this etat. 1s 01' the 

order 10' - 104 ohm om. , it 1. likely that there i8 a 

hi gh 1mnurfty oonoentration In the sandwiched .emioonductor, 

leadin~ t~ • nearly degenerate oase. The energy band 

diagram tor euoh a sandwich 1. given in Fig. 3.30 (a) tor 

n-Cd Se and in 1ig. 3.'0 (c) tor p-CdTe. The eandwioh.a 

switch from this .tate to the high reslstive one (l.e. the 

barrier 1. tormed) on applying a small (0.5 - 0.1 v) 

po.itive voltage on the Al eleotrode. 

In the 0." 01' Cdse eleotrone (majority oarriere) 

will tlow from the semioonduotor to the ~l eleotrode which 

1a made J)o.i t1 ve • AS eoon 88 a certain t hreehold voltage 

i. reaohed, it ie believed that the electrone ~et trapned 

in the region between 41 and the eem1oonduotor I!U.rtaoa i.e. 

t hey remain bound there. ~qu.l poei tift charge i8 created 

in adjaoent ee~ioonduotor ~rt.oe due to ionieed donors. 

8110h • model, Viewed from eemicond\lotor .ide will show that 

t he oonduotion band ia bent u~wardl!! as in the oaee of 

oonventional n-type aem1oonductor at the blooking contaot. 

This le.d. to the formation ot • barrier at Al-eem1oonduotor 

interface a. ehown in fig. ,. '0 b. AI!! soon .s the barrier 

i8 formed the aample sri tohe a over to the high re si stanoe 

state and the current t.ll •• ~rther, inoreaee in the 

poaitive Toltage on the Al electrode would lead to an 

1norea_ in current 88 in fa forward bi •• ed diode which 
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~ --------------~ 
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(c) HIGH CONDUCTIVE 

STATE 
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SPACE CHARGE 
BARRIER 

( b ) LOW CONDUCT' V~ 

STATE 

-----

(d) LOW CON DUCTIVE 

STATE 

FIG. 3.30. BAND DIAGRAM FOR TWO CONDUCTIVE STATES 

(0) AND (b) CdSe ; (c) AND (d) CdTe 
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hae aculally been observed in the reeults p~ .. nted earlier. 

The log J V8 V plot i8 a straight line sunporting the 

diode-like oharaoteristic. On deoreasing the voltage 

the diode behaviour is still maintained becau .. the trapped 

carriers sre not rele.Nd a. long •• the oolarit7 remaine 

unohanged. The poeitive yoltage on the Al eleotrode 

keepe the eleotrone bound to the centre olos. to it while 

the noeitive oharge remaine bound on the Mm1conduotor .ide. 

On making Al negative the sandwioh remain. in the 

hi~h reeietance diodio stAte. Thie direotion of applied 

voltage ehould bias the .andwich in the rever .. direotion. 

In tact, the experimental I-V oharaoteristic i8 a1eo that 

of 8 re~r .. biamed diode for this direotion ot the applied 

Tolt~ge. !JOg J va ,,1/4 ie a .traight line a@ ie required 

tor a rever .. bia .. d diode subjeot to barrier modulation 

by image toroe (~ohott~ field emiseion). If one keeps 

on inoreasing the negative voltage on the Al e1eotrode the 

.andwioh swi tohe. to the tormer high conduot! vi ty ohJD1o 

etate at a certain threshold Toltage (8-10 Tolts). Thie 

le.d. us to the conolusion that the double layer tormed by 

trapping ot ele otrons whi ch hanpan. due to the Tery epe oiti 0 

nature ot the intertaoe between the metal and the .. m1-

oonductor, gets eborted by .~p11ing large ~gative voltage 

on the 1 e le otrode • It one imagines that this double 
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l~yer aets aa a sort of a oaoaoitor, it i. natural to expeot 

thftt ~lch a thin canio1tor will get disoharged on applying 

a high v~ltage ot aporOQriate .ign. In other word sit ie 

A9lmmed that the trapped eleotrons will get releaRd and 

neutrali88 the positive oharge on the eemioonductor which 

hRa been induced there only by the existenoe of the negative 

charge in the- trapping centre. ~owever, 1f the reverse 

resi8tance ie small i.e. the reverse current ill large the 

e~tchlDg will never take plaoe 8inee a sufficiently high 

field i_ not oreated. It i_, t heretore, believed that 

the entire diode oharaoteriptio 11' governed by the sbill ty 

ot thie speoifio thin layer interface bet~en the metal 

Rnd the semioonduotor to capture and trao the eleotrone. 

If this ability is noor, the barrier will be s~ll and 

sample will haTe poor diode-oharaoterietios. 

~dditional eupport for thi. pr~poeed model oomes 

from the obeerved re8Ulte on ymlse meaauremente. The 

.andwioh with the barrier and ha~ng ra.ietanee of 

10' - 105 ohme. ehowe a reeletanoe of only 102 ohme under 

the nul.e. ~tt.r removal of the applied pulee the sample 

ie tound to be again in the high reeietiTe etate without 

a~y deteotable ohange. Thie pro~e thst there exist. a 

condeneer in parallel to the high resiatanee ot the sandwich 

whiah geta shorted at high frequenoy. In other ~rd. the 
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main resistance arieee from the double layer in the barrier 

which a1en aote a. a oapaoitor. 

1he 8amp1e oan therefore be repreeented by two 

r esist"rs in eerie. one due to the tilm of F'1 rV 102 ohml' 

and the other aue to the barrier F2 ~105 ohms. T.n addition 

there 18 A canacitor in parallel to the hiF~ barrier 

reel.~anoe element, whioh get. shorted at hieh tre~enoie •• 

There i~ alPO a switch in parallel to thI8 reel.tor which 

oT>en~ when Al i8 positive and 010 ... 1IJhen Al 111 negative. 

'rhe ol)8ning and olo.ing of the ewi tch has ~uet 

now been 8ttri buted tn formation and removal ot the barrier 

by trapping and detrapplng ot oharged oarrie r e re.peotively. 

'1'her e are, ho"ver, other nlau.ible ways in which opening 

and oloeing of this llwi toh oan be governed by the polari t1 

of th apnlied tiel~. 

It is well-known that the ionised i mpuritie. 

within the barrier region are in a etrong electric field 

which tends to move t hem toward. the metal electrode. 

This tendency ill further enhanced by the application of 

negAtive vnltage on the A.1 eleotrode. The posi t1ve1y 

charged centres move towarde the metal eleotro~e either 

by eleotron "hopping" or by ionic migration and at a 

oertain threllhold field the barrier become. so thin that 

t he charge cnrrie re oan cro.,. it by tunne 1i~ • This would 
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amount to ~w1 tohing from a diodic IItate to ohmic 

conducting etate. The difference between this model 

snd the previoull one ill that in t his caee the charged 

double layer ia not neutralieed. There ie only 8 

redietrilmtion of eDace charge making the barrier very 

thin and traneparent to the charge carriere. Tn the 

preTioue model, however, there wae a neutralisation of 

the donble layer and a com»lete removal ot the barrier. 

This thin barrier remaine .table even after the 

remnval of the field and changes back to the thiok barrier 

only on anpllcation of the rever" field. Thu8 there are 

two .table apace oharge dietributiona (a) which leads 

to n wide blookin~ barrier and (b) whioh leade to a thin 

tranenarent barrier. Both these dlatrtbutione are equally 

stable at zero field but at a certain negative Toltage on 

AI, distribution (b) ill etabilieed ae oompared to (a) and 

Vice veres for the rever .. field. Two stable distributions 

et zero field are rendered pOBetbla ~oause of the epecial 

Dature of the interface between the metal ftnd the semioonduotor. 

nO""!", i t a'!1~ar(l impoaei ble to IT'...ake any further oonoluaione 

about the nature of such 8 layer in View of the limited data 

Rt our diapoaal. It ie, however, believed that to 80me 

extent, ionic ~roce8. at this interfaoe might be reeponsible 

for t his dietr1~~tlon. 
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A third pOl81bllity il the alternate creation 

nd deetruotlon of 8. oonduoting path acroll the barrier. 

Thi oou ld relUlt trom the alternate preci~itat1on and 

dileolut1on of metal ionl from the eleotrode material in 

the barrier region under the aotion of the appropriate 

field. The nreoipitation ot metal ions would lead to 

a b.n~ formation in the forbidden band and would offer 

a oon&lcting path acrOI. the barrier. The remoTal of 

the~e by the applioation of the reveree field would 

remove the band and re-eltabliah the blooking barrier. 

~ el",i lar meoh!!ln1~m ie believed to hold for flexodee 

fabrioated by Te.ller and TompktnI6,. However, in this 

device it wee neceleary to heat it to 1000 C to e.tab118b 

the oonduoting path. This i8 not 10 in our oa .. where 

t he ew1tohing can be had even at - 2 000 c. Thi. proces. 

therefore m~v be difficult to juetify in our ca .. unle.e 

one 81enmee that there 18 .ome looal heating. 

once the erl.tenoe of barrie r in virgin I .. ple i. 

elltablilhed, there at)pearl to be no d1:tfiOtllty in explaining 

the obeerved nh"to efiecte. 

It A Cdse landwich (open-c1rcul t) haTi.ng the band 

diagram given in figure '.3~ (b) il illuminated, the 

ele ctron-bole pair. generated in the eem1conduotor rel10n 

cloe8 to barrier, get eeparated due to eleotric field 
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pre eent there. The e leotrone remain on the .. mi oonduotor 

8ide ot the barrier whereas the hol •• move to the Al 

e1eotrode. 'AS oan be nen trom tigure hole. do not 

experienoe aD7 barrier which will nrevent their ot')lleotion 

at ~1 e1eotrode. A. a remlt, a voltage ditference will 

be oreated aorose the sandwioh with the same polarity as 

that which g1 ves a forward bia. to the sandwiah (Al+), 

(~-) which is uwal with any oonventional 'Dhotovoltaio oell. 

PhotoToltage-time dependenoe given in Fig. 3.19 

. hows how on swi tching the light on, the To1 tap aSBUme s 

its constant Talue instantaneously, an~ how it ,deoays tirst 

rapidly and then somewhat slowly after the illumination has 

ceQMd. r he elow deoay of ~otoTOltage could be explained 

on the basis of the .low relea .. ot oarriers trom the trap 

center" • ~h1s brings out the tact that some of the photo-

. enerated oarriers get trapped and are rele._d only slowly 

on sw1tah1ng ~he light ott. It i. likely thftt these trap 

oenter. art looated in the intertacial layer ~here we 

env1.~d the init!al can'ture of electrons to eriablish 

a barrier. 

The ob.erved photoToltage 1. undoubtedly another 

taot which IlpeakS in tavour ot the pr"posed barrier diagram. 

rt a1eo appear. pos.ible to explain the observation. in 

regard to the photooonduotivity meaeurement. on the ba.ie 
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of the above ooncept., i.e. the ext.tenc. ot a barrier at 

the ."l-ed Ge interface. (ine oan lIee that our CdSe sandwioh 

act ••• a nhotodiode. Under reverlle biall, the 9hoto

:<fenerated eleotrons move to the !'loei tin A.u eleotrode and 

ho 1.8 to the De gat! Te Al e 1e otrode • Neither of the .. 

ex~r1enoe a~v barrier. ~en the nolan ty i8 ohanged 

(forward biall) there will not be any 8ignificant ditterenoe 

betwpen the current in dark and under illumination beoau •• 

of the low reeistanoe. Tn addition, it 1s believed that 

th~ DhotoconduotlT1. ty in th18 ca .. i8 alllo overned by the 

lowering ot the barrier at the metal-88m1oonduotor interface 

1n prellenoe of light129,130. 

At this etage it may be worthwhile di8cussing the 

nature of the "formation" prooe.s observed in these sandwiche •• 

Thi. t'tomation" as already mentioned i. a •• ooiated with the 

(i) decrease in the r8eietanoe, (ii) los. of .low relaxation 

effect~ and (ili loss of photooonduotiT1ty and photovoltato 

pro~ertie •• It may be reoalled that the "formation" i8 

obeerftd after the firet cyole of sri tching is oompleted 

when it 1s found that the sample do •• not oome baok to the 

original re.istance of the Tirgin state. 

Thie clearly indio~te. that the ohange. taking 

plaoe in the fir8t en tohlng from the Tirgin to high 

oonduotivity ohmic 8tate i8 not oOMDletell re'ftr .. d on 
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of t he above concepts, i.e. the exi.tenoe of a barrier at 

the ~l-Cd ;e interfaoe. 0ne can eee that our Cd Se sandwioh 

acts as a nhotodiode. Under reT ree bias, the ~hoto-

en rated e1ectrone move to the nosi tin A.u e1eotrode and 

holes to the negative 1\1 eleotrode. Neither of the .. 

e~erlence any barrier. '~en the nolAn ty ie ohanged 

(forward bia.) there will not be any significant difference 

betW!'en the current in dark and under illumination beoau.e 

ot the low reei.tance. In at!di tion, it ie believed that 

th~ ohotooonduotiT1ty in this oa .. is also overned by the 

lowering ot the barrier at the metal-.. m1oonduotor interface 

in pre.ence ot light,29,1'O. 

At this etage it mQ be worthwhile disOllS.ing the 

nature of the "formation" proo ••• obaerved in thel!le .andwiches. 

Thie "fomation" 8. already mentioned ie ••• ooiated with the 

(i) deoreaee in the re.i.tance, (ii) 10 •• ot slow relaxation 

eff ecte and (iii 10 •• ot ~hotooonduotiT1ty and photoToltal0 

pro pe rtie". Tt may be recalled that the "formation" is 

obel~d atter the first oyole of .wltohing i. oompleted 

when it 18 found that the .ample doe. not oome baok to the 

orldnal resistance of the Tirgin state. 

'!.'hie clearly indiotlte. that the change. tAking 

vlaoe in the first 8w1tohin~ trom the Ttrgin to high 

oonduotiT1ty ohmic state i8 not oomn1etel7 rever .. d on 
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re"r.e tnr1 tohing. In other worda, the removal ot the 

barrier in the virgin .ample i8 partially reveraibl. and 

partiAlly irreveraible. The "irreveraible" part ia due 

to ce r tain labile poei tively oharged centera ~'hioh 1I0ve 

towardl! the aluminium eleotrode during the firet awi tobing 

and remain .tabilized in a n.rro'·· .. r barrier region. 

The time dependenoe ot ou.rrent in the rtrgin aampl. 

aleo al'pear8 to be due to • elow migration and readjuatment 

of t he labile charged oenter. in the .pace charge region 

under the applied tield. For reverae bi.a, the type ot 

double layer ehoWD in Pig. '.30 (b) ia eubjeoted to a field 

which tends to draw the poai tively charged oenter! towarda 

the Al electrode making the barrier thInner. The ou.rrent 

in pre.noe ot a thinner barrier i8 obTiouely ht JSher eo 

that a alow inore ... ot current ia ob .. rved under a oon8tant 

applied field. 

Under forward bia. the tield ia 1'8ver .. d 80 the 

mi ration ot the charged centera take II ?lace in the oppoa1 t. 

direotion 1.e. the current would .10w1y decre •• e with time 

at a given neld. In the tormed aample th111 ettect ill 

.b .. nt becanee, all mentionea above, the labile oharged 

oentera hl\ft been .wept away and got fixed in a narrow 

region near the 41 electrode. 
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Cadmium telluride 

T-V meawrementa ae -11 aa meaeurementa on photo

oonduotivity and ~hotovoltage undoubtedly ahow that CdTe In 

the.. .andwiohe. appeare aa p-tyl'.)e material. ThuB one 

oould expeot that awi tching would take place under oondl tiona 

juet oPJ)osl te to tho .. in Cdse which ie aotuall1' not eo. 

The very faot that the sandwiohe. f)f both po- and n-type 

material. Wer.i bly awl toh In a C101e from If)w to hlgh 

oonduotl.tty ohDdo state on the applioation of negative 

voltage on Al eleotrode and Vice veraa,8how8 that the barrier 

operatin in .wi toh1ng la not goftrned by the 'p' or 'n t 

Gharaat r ot the .. mloonduotor but ia due to an additional 

layer. .. 

Tn order to arrive to 8110h a model let na start 

again trom the high oonduotivity ohmio atate. Band diagram 

of thia atate ia given in the Fig. 3.30 (0). To awitch to 

low oonduotl~ty etate (barrier preeent) one ha. to make 

Al eleotrode poei tift. Inetantaneoualy holee .e majority 

oarriere overflow to AU eleotrode while eleotr~ne a. minor1ty 

oarriere flow to Al eleotrode where they get trapped in the 

very lft7er bet.en the Al .tal and the Nmioonduotor, rt.ing 

the energy band dlagram In that reglon ae la ahown In 

Pig. ,.,0 Cd) and a barrier le formed. On the other hand, 

rte.a from .. 1I100nduotor .1de the other barrier 1e aleo 
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f~rmed due t~ the ionized acce ptore whiOh oauee band to 

bend downward.. A. III rewlt we haTe no\9 t ~o barriers near 

1 eleotrode whioh oppoee each other. Flaving thi. model 

in r.r1nd it 1. eaey to imagine that the I-V dark Oharacter1.tlc 

ot snch a sandwich will give high dark re.i.tance tor 'both 

41reotlone since one ot the barriere will be alway. rever .. 

bia.d. The reeu.ltant t-v behaviour will depend only ot 

the revpr_ biaMd oharaoterietio of OM ot the two 

available barriere. 

On thle baet. it ie .aeily under.tood Why in our 

ezperimental work WI could dietingul.h two extreme type. 

of the I-V oharaoterl.tice in Cdre sandwich •• i.e. (i) good 

~ctifying and (ii) non-reotifying ae -.11 as variou. 

intermediAt •• between the_ two. ~~ich oharaoteri.tio 

wi 11 "redominAte 1. determined by the abili t)' of the 

interfaoial layer between the Al electrode and semioonduotor 

to trap eleotrone. It this ability ie large or it the .. 

leotron. are bound firmly, a good barrler 1. tormed which 

01)1)0"8 the other barrier ow.ed due to ionieed aoceptore. 

Thus, sandwich will remAin blooking for both dlreotione. 

If thie is not eo the eample be more reotifying 1.e. it 

would f; ive a higher forward current when Al eleotrode 1. 

made negat1 va. SUoh a eample will never ew1 toh .inee a 

euffiolent fIeld 18 not d.velo~d. 
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on the ba.ia of the propoaed model it 1a not 

d1.ffioul t to explain the umlwal photo'Vol tage performance 

( .. e Fig. '.20" .inoe there are two barrier. (two photo

cella) whioh oppo .. eaOb other. 

The oe 11 A haa it. ori«1n in the barrier "Bion 

on the .. m1oonduotor aide. The eleotron-hole pair pnerated 

1n thia reglon ie .. parated br the barrier and the eleotrone 

mon to the lett eide of the barrier where •• the hole. are 

co1leoted on the gold eleotrode. Thia g1~. the gold 

e1eotrode "oeiti.,. polarity with "a))eot to aluminium 

electrode aa i. required by the experimental Nault •• 

The cell B haa it. origin in the barrier region on 

the .ide of the 41 electrode. The eleotron-hole pair 

generated in thia region ie _par.ted 1n the rever .. way 

beoau .. of the rever .. gradient. Thia givea the Ai eleotrode 

po.lttve polarity, which opp08e8 t he photo'Voltage of-the 0111 

·A. !~ 1 t 1e a88W1led that the mqn1 tude of t hi. 'Voltap i. 

greater than that of the 0811 ~ , then .. oan explain the 

voltage reveraal. 

photooonduotivity me.aurementa are aleo eaaily 

ero1atned. "t:f AU 1. biand negatively, the photogenerated 

e1 otron. will flow towarda Al electrode (poe1tive) and would 

oolleet in the large enarg well between the t wo barriera. 
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This wou l d make the barrier lower for hole injeotion trOID 

Al to the eemioonduotor and enhAnced onnduct1v1ty would 

be ob~ned. <'n ohangi~ the polarity (Al eleotrode 

ne gati~) electr~n. again will oolleot in the ~.ll beoau .. 

of the special energy gradient and would again deorea.e the 

barrier, now tor t he hole current from the eem1oonduotor 

to aluminium eleotrode. Thue there would be enhanoed 

oonduct1n ty tor either direotion ot applied field a. haa 

aotually been tound experimentally. 

The meohaniem ot switohing h •• been discu •• ed in 

Rre.t det.iles tor Cd S.. The same mechanism .. eme to apply 

t~r CdTe a. well, but one difference !nay be worth not:'lng. 

Here ,.,. haTe two double layer. in oPJ)osi tion i.e. aa one 

move. from Al electrode towarde the Cd'1'e .. m1conduotor, one 

mee ts tirst a negative oharged layer tollowed by • p08it1ve 

layer and finally a negative .pace charge relion. It 1. 

needlea. to Bay that in vie. ot the eleotrioal neutrality 

the t ft tal negative oharge in the two regione must be equal 

to the poet tift charge in the central region. The migration 

ot theee chargee leadIng to a oomplete collBpae t)r thinning 

ot the barrier, seema to be reaponat ble for BW1 tGhing to the 

conduoting ptate. nn a~pllc.tlon ot neg.tift Toltage on the 

Al eleotrode, the po.tttve oharged centre. move towarde the 

Al ele otrode. The negative epaoe oharge 1a al.o dragged 
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in the same direotion in view of the attraotion bet?en 

the.. two re Ii ons • Thue the applied field concentrate s 

the double layer in a wry narrow region leading to 8 

di.charge of the double layer and los. of the barrier. 

Alternativ.ly, the ooncentration of the .pace charge in 

a narrow region makes the barrier so thin that tunneling 

aoro!s thi. becomee po.sible and the barrier is no 

longer nperative. 

The time dependence of the dark Ollrrent in oa.e 
t 

ot edTe oan a1eo be explained as in the ca .. of Cdse. The 

only point to bear in mind that here one of the barrier 1s 

alWllYS rev.r .. bia .. d for any direction of the applied 

field. We should therefore expect only positive creep 

a. has aotua11y been ObMrftd. On the other hand in oa ... 

ot extremely reotifying type samplee, both post tift and 

M,ati" creep has been ob8erved ae expected i.e. ri_ 

ot au.rrent with time under revern bi.s and deoay of au.rrent 

in forward biae. 

The .. analy .. s do e8tablieh the exietence of a 

.ingle barrier in the ca .. of Cdse and double barrier 1n 

the oase of CdTe. This ie aleo eetablished that tne 

ew1 tching, photoo"nductivi ty and relaxation phenomena 

are oonnected with the .. barrier. and the aseociated ionio 
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There oould be .ome ambiguity about the 

exact way in which this barrier ill removed or formed 

during swi tohing but the model. ')reMnted do appear to 

b moat rea8onable. lIUrther experiments on 

oalUlcltanoe mea8l1l'em8nt and .peotral respoll_ .aau.rement. 

would no doubt throw lIore light on thi8 and the .. 

experiments would be undertaken as 800n a8 faoiliti •• 

beoome aVailable. 

• • • • • 
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SUM ";1 A R Y 

. his thesis deals with some experimental 

investigAtions on aluminium-cadmium selenide, or 

telluride-gold s andwi ches . The samples were prenared 

by sequentially depositing thin films of aluminium, CdSe 

or CdTe (purity 99.999 per cent) and gold on glass 

microecope slides. 'P.he CdSe or CdTe film '8S deposited 

from a Filice boat heated by a tungsten nre in a vacuum 

of t e order of 10-5 Torr. ' The thickness of the sample 

WAS 0 .5 - 1.0 micron. The experimental arrangement was 

such that after each suocessive deposition, air had to 

be let in to make suitable adjustments. All depoei tions 

of Cd8e or CdTe were done on substrates heated to 200 -

neposi ted layers were annealed at 300 to 350°C 

i n vacuum f or about half an hour and oooled, and then 

t he oounter eleotrocle was depoe! ted. The cur rent-voltage 

(I-V) oharaoteristio was studied by using a lo~-frequenoy 

funotion generator as a source and a Tektronix type 515 

o?oillosoope ae a re corde~. 

IT"hese sandwiches show interesting bistable 

oonductiVity, ewitch:f.ng and memory henomena. Ini tially, 

t he virgin samples (preformation stage) show a re ctifier-

like cur rent-voltage characteristic. After an initial 



fo~ntion (poet fo rmation etage) they show biatable 

condn ctlvity and oyolic switohlng between a high 

co .1ductivl ty and 10 ~ conductlvi ty state which takes 

rylAce cont1~~ou@ly under applied cyo11c voltage. 

Tn the preformation etag8 all the Cd 1'.";$ eandwiohe e 

~x~1bit an. asymmetrio, reotifier-llke I-V oharacteristios. 

f o -JCver, the I-V oharaoteristios ot ft.l-CdTe- Au sandwiohes 

are rAther senei tive to reparation eon('li tions. We oould 

dieti deh t r-o type e of sSr.1plee, one '''hieh MOv'S non

linear l'Ytt only sli:-:htly aeycrmetric T_V oharaoteristio 

and has R large resistanoe of t he order ot 105 ohms in 

both directionp.. ~or the other type there ia A 

pronounoed reotification observed. 

~l-Cd Se-~u sandwiohes are forward biRsed by 

maki ne Au eleotrode negative, whioh 1e oontrary to what 

one would expeot on the basie of the work function theory 

Ince Cd ~e is ufrually n-type material and AU has a hIgher 

ark :f'!'.I.nction. The at mature 1 e hi ghl y photosenai tl ve, 

!""!A1.nly when it 1 . reveree-biased. nhotoau.rrent inorease e 

ranid ly ,· .. i th increasing apolied reverse vol tar e. 

Tn o\l-Cd~e-!\u systems, the sand'~'iohee which show 

roctifioation have the nropert1ee very :lMilar to the 

However, oontrary 
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t ~(~·c , the telluride eandwi c l if? fo rward biased hen 

~\u. electro0e i s made nOE'i tive . e , thl p samole 

1 !:l1£!Q nhotosensitive mainly le n reve rp- - bif1El c . n 

H - C me-AU system, the eand\"'i c le s whl ch do not sho 

nrono lnced r e e Ifleation, show )TC'lllQuneed ')hotoconductl vi t y 

nd thi s I e obee rv d for both dlrections of a nlie! volts" e . 

If onG a~p11 e eRne , tl ve vo 1 ta"e on \1 e Ie ct rode 

of t\ value greAt er t han 8. critical vol t ge (\ 1\ )' the Ba,'npl e 

switches f r om low conductivity state to a hl -hly oonducting 

T . remains in thle t ate 8P lon~ e a 

cC'rta.1n criticsJ voltage (c of reve r se polarity i .e. I\I+ ) 

18 not e 'oeeded . n excee di rr t hi s cr t tical vol tB5e t he 

earn 1 - ri tcht· , b ok- to . h 10'"1 conduct! vi t y etnte. 

n ~aklnP, I negative again and excee 1nR t h 

t !reeholn voltage V ~ t he aample awl tchee back t o the 

con~h otlng st nte. i he sRmn1e ,,-.rill s"1. tch oro · 10 ~ to 

.1i l':h c n ctivity s t ate , and vioe verEla i n a c~role un(lsr 

~ cyclio volt a~e of R small repitition fre quel oy . Tt 

. I!t' nerall.r n f! sl'ble to establish ewltc lin on! i f one 

eruffi cientl ~ 1 ':Jh ne ~at1 ve vol tarm on. tlle t\1 

e ctrorl e . t I It 8Pp1ng an exoe s1 VO C\-'l rent. 

Tt i s thue ee :;o n that '(I the )ost f nrnstion 

tat th I:'anlple can exist in e i tl er 0 t he t · 0 s tate a it 
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o · ~1 0, whe roas , l-eeDtLoonductor cnntact 1~ hlooking 

(1 1) t he blocking contact arisee <'iuc to sur fAce states 

e well a£! a barrier laye r . The ad sorbed o "':-Y ~ ,en s"lpeare 

+' 0 lay an i portA-nt role in the creation of the barr i er 

1 yer and (iv) there are t ~o barrIer · in oppoai tion at 

·1- Cc1''' E' i nterface . 

Tt 1 B concluded that t he em to in,.. from the h i ['")l 

to 10 conductivIty state and vice versa Involve~ alternate 

ore Ation nnd r.eMoval of t;r.e bar rier oreeent at t he Al-eerni-

cl:Plductor interfaoe. Tt i fI vi au.ali sed that 'rhen 1 is 

mnf'ce ")oel tive t a double layer v.1. t h negative oharge on t he 

"l ~e of the ~1 e leotrode and ooeitive charp;8 on the side 

of eemtonnduot.or ie created . This p;1vee rief~ to the 

b 001 in." barrier . 0n rever8In.~ t he ryn l arl t y , the o · oeltely 

o~ nr~ed l~yere move closer and the double laye r either 

be o"'me e c,ni te narr ow and tranl:l'1are llt, or 1 e ~O J'!! 1lete ly 

neutra lIsed lead'1ng to removal of the barrier. 

• • • • • 
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