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ABSTRACT 

Electrical studies have been made on Se-meral con~act diodes, whl.!rc the metal \Vas elther 

Te, Bi or Pt and the Se was a polycrystalhne layer. The ~tructures, primanly of the l'mm At­

Bi-Se-metal were fabricated by depositing thin films of the clemcnts invulvt'd with 

evaporation technique~. Ali the diodes ~rerared shov.cd rectificatlorl, which \Vas ~trongest 

for the i'e samples and weakest for the Pt ~amp!cs. Measurcmcnb made on the diode~ 

induded current-volt~ ge, as weil a~, capacltance and rC~I~tancc a~ a function of bla~ and 

frequency. In addition, prelimmary photaclectric mca~uremcnb \Vere carried out for the tïr~t 

time on ti'e Se-metal device~ to determlOe the Schottky barner hClght<; At low trcquencIC'>, 

,in anomalous non-Faraday mductive effeet was observed ln many of the "':iI11plc,", :~\1l1 JI1 Sc­

Te devices in particular. In these samples, the eHect appearcd tu he corrclatcd tn the 

presence of the semiconducting compound SeTe, whlch was detectcd hy x-ray tll Il r;IC(UlIl in 

the samples after several days of storage. With Pt CGunterelectrodc ,>amp\t::-., lflvcr,>c 

rectification was observed, due possibly ta the formation of an ohmlc counterclectrodc 

contact but a rertifying back contact. From cur~ent versus voltage and l,lpa':llar.ce vcr~u!'> 

voltage measurements, it was found that, despite the pre~ence nI' interface "tatc,>, thc 

!)chottky barrier helghb determined for freshly made ~amplc~ decrca~ed with increase of 

metal work functioll. 
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RESUME 

J)(;) ~tlldc.., on été f:tite~ 'iur de~ JlOde~ à contact Se-m~tal, afin J'en détermino;;:r les 

;1;1 ~ ;l, ";1 , d T B' PlI proprietc~ clectriques. Le rnctal lIt1lI~e etait alternatIvement li e, 1 ou t a ors que e 

SI,; ~ ... t C()no.,tItLl~ J'une couche polycrystalline. Le~ ~tructures - principalement de forme Ae-
~ ~;I , , 

BI-Sc-Illetal - rur~nt fahriquees par depot de couches mmce~ de ces t'ements, utilisant des 

,; ;1" ~/ 

techrllque~ d'evaporation, TOlites le~ diodes ainsi preparee~ ont monve des propriet~s de 

, 
rectrfication, qui furent le ... plus torte'l pour le~ echantillon~ de Te, et It'~ plu~ faibles pour 

~ 

CCliX de Pt. Lc~ me~llre~ effectuee~ ~ur ce ... dlOde~ incluent le~ relatIOns courant-ten~ion. ainsi 

que la capacit~ l't la r~'ilqance ~ll fonctton du la t~Il~IOn et de la fr~que '2C De plu~, de~ 
,; ", " ... 
etud\'~ ph()toelectrtql1e~ preiIm1l1UIIC" lurent elltrepfl~e~ pour la premier 1'0\' dUll~ le but de 

~ " 
me~llrcr la hauteur de.., barncre~ Schottky A has~e~ frequence~, un ettet 111 ,uctlf anormal 

F 
." ,; , 

nOIl- -arallay tut observe Jum de nombreux echuntIllom, et dans les echantIlj· n'i Se-Te en 

particulier Cet effet ~emhle être he ~ IJ présence du compo~ant de scmlconduçteur SeTe 

( , . d" , d' ff 1"'''' 'ett\.! pr\.!o.,ence tut etermmee par 1 ractlOns aux rayons-x sur e~ echanttilons, apres 

quelque JOllr~ dr reml~age Une rectification inverse fut observ~e ~ur de~ ~chantillons de 

.... , 
~()lltrl'-dc,:trode Pt CCCI e~t probablement du a la formation d'un contact (je contre-

L'/ectrode ohmique mal~ un C()ntdct-arn~re qUI rectifie, D'après de~ me"ures "le courant en 

tonctlon de la tension et de la capaclt~ en functlOn de la tenSion, on trouva que malgr~ la 

presence d'~tah lllterfacc~. la hauteur des barri~res Schottky pour des ~chantillons 
,; " .' . ~ 

t ralchcll1\.!llt prcpare~ decrOlt avec acc[(m~ement de la tonctlOn Je travail du rretal. 
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1. INTRODUCTION 

De-;pIte bel;~ ln eXistence for weil over lOt} vears, thl' rnetal-"'l'l1ll\.'llI1lllll'tll! diode 

:ontinlle'l 10 he a very challenging slIhject to ~tudy, Cry~tallint: "delllulll 1" ,\11 L'\l'l'Ikllt 

..,crniconductor to use in ~uch [e~earch heCi.lllSe Il ha~ the i~i~hc~l It'p,lrted \\!ll k tlllll'1I01llll 

ail the elements [1] :1I1d It IS alway~ p-type, so that i.lny l11el.lI III l'OllIdct \\'1th ft ... hII\Jid, III 

pnnclple. glve a Schottky bal rier. Mo"t Schottky JUlwioll" arl' dl)Jlllllatl'd h\ l'l'lllli k\L'1 

pinnl!1g at the llHclfaœ becall~e of ..,urlaœ ~tate~ Thl" 1 ... pdltrnd,lIl\ tnll' Illl tile 

semlconducturs SI and Ga/\~, where the harner helght~ 01 ... llch Sl'IlOllk.y dl()(iL' ... do [Jot \.ll\' 

~ystematIcally wtth metal work function ln Se metal contact'>, howcVl'r, the harrlL'1 hL'l!-!ht ... 

do decreasc \Vith metal work function, tndicattng th'.t Fermi Icve\ plllJlIllg 111 the ... !.' L'"'''''''' 1'" 

not verv important, desptte the fact that a 11Igh concentratIon of 11Iter lace ... t;lle ... Illll..,i Iw 

pre~ent. Thu~, whde selenium has many undeterm1l1ed e1ectrol1lc conduction p,lIalllatel\ Il 

I~ still an excellent material to study the diffcrent etfects ot metal ... lI~cd for the ~L'hottkY 

contacts, 

ln the present work studtes were carried out on Se-metal contact'> that wei e IIl;JlIt: wlth 

polycry~tallll1e Se and the three metab Te, BI and Pt. The'ie nletal ... were c!H) ... erJ heC:III"'L' 

they cover a rea.,onabie range of work tunct!on value.." 1.,0 that the dependenCt: bel\Yl't:n the 

barrier height and the work functlOn can ea~J1y he seen The ... arnple~ had a ... truclure Illalllly 

of the form Ae-BI-Se-rnetal and were fabncated by "'L1ece~'lIYely dCPO"'11IIlg the elellll':llh 

lIlvo\ved by evaporatil)ll in vaClla, Once fahncated, the ..,ample" had ClIrr(!lIt Yer ... lI ... y()ltaue 

and capacitance and resistance as a functIon of bla'l and freqllcn::y rnea'llirernent,> made ()rJ 



, 

tllL'[Jl <"()Illt.: prt:11/11lnary pho(()t:lcctnc rnt:a::-'L1rcrnel1t~ \Vere alw carncd out on ~lllllC of the 

"alllpk" wlth 131 ,1" tht: COlllltt.:fLIt.:ctrode métal. 

1\ltIH\llf:.dl tilt.: jJrc,",ctll w\lrk W,I" e,","t.:llually a contll1uatlon of pn;viou::-. .,llJ(Jlc~ by Pan [2] 

:IrHI Chan [ lI, Il llcvcrthe!c-,). barcd ..,orne noteworthy differences. In previous stlldie~ by Pan 

[21 ,tntl (Ïwn [31 ...,lmIlar ~ample" were labricated and also had capacitance as a function of 

hla..., and t rcqllency rnea...,uremeilt..., on them. However, the treqllel1cle~ Llsed ln those 

llIe"l"lIrelllenh only covered ,1 range between LOO Hz and about 1 :VlHz. In the pre~ent ~tudy, 

the 1 n:qllt.:IH:ie,", rang:ed trom a~ low a~ 20 Hz to as hlgh as 10 MHz. Some rather 

extra()ldll1,lIY oh"ervatlom In the capacnance mea~urements at the lower frequencle~ were 

IJh"t.:lvcd 111 thl!'l work that were not previuu~ly seen ln thi~ laboratory. WhIle, Pan [2] made 

.,olne matcrral., analysls ~t~I(.Les 10 hl~ re~eareh by means of x-ray diffraction ~tudies of films 

()(l gla".., .,llde~, he never performed sLich analy~es on aetual ~ample~. The pre~el1t \\'Grk dld 

ll.,e actll,t1 .,ample., in its materrab analysls studies and in addItion to x-ray diffractIon. 

,",canning elcctron micr(.~copy was also employed. The results frorn these analyseli gave sorne 

very leveal1l1g information about the actual structures invol\ed. Furthermore, while in 

pn!VI()ll~ work [2], [3], Te and BI contact~ to Se were extensively studied, as they were JO the 

pre~c.'l1t .,tully, no \Vnrk was done on Pt contacts ta Se. The present w(Jrk, on the other hand, 

dlLl è\l\l1llne .,uch Pt contacts and, in fact, lt was the fIfst Ume a comprehensive lilucy has 

hœn made on Pt contact~ to Se. Finally, Pan [2] and Chan [3] determined barrier heights 

III thl'Ir ."lInple.., l'rom current \'ersu~ voltage and capacltance versm voltage measurements. 

ln the pre.,ent ..,tudy. \\'hlle barner helglm \Vere al ... o determrned llsillg thesc mea<urements, 

tlle\' \\ere abo Imrnd from photoelectnc measurements for Se-Bi samples. Although the 
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re"ulh from these !Jhowelectric rnea~urements \\'~re :-(}ll1~\\hal [1I1'IiJ11111,11\. thc\. 

neverthele'is, marked the f'rst time barrier heighb have b~l'n dl'Il'lllllllCd 1I"111!!. tl1l'1 

technique In the pre~ent laboratory. 

It should b~ mentioned here that the present \Vork lS ail Illlp!rIcal "tlld~. pllm,lIlh 

concerned with obtaining con~istent experimental resllits. There!ore, thl..: i.'onL'lll~I()I1'> dl'll\'L'd 

from thb ~tlldy \Vere e~sentially qualitative rather than ljllantllatl\'C Ollalltlt,ltl\l' all,t1v,>I''I. 

In the form of an e:mmlI1l.ltlon of a circuit model Ilke tilt' olle po..,tul,ltcd ilv 1\111 1,2], \\'L'IL' 

not carried out here because it IS the author's beliet that the re ... lllt ... \Vcre !lot ... ullll'll'l1lly 

complete, especially c\)nsidering ~ome of 'he n;+her extraordinary ()b.,ervall()!l~ t ha t Wl' 1 ç 

n'ade. 

Tite str\lcture of this the~~is is as follows. Following this lI1trodllctory chap:er, l'hapler 2 

pre~ents an argument that explains, at lea~t qualitatively, the eXI ... tencc ni l1o!l-I"ar.ld,ly 

inductance In semiconductor dioJe~. Furthermorc, the chapter aho giw~ a br leI' dt.:'Iu qHIOll 

of how barrier h~!ght values were determIned from current-voltage, capacllanœ-v()lt.lge .lllt! 

photoelectric measurements. The third chapter de~cribes the manller 1/1 \V11I(.:h tht: ... ;Ullpk ... 

\Vere fabricated and then compares this preparation procedure wlth t!Jat (JI a [H l'vl( HI.., 

worker, Pan [2]. In chapter 4, the mf. 'surement techl11qllc~ ll ... cd 111 thl ... \York are de ... crth~d 

Special attention IS given ta the photoelectric mea~llrcment~, ... lflce thc~e rcprC'l~flt the 111 ... 1 

time such a techmque ha~ been empioyed in this laboratory to determllle barrter helghh 

Chapter 5 is the first chapter that presents actual results and i~ malnly conccrned \VIth thl' 

capacitance charactemtics of sample~ with Tt counterelectrodc~. It ab(J prc..,cIlh tilt.: rC..,lllt<, 

of derailed ~tudies on how the capacitance re~ulb changed with ... ample ..,Iorage Il Ille alollg 



1 '.vith l10w the ~tructure itself changed from a materials analysis point of view. In chapter 6, 

the elc<.:tncal characteri~tic:~ of ~amples made with Bi and Pt contacts ta the Se are 

pre"cntcd with the focus primarily on the ohmic character of sorne of these contacts. 

Chapter 7 prc~en t~ the resul ts of the barrier height determinations by the three 

rnea~lIrement techniques for the three different metal contacts. While a brief discussion is 

givcn at the cnd of each of chapters 5, 6 and 7, chapter 8 gives a more comprehensive 

di"ClI""iol1 of ail the results of thi~ work. Finally, chapter 9 presents sorne conclusions and 

;11"0 "'lIggc"t" fllrther studies to amwer the rnany questions still unamwered, as weil as, those 

which \Vere rabed by this work. 

4 



1 2. THEORETICAL CONS!DERATIONS 

2.1 Introduction 

In later chapters of tbis thesis it will be se en that many of the samples displayed a very 

interesting low. frequency inductive effect. This effect showed up prirnarily as negatlve 

capacitance values in the capacitance versus voltage characterisncs. Such an effect in 

semiconductor diodes was investigated by other researchers [4], [5], [6], [7], [8] and this 

chapter presents a brief theoretical basis of such inductances. 

When worJdng with metal·semiconductor Schottky contacts, it is usual to characterize 

them wiÙ1 a parame ter known as the barrier heigbt. This pararneter was measured by 

various methods in this work and this chapter also pl'esents sorne of the theoretical 

background behind these barrier height determinations. 

2.2 Inductive Effect in Semiconductor JUflctions 

At high frequencies, junction diodes can show normal Faraday inductance, usually arismg 

from the leads of the device. It has also been observed, however, that a low frequency 

inductive effect can also occw' in junction diodes. Such an effect was observed In pn 

junctions by Kanai [4] and was attributed ta conductiVlty modulation. Mlsawa [5] pre~entcu 

a detailed theoretical discussion of the effect as did MelchIOr and Strutt [6] TIle latter 

observed low frequency inductances as weil ln germanium pn Junctlons. Green anu 

5 
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Shewchun [7] discussed further the theoretical aspects of tbe effect and suggested that it 

aught to be more prevalent in a Schottky junctiO'l than in a regular pn jUllction because of 

the lower min'3rity storage and hence, aIso lùwer diffusion capacitance. Recently, low 

frequency inductance observations were reported for NiSiz-Si Schottky junctions r-y Werner, 

Levi, Tung, Anzlowar and Pinto [8] and they explained the inductive behaviour as being the 

result of high level injection. 

An explanation of how the inductive effect cornes about in diodes is as follows. Consider 

a p+n junction, short on the n si de. Sin ce it is one sided, the electron contribution to the 

total current can be neglected LO a first approximation. Now, if a large forward bias voltage 

step is applied to the device, as shown here, 

1 
1 ~ 

t=O time t 
1 

~
i' 

\..s!l > 0 
dt 

high level injection of holes from thl.'! p + region into the n-side will take place. These 

injected holes are 50 numerous that tbey reduce the total resistance of the device. However, 

this does not happen instantaneously, since it takes sorne time for the holes to travel the 

length of the n-side, W. The flow of these injected carriers is mainly due to drift in an 

electric field E, whereas, under low level injection, the injected carriers would flow by 

6 
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diffusion alone. Thus, the time taken for a hole to cross the n-region is about W /eurE), 

where JJ.p is the hole mobility. Therefore. in this time the CUITent nses (i.e. di/dt> 0), even 

though the voltage across the device is constant. When the CUITent in a device mes, while 

the voltage across it remains constant, the device is behaving as if lt had an mductance value 

of V /( di/ dt). Hence, for large forward bias values, where injection is strong, the srnall slgnal 

impedance of a diode has an inductive component. Thus, while minority carrier injection at 

a low level gives rise to the well-known diffusion capacitance component, hlgh-level injectIOn 

leads ta an inductive component. 

An explanation of this inductive effect from a more theor~tical point of view was first 

given by Kanai [4] and a summary of bis treatment is now presented. He considered a pn 

junction., short O~ the n-side, biased in the forward direction at a de voltage V. When th:<; 

voltage was sufficiently large, the number of injected hales in the narrow n-region was also 

large, 50 that it was assumed that the current flawed not only by diffusion but by drift as 

weIl, for bath the holes and electrons [9]. Thus, accarding ta Kanai, the ac CUITent due to 

an additional small signal ac voltage v-exp(jc.>t) is given by 

. - AP ( ) E , - W q IJ. p + ~,. (1) 

where q is the absolute value of the electronic charge, iJop and J.l. n are the hole and electron 

mobilities respectively in tbe n-region, W is the distance an injected hole can travel before 

recombining (the smaller of eitber a diffusion length or the width of the n-region), E i~ the 

electric field strength in the n-region (assumed to be a constant mdependent of pO'>ltlOn) 

and 4P is the total number (not concentration) of injected hole~ In the n-regIOn, whlch I~ 

7 



alsa a sinusoidal funcuon with frequency <al. This last quantity, according to Kanai [4], can 

can be given by the expression 

!J.p = C(qp ll
) exp(qV) vexp(j(ùt) b'r [l-exp(-r/t -j<al'r)], (2) 

kT kT (l+j<..)'r) 

where in his notation C is the diode cross sectional area, Pn is the hole density in the n-

region, k is Boltzmann's constant, T is the absolute temperature, b is the injected hole drift 

velocity (equal to Jj~), f is the injected hole lifetime and r is the rime required for an 

injected hole ta cross the n-region. Kanai discussed two cases when dete:'l1ining the 

impedance of the n-region under high level mjection. The fust or was when the n-region 

was so wide that r > > f and W was taken as being equal to br. In this case the 

impedance. Z. was given by an equation of the form 

(3) 

where 

1 
A = ----------

qp J.! 
C (---!) e I:T q (~ + IL ) E 

/cT p r-" 

(4) 

The second case was when the n-region was short 50 that r > > r and W was taken as being 

equal to br. Furthermore, the frequency of the applied voltage signal was 50 low that (ùf 

< < 1. Under these conditions the impedance was determined to be of the fonn 

(5) 

" 

8 
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Notice that in both cases, (3) and (5), the impedance had a posiuve lmaginary term, 

indicating that it was inductive. Thus, it is seen, at least qu3.1itatively. that a forward blased 

junction diode can, in theory, display mductlve behaviour. It should be stresse d, however, 

that under low level injection the minority carriers flow predominantly by diffusIOn resultmg 

in an impedance which is capacitative. Furthennore, the treatment by Kanai wa~ only 

approximate and mor~ detailed qt:.antitative treatment"i have been given hy other workers 

in references [5] ta [7]. 

2.3 Barrier Heigi,ts in Schottky Junctions 

The energy band diagram of a Schottky contact between a metal and a p-type 

semiconductor is shown below. 

metal 

1 :/"_-r-- i electron 
energy 

p-semiconductor 

Here 4»bp is the barrier height. Eg is the semiconductor gap energy, EF is the enerf,YJ' of the 

Fermi level, Ev is the energy at the top of the valence band m the semiconductor, Ec IS the 

energy at the bottom of the conduction band in the semiconductor and qV( l~ the hulit-m 

9 



1 P()lc.:lltial. ;\cCCJldlllg te> Rhoderick [10] thcre are ha~ically three differcnt mcthocb that are 

1I'1c.:t! to IIIC:t'lllIC thc barrier i1eight value: thc~c are current ver~lI~ voltage mca'lurell1ent~ at 

r(J{)1lI telllperature and with v~tfiati()11 of tClllperaturc, capacitallcc vcr!-.lI!-. voltage 

11Ic.:~I'lllreI1JCllt'l and linally, photdclcctric Il1Ca~urclllcnt!-.. Barrier hèight~ for sallj'1lc~ in thi~ 

thl''1i" wele dctcrlllincd u!-.illg ail threc Illethod!-.. Howevcr, the clIrrcnt-voltagc IllCa!-.urCIlF.nts 

weil' lIIatle at 1 oom tcmpcrature orlly. The w.ty in which the barrier heiglm \Vere determined 

\Vith the tlll el' meth()(l!-. ;!-. now described. 

i\Cl'Oldillg ln the thl'rmionic crni~\ion theory [9] [10], the CUITent density, j, lhlough a 

Schottky dl()dc under a hia~, V, 1'1 given hy the expres!-.Îon 

J 
(6) 

1 !en: 

(7) 

Wlll'II.' :\' 1\ Richartl!-.ol1\ co n!-.ta nt, takcn as 120 é1mp cn":~ K·1 in thi" \York and T, the 

:th .... olull., tl'Illpei ature, is takcn a", ~95 K. l'hus, a logU) vcr~ll~ V plot fOI positive voItage~ 

\\ould look '1illlilar tn the l'UIVè ",ho\\'n helO\v, 

JO 



log(j) 

log(jo) 
o 0.5 

Vforward (volt) 

where it is seen that for mItages above about 3kT / q (about 0.08 volt) the characterisuc is 

a straight line. The extrapolated intercept of this straight Une region on to the logU) axIS is 

just log(jo)' Therefore, from this interCt~pt and using equation (7) the barrier height of the 

junction is determined as 

(8) 

2.3.2 Capacitance versus V oltaie Metbod 

The method of determining the barrier beigbt of tbe junction by capacltance 

measurements is very weB documented in the lite rature [9] [10]. ThIS method use~ 

capacitance versus voltage data for reverse voltages (Le. V < 0) plotted In the form of a 

Mott-Schottky plot ((A/Cpi versus V, where A in this case IS the diode area and Cp lS the 

parallel incremental capacitance of the diode) as illustrated below. 
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From the slope, S, of such a cwve the impurity doping concentration NAt in the p-

semiconductor is determined with the equation 

N = A 
2 (9) 

Here Er is the relative dielectric constant of the semiconductùr (taken as 7.8 for selenium 

in this work) and (0 is the permittivity of free space. Assuming that the free carrier 

concentration, p, in the p-semicoüctuctor is equal to the doping concentration, NA' the 

energy difference between the Fermi !evel and the top of the valence band in the bulk of 

the semiconductor is determined with the equation 

N" EF - Ey = kT In( - ) 
NA 

(10) 

where Nv is the valence band edge density of states, taken in this study to be 2.5x1019cm·3. 

The voltage intercept of the curve corresponds, simply, ta the built-in potential V,. Thus, the 

bdrrier height is determined as 

(11) 
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2..1.3 Photoelectric Method 

Barrier height values are aIso detennined from photoelectnc measurements or more 

specifically, from relative photorespouse versus photon energy measurements. In this case, 

photons of energy Eph = hv, where v is the frequency of the light. excite holes (electrons 

for a metal on n-semiconductor junction) from the metaJ over the barrier and Into the p-

semiconductor. The resultant photovoltaic e.m.f. causes a photocurrent, ~h' to flow in an 

external circuit According to Fowler [11], the ratio, R. of the photocurrent to the number 

of photons absorbed is given by the relation 

T2 x 2 11: 2 e-2.r e- 3.1' 

Roc ( )[- + --(e-.I'--+--".)] (12) 
El - Epia 2 6 4 9 

for x ~ 0, where x = (Eph - ~bp)/(kT) and Es is the sum of the barrier height and the Fermi 

energy measured from the bottom of the conduction band of the metal. For values of Es > > 

Eph, and x > 3, this equation reduces to 

(13) 

50 that a plot of (R)YI against photon energy Eph in this energy range gives a stralght line 

with an intercept on the energy axis at the barrier height value ~bp as shawn below. 

t 
.0bp 
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Note that, the vertical scale here is actually in arbitrary units in accordance whh the fact 

that in practice R is a relative quantity. Nevertheless, the units of this scale do no t, of 

course, have any effect on the intercept value. 
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3. SAMPLE PREPARATION 

3.1 Introduction 

In this work the samples prepared for study consisted mostly of the fonn Ai-BI-Se­

counterelectrode-In as indicated in Fig.3.!. Table 1 shows the fabncatIon detalls for the~e 

samples numbered consecutively from WC24 to WC66. Among other thmgs. the fabncatlOn 

deposit~on time~. temperatures, as weIl as, film thlcknesses are ltsted for dIOdes wlth 

counterelectrodes of thallium, bismuth, platinum and m one case alummwn. A !:ltructure was 

prepared by fust evaporating a Bi back-contact film on ta an Ai stud. In severa] sample~, 

however, a Pt film was deposited instead of Bi. Next, a layer of crystal li ne Se was put down 

on top of the back contact film bv evaporation. This step was followed by the evaporatlOn 

of the counterelectrode metal on to selected areas of tb.! Se layer using a mask simllar to 

the one illustrated in Fig.32. Electrical contQct films of In or Wood's alloy (50% bismuth. 

25% lead, 12.5% tin and 12.5% cadmium) were then deposIted on to the counterelectrode,> 

by using another mask. FinaIly, the sample was mounted 10 a Teflon holder and thln copper 

wires were soldered ta the In (or Wood's alloy) areas 10 rnake electncal connectIOn 10 the 

device. More details on thlS preparatIon procedure are glven 10 the remalOder of thl'> 

chapter. 
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3.2 AL Stud Preparation 

Alurrunum studs Wlth a cylindncal shape, about 2 cm in diameter and l cm in length, were 

used as the substrates for all the sampI es of tbis Vlork. To l>repare a stud for deposition, Its 

workmg face was first mechanically polisbed tllÎth 600 grit alumina powder. TIle stud was 

then rinsed Wlth tap water, tben with methyl alcohol and set aside ta dry. Once dry, the stud 

was Llnmersed in bOlling acetone for about 20 minutes. This ensured that the workmg face 

was free of any orgamc films, which may have been reslstant to the etchant in the next step. 

Nex4 the stud was immersed into an ultrasonic bath for 15 minutes containing an Ai 

etching solution. This consisted of either a saturated solutioD of NaOH or a solution of 

NazCOJ (25 grams/litre) and N~P04'12H20 (62 gr:!ms/litre). A black residue usually 

re mained on the stud but was easily removed by lITunersion in HN03. The etching step 

roughened the workin~ face, so that the adhesion wa.-:' enhanced between the stud face and 

the subseqently deposited back-contact film- The stud was then rinsed ""ith deionizeà water, 

then alcohol and set aside to dry. This step was followed by a final cleaning in boiling 

acetone for 20 mmutes. The stud at this poine was ready to be mounted in the vacuum 

chamber for back-contact deposttion. 

3.3 Back-contact Deposition 

As noted earlier. both Bi and Pt were used as the back-contact metals. Their deposirion 

procedures are now described. 
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The Bi back-contact deposltion was carned out b~' evaporZLtmg severa! BI pellets ( l}1.) l}Ql}C'7-

pure) from a molybdenum boat ln a Cooke Vacuum Products model CV301FR VaC,111m 

coater pumped to a base pressure of about 10-0 Torr. 'The apparatus LS Illu~trated ln the 

diagram in Fig.33. In each mu, deposaion of the BI wa;, ~arried out on -+ studs at a flme 

mounted on a stainless steel holder. Between 1 and 5 pellets were used ln the evaporatlon, 

depending on how thlCk a Bi film was desîred. The deposluon time was l)'Plcally about 2 

minutes and was conrrolled with a sbutter t-~tween the boat and substrate holder. The 

distance between the boat and substrates was 6 cm 10 ail cases. The resulting 31 film was 

llnÜOrm, usually brownish-grey in color and about 3 J.'m tblCk. 

Wbere Bi was not used as the back-contact metal, Pt was employed. SlI1ce Pt bas such a 

high melting point (1769 oC) and because it tends ta alloy with refractory metals, thlcker 

fIlms, like those used at the back contact, were found to be more effiClently depo;,lted hy 

dc sputtering than evaporation. This sputtenng was done in a 12 Inch Edwards model E306A 

coating system, as shown in the diagram in Fig.3.4. The target was a dlsk of Pt (9<).99(,70 

pure) about 1.2 cm in diameter and 1 mm thick. The substrate-to-target distance was 4 cm 

The plasma dis charge was in an Ar atmosphere at a pressure of 30 nuIlitoIT The de voltage 

and current used were 3 kV and 4 mA respectively. The sputtenng time W:lS typleallv around 

120 IIÙnutes and was controlled by opemng and closing a shutter sltuated hetween the target 

and the substrate. Under thcse conditions, the Pt film;, were qUlte- umforrn , nd e~tJmated 

to be about 1 J.'m thick, as observed with an optical :!11croscope 

17 
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3.4 Selenium Deposition 

The selenium deposition was done by evaporation from a crucible in a 12 lOch Edwards 

model ElZE3 vacuum system, pumped ta a base pressure below 10-6 Torr. This apparatus 

is shawn in the diagram in Fig.3.5. The crucible was m:.lde of stainless steel and was heated 

with a tungsten coi!. An aluminum oxide cup, electrically insulated the crucible froIp the coiI 

heater. The crucible tempe rature (Ter) during deposition was typically about 230 oC (about 

13 degrees higher than the melting point of selenium) and was monitored using a J-type 

thermocouple fitted into a small hale in the rim of the stainless-steel crucible. The 

substrates (.:1 of them at a time) were held aI! a graphite holder with the back-contact film 

surface about 8 cm above the crucible. Prior to raising the substrates ta the temperature for 

the deposition stage, they were heated ta 220 oC and held there for 45 minutes. By doing 

this, the substrates were thermally etched and, at the same time, outgassed along with the 

graphite holder. This was expected ta reduce the amount of contaminants present during the 

subsequent selenium growth stage. The tempe rature of the substrates was controlled by 

means of a 33 watt heating element connected to an Omega temperature controUer with a 

J-type thermocouple in thermal contact with the graphite holder. It was found byexperiment 

that, for the tempe rature range of interest here (30 oC to 220 oC), the temperature of the 

substrates themselves were within 4 oC of that of the holder. Thus, the substrates and the 

holder were at essentially the same temperature. lmmediately prior to the actual deposition, 

the substrate temperature was lowered from 220 oC to 130 oC and he Id there for the entire 

deposition. This temperature ensured good crystallinity of the Se film. The deposition time 

18 



was usually between about 60 and 120 minutes and was controlled by opening and closing 

a shutter located between the crucible and the substrates. Noté tl:.:H the 'Jhutter was not 

opened until the molten selenium in the crucible had stopped bubbling (usually about 30 

minutes). This bubbling was most likely due ta the escape of dissolved gases from the 

selenium. After the deposition was complete d, the substrate:; were brought ta raom 

temperature slowly, avoiding the peeling of the film off the At substrate. Fig.3.6 shows two 

SEM photographs of a selenium film cross-section. One photograph 1S of the back-scattered 

electron image and clearly shows the selenium and bismuth back-contact layers. The other 

photograph is a secondary electron image and displays the crystalline grains of the selenium. 

While selenium doped with 60 ppm Ct was used aImost exclusively in this work, one film 

of undoped selenium was also deposited. It was noted that, it was much t!:lSier ta deposit 

doped selenium than undoped selenium., suggesting that the deposition of crystalline 

selenium. was intluenced greatly by the doping level. It was also observed that, occasional!y 

a Se film was black in col or instead of the usual grey. This black appearance was found ta 

be due to the presence of many "spikes", as shawn magnified in the SEM photograph of 

Fig.3.7. These apparently consisted of filamentary growths of selenium nucleated at many 

points over the entire selenium surface. Such "spikes" were undesirable from a cons1stency 

stand point and sa were avoided by closely controlling the de position process. Tbe exact 

cause (or causes) of their appearance is still unknown. However, it is speculated that they 

come about if the sample is not adequately cleaned. 

19 



.' 

3.5 Counterelectrode Deposition 

As mentioned previously, the counterelectrode metals were mainly Tt. Bi and Pt. AlI 

three were deposited by evaporation in a high vacuum system (base pressure less than 10-6 

Torr) in order to ensure a clean contact to the Se. Furthermore, measures were taken to 

keep tbe substrate temperature low to minimize tbe formation of selenides. ?viOreover, the 

metals used here were at least 99.999% pure. The procedures for the se depositions are given 

in more detail in the subsequent paragraphs. 

The thallium de position process was carried out in a Cooke Vacuum Products model 

CV301FR vacuum coater, where 1 or 2 pellets were loaded into a molybdenum boat. The 

set-up used is illustrated in Fig.3.8. Excessive heating of the sample was avoided by 

mounting the substrate in a large thermal mass holder and also by using short deposition 

times, typically between 20 and 40 seconds as indicated in Table I. The deposition rime was 

controlled Wlth a shutter, as previously described. The surface of the sample was located 6 

cm above the boat for all the Tt depositions and the boat current was typically 25 amperes. 

Deposition of bismuth counterelectrodes was carried out in the same vacuum system that 

was used in the Tt deposition. The conditions for this evaporation were essentially the same 

as those used for tbe Tt deposition except that the boat current was slightly lower, at about 

20 amperes. reflecting the fact that Bi has a melting point of 271 oC, 32 degrees lower th an 

that for Te (303 oC). 

Platinum was deposited also by evaporation. However, it was carried out in an Edwards 

model E306A vacuum coater. The set-up for this deposition is shown in the diagram in 
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Fig.3.9. In this case, three riders of Pt wire were evaporated from a tungsten filament. Since 

Pt has such a high melting point, a heat shield was employed ta prevent excessive sample 

heating during the deposition. It was also found that a large portion of the Pt appeared to 

alloy with the filament and 50, to get a reasonable film thlckness, a filament-to-sample 

separation of only 2 cm was used. The deposition time was typically about 20 seconds and 

was aIso controlled by a shutter. It was estimated that Pt films hlade under these conditIOns 

were about 30 nm thick. 

3.6 Electrical Connections ar.d Mounting 

Following the counterelectrode de position, a film of In with its low melting point (156 0 C) 

or Wood's ruloy (melting point 71°C) was deposited. The sample was tben mounted in a 

Teflon holder and thin copper wires were soldered to the In or Wood's alloy film to make 

electrical connection, Excessive heating was once again avoided by using low melting point 

Wood's alloy as the solder material. In the thallium samples, the counterelectrode was 

usually completely covered by the indium layer to inhibit atmospheric attack on the Te, a~ 

reponed by Pan [2] and Champness and Pan [12]. 

3.7 Comparison of the Preparation Procedure with that of Pan [2] 

In this study, several sarnple fabrication parameters were different from tho~e of Pan [2] 

in an effort ta improve the sample performance. The most sigruficant difference~ are DOW 
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discussed in the subsequent paragraphs. 

Firstly, the At studs in this work were chemically etch~d, whereas those of Pan were 

manually abraded. It is believed that the etching provided more control over the roughness 

of the At surface thal1 ilie abrasive method and hence, more consistency could be obtained. 

It was noted that the adhesion of the deposited film to the etched surface was not noticeably 

inferior to that for the abraded surface. 

Next, the crucible temperature was between 220 oC and 240 oC in the present case, while 

it was higher for that of Pan at between 240°C and 260°C. This corresponded to a lower 

selenium vapour incidence rate at the substrate surface for the present work and so it was 

expected that the selenium film was of better quality here tban in Prul'S case. 

Furthermore, Pan did not report having a high temperature thermal etch and outgassing 

step for the substrates just prior to the selenium deposition. It is believed that such a step 

was very important in achieving good, consistent results. 

In additio~ a molybdenum boat was used in the thallium and bismuth depositions in this 

study as opposed to a boat made of tantalum, as was the case of Pan [2]. This was done 

because it was found that less alloying with the boat occurred with molybdenum than 

tantalum. 

Moreover, in the present work special measures were taken to prevent excessive heating 

of the s3.111pl~, particularly after the counterelectrode was deposited. No sucb measures were 

mentioned in the work of Pan beyond the low melting point Wood's alloy solder that was 

used. It is well known that heating of structures, like those studied in these investigations, 

has pronounced effects . 

22 



1 Finally, most of the samples in this work had an electrical contact film of indium rather 

than Wood's alloy. From experience in the present work, it was found that a sufficient layer 

of indium could be deposited more efficiently than an equivalent layer of Wood's alloy. 

Furthermore, the soldering step to the indium film, which was carried out with Wood's alloy 

solder, was much easier to perform because of better wetting. Hence, both of these features 

with the indium film a~sulted in reduced inadvertent heating of the sample. 
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TABLE 1 Sam pie Fabrication Data 
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F'q;.3.1. Schemaüc showing cross-sect.lonal view 
or the sample structure used in this study. 

F"Jg.3.2. Schematic or metal mask used for 
counterelectrode deposition. 
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Fig..3.6. SEM Ima~e!l of the crOS!l-sectlOn of a Se layer on a Bi lay/~r. The top photograph I~ of the back.scattered 
electron ima~e. TIle boltom photogrdph is of the secondary electron image. Both photographs are or the ltame 
areu. 
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Fig.3.7. SEM imag!' uf tIlt' ,urfa!.!' (I[ a .. o·e,lIll'lI "hlat k" ~t· fillll 
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Fig.3.8. Schema tic of Tt counterelectrode 
evaporntlon set-up. 
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4. MEASUREMENT TECHNIQUES 

4.1 Introduction 

The methods used ta measure the samples described in the previous ehapter are now 

presented in the present charter. These include statle dark current-voltage mea~urcmcnt~. 

incremental parallel capacitance and re~lstance against voltage alld frequency mC~lJrcment~ 

and photoelectric response a:, a funetlOn of wavelength measurements. The re~ult~ 01 thl'l.,c 

measurements are presented in l:uer chapters. AlI of the samples had currcnt verl.,U~ voltage 

measurements made on them and about 90% of the samples had incrementa) paraI/el 

capacitanee and resistance versus voltage 'neasurements. Photoresponse as a funetlOn of 

wavelength was measured for severa! Bi-Se-Bi samples and these charactcnstle~ repre~ent 

the first time this laboratory has reported the results of su ch measurements. In additIOn tn 

the electrical mcasurements that were made, several Se-Tt samples were also examined 

from a materials analysis stand-point using x-ray diffractometry (XRD) and <,cannml~ 

electron microscopy (SEM). Details of these measurements are now pre~ented 

4.2 Current versus Voltage Measurements 

The manner in WhlCh the statie dark current-voltage (1-V) mea:,urement<, were made wal., 

essentially the sa me as that desenbed by prevlOus worker<, [2] [3J. A <,eflematIC ot the 

measurement apparatus used is shown m Fig 4.1. In thc~e me~ur'·mentl." the currcnt-demlty 

U) values were obtamed hy slmply dlvldmg the currcnt value<, by the cro'>:'-l.,CetlOna: arca 01 
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the diode, which was either 0.143 or 0.78 cm2
• It should be noted that, throughout the 

present work the cuITent-voltage measurements for the bias direction where the back-contact 

was positive (normally forward bias dIrection for the samples), were always made before 

those where the back-contact wac;; negatively biased. Furtherrnore, the bias was always 

scanned in an incre(l!)ing direction starting at 0 volt and en ding at 1.0 volt for eaber polarity. 

1 t W,L" observed that sorne of the readings, especially those for the Se-Te. samples in the 

forward bias, required a relatively long time (about one minute) 10 stabilize after the bias 

wac;; changed and so the bias in these measurements was increased at a relatively slow rate. 

4.3 Capacitance and Resistance versus Voltage Measurements 

The incremental parallel capacitance, Cp, and resistance, ~, of the sampI es were also 

measured against voltage at a number of frequf,ncies between 20 Hz and 10 MHz using two 

different measurement set-ups, as shown in the diagrams of Figs. 4.2 and 4.3. For 

frequencies between 20 Hz and 100 kHz, the sample was measured witb a General Radio 

model 1689 Digibridge, shown schematically in Fig.4.2(a). Hert::, a Famell model 1.30B 

stabiltzed power supply, connected to the external bias adaptor of the instrument, provided 

the dc bias across the sample. A Hewlett-Packard 3478A multimeter was connected ta the 

supply to measure this dc bias. A schematic illustrating the measurement technique used by 

the Digibridge is shawn in Fig.4.2(b). From this figure, it is se en that two differential 

arnplifieïs wah identleal gains. along with sorne filtering circuitry (not shawn), rneasured the 

ae voltage. el' across the sample and a:so the ae voltage, e2, across a small sensing resis1Or, 
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Rs, in series with tbe sample. The voltage across this series resistor, e2• corresponded !O the 

CUITent that passed through the sample. From the magnitudes and relative pha'.es of the~e 

two voltages, the Digibridge calculated the impedance or admittance of the ~ample and 

hence, the values of Cp and ~ were aiso calculated. Note that. with such a design only tht' 

impedance of the sample was measured; the impedance of the voltage s()urce~ and 

multimeter did not affect this measurement. It is also apparent from the diagram. howevcr, 

that the appli~d de bias does not appear entirely across the sample. A ponion of thls applIcd 

voltage also appears across the series resistor, Rs. as well as the output resistance<; of the 

voltage sources. Though a precise value for these resistances was not obtamable from the 

specifications of the instnunents, it was, nevertheless, found that the dc bias across most of 

the samples, while mounted in the Digibridge, was within 2% of that across the output 

terminaIs of the Famell supply, even when the samples were biased in the forward direction. 

A few samples, though, particularly severa! Se-Bi and Se-Pt structures with a relatively large 

area, did show a greater difference between the voltage values at the supply and the Sam[)l~ 

when the device was biased in the low resistance direction. In these speCial c:.t~e~, the 

voltage across the sample was measured directly with an HP3478A multimeter. Thl~ mctcr 

was connected only briefly, just to obtain the voltage reading and was not connected whde 

the capacitance and resistanee of the sarnple were aetually measured. ln faet, howcvcr, the 

capacitance and resistance values of the sample were observed to be the sarne wl!h or 

without the multirneter connecte d, indieating that the admittance of the mulumctcr wa~ 

negligible eompared with that of the sarnples. For the frequencie5 betwecn 40() kHz anu 1 {J 

MHz, a Hewlett-Paekard model HP4192A LF impedance an<!.Jyzer ww, u~eu to mea..,ure tht: 
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sample (Fig.4.3). The de bias across the sarnple in this case was provided by a voltage source 

internai to the instrument. With this arrangement it was quite common to see that the 

actua] voltage across the samp]e was more than 10% below that indicated by the HP4192A 

instrument. Therefore, as was done for the special cases with the Digibridge set-up, the bias 

across the sarnple wa, obtained by measuring it directly with a Hewlett-Packard 3478A 

multimeter connected across the termmals of the sample. Again, this meter was connected 

only briefly at a time and not connected while the capacitance and resistance of the sarnple 

were actually measured. It was found. nevertheless, tbat the capacitance and resistance 

values of the sample were the same with or without the multimeter connected. 

The basic rncasurement procedure for both measurement arrangements was as follows. 

For a given measurement frequency, the de voltage applied to the sample was inereased in 

steps, usually of 0.1 volt, from -1 volt, where the baek-eontact was negatively biased, to + 1 

volt, where the back-contact voltage was positive. At each step the Cp and ~ values of the 

sarnple were recorded. Su eh a scan was repeated for a number of frequencies beginning with 

20 Hz and finishing with 10 MHz. The Digibridge and HP4192A used a 0.02 volt ac signal 

for the measurements in all cases, which was small enough to resolve singularities but large 

enough for sufficient sensitivity. It should also be mentioned that, prior to each 

measurement session, the Digibridge was calibrated with a short circuit, for ~ = 0 and an 

open circuit, for Cp = O. This calibration was done with a #14 AWG copper wire eonnected 

across the measuring terminaIs to act as the short circuit, while the terminaIs (about 3 cm 

apart) were left unconnected to act a.-. the open circuit. The calibration was performed with 

the Farnell supply and 3478A multimeter connected to eliminate any influence their 

34 



1 
impedances may have had on the measurement readings due ta leakage. SlIch a callbratinn 

procedure, however, was not possible with the HP4192A. as this instrument wa~ callbrated 

once only at the factory. During the low freqllcncy measurernents wah the DIglbndgc, 11 wa~ 

occasionally se en that the readings were somewhat unstable. Thl~ lllstabihty wa~ (lvcrCOl11e, 

however, by prograrnming the instrument ta take an average over many mea..o:,urerncnt vallle~, 

typically ten. Such an averaging feature was also not possible with the HP4192A, though, thl., 

instrument was used only at higher frequencies, ab ove 400 kHz, where the readings were 

stable anyway. It was also seen with the HP4192A that, a sample would display normal 

Faraday inductive behaviour at the higher frequencies, above 1 MHz. This effect wa~ found 

to be somewhat reduced by keeping the leads of the sample short (about 2 cm long at each 

terminal of the device). 

In these measurements it was often the case that the "automatic" feature~ of the 

instruments, such as automatic scaling, actually hindered the reliabllity of the readings. 

Therefore, these measurements were performed with as mu -:h direct control from the 

operator as possible. 

4.4 Photoelectric Measurements 

Measurements of relative photoresponse, R, versus wavelength, Â, (or photon encrgy Eph ) 

were also made on severa! Se-Bi sarnples for near infrared wavelengths between () K JŒl and 

2 ,um (Eph between about 1.5 and 0.6 eV). A schematic of the ba..'ilC mea.,unng arrangement 

used is shown in Fig.4.4. Basically, monochromatlc radiation of known relative photon flux, 
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t , from a monochromator was incident on the thin film counterelectrode metaI, Bi, 
IR 

(approximately 30 nrn thick) of the sample. The resultant photocurrent, ~h' aIising from the 

photovoltaic effect in the deVlce, was measured by passing it through a sm aIl shunt 

resistance, RSh' across which the voltage, V ph' was measured. The relative photoresponse, R, 

was calculated by dividing this photocurrent by the relative photon flux of the incident beam, 

tm. This was done for a number of wavelengths, th us obtaining an R versus À characteristic. 

More detaiis of the measurement set-up and procedure are given in the paragraphs which 

follow. 

In the photoresponse measurements, it was very important to have a large ~h value. 

Therefore, in the sample fabrication process, measures were taken to make a sample which 

would produce a large photocurrent. Firstly, a relatively large Bi counterelectrode area of 

0.78 cm2 was deposited, while the area of the electrical contact film was made relatively 

small (only about 0.05 cm2
) thus, providing a large effective light collection area. Secorldly, 

the counterelectrode films were deposited to a thickness estimated to be about 30 nm, since 

it was found that sampI es with this thickness had the highest photocurrents. 

The monochromatic beam mentioned above was provided bya Perkin-Elmer model BU 

spectrophotometer, the opties of which are shown schematically in Fig.4.5. The light source 

was a Nernst glower, built in to the instrument, through which a constant current flowed, 

thus giving a constant light output intensity. This source emitted radiation of wavelengths 

mainly between 1 J..I.m and 81-'m. The lignt from the Nernst glower was passed through a 

smgle pass Lmrow type monochromator to produce the monochromatlc beam. This 

monochromator used a pnsm (labelled P In the figure) made eaher of rock-s:J.lt (NaCl) or 
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of fused silica (SiO:0. It was found tbat the NaCI prism perforrned better than the SIO~ 

prism for wavelengths between abolit 1.2 and 2.0 /.Lm (Eph between 1.0 ami O.h eV). whdc 

the Si02 prism was the better of the two for wavelengths between about O.S and 1.1 /.Lill (Eph 

between 1.1 and 1.5 eV). The entrance and exit slits of the monochromator (IabelleJ SI and 

S2 respectively) determined bath the flux. ~m' and the wavelength mterval. ôÀ-. of the 

monochromatic beam incident on the ~ample. Fig.4.6 shows a plot of mea~ured value~ of ~ À 

and ~m against slit-width for a wavelength of 1.55 /.Lm using a Si02 prism. Shawn abo, are 

~h values measured for several slit widths for sample WC57. It is seen that bath ôÀ anù lph 

'show a linear dependence on sHt width, while the ~m variation IS more curved. In fact, the 

log-log plot, shown in Fig.4.7, shows that tm varies as the square of the slit width. Such a 

dependence is expected for a two slit Littrow type monochromator. In any case, it is 

apparent from the plot in FigA.6 that, while increa'iing the slit width mcreased the 

photocurrent, it also increased the Al. value of the beam as well. Therefore, a trade-off 

between the photocurrent and the wavelength interval was made and the slit widths used 

were usually between 0.3 and 0.6 mm, resulting in photocurrents of the arder of several 

nanoamperes. These widths corresponded to a âl. value always le~s than 10% of the 

wavelengths. 

As mentioned earlier, the photocurrent of a sample was measured by pas~mg the currcnt 

through a small resistance shunt, Rsh and measuring the resultant voltage, V ph' Since the 

photocurrent was small and the noise level large, this voltage had to he measurcd wlth the 

special apparatus shawn schematically in Fig.4.8. ln this arrangement the Iight beam wa" 

chopped at 13 Hz with a light chopper situated between the Nernst glower allù the 
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monochromator optics. A finely tuned lock-in amplifier (Princeton Applied Research model 

124A) wac; then u~ed ta measure the resultant 13 Hz voltage signal, V ph' across the shunt 

and hence, the photacurrent, IPh' of the sample. This lock-in amplifier was locked on ta the 

frequency of the chopper by means of an EG&G SGD lOOA detectar placed m the chopped 

white bearn. It should be rnentioned that, while a large resistance shunt would have 

produced large voltages ta measure, in fact, the shunt used was quite srnall at oruy 10 ohms. 

Such a srnall resistance was used for two reasons: (1) It was important that the shunt 

resistance was rnuch smaller than the resistance of the sarnple (effectively shon circuiting 

the sarnple) so that, essentially all of the photocurrent passed through the shunt and hence, 

was rneasured. (2) By using a small shunt resistance a srnall noise (Johnson noise) level was 

manitained at the lock-in amplifier input terminaIs. 

To obtain the relative photoresponse value, both the photocurrent, ~h' as well as the 

relative incident photon intensity, «>m. were required. This tm value was obtained by 

diverting the incident bearn with a mirror (labelled Mll in Fig.4.5) on ta a thermopile 

detector (labelled T in Fig.4.5) bullt in to the spectrophotometer. A meter, also built in to 

the spectrophotometer. connected to the detector, indicated the relative incident power of 

the bearn. By dividing this power reading by the photon energy, hv, of the beam, the value 

t m was obtamed. 

The basic procedure for making these photoresponse measurements was as follows. First, 

the sample was positioned so that the monochromatic bearn from a parabolic mirror, M14 

ln Fig.4.5. was fO<"Llsed on to the counterelectrode of the sample. The angle of this mirror 

was then finely adjusted. by means of two screws, so that the beam on the counterelectrode 
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was directed away from the contact metal area. This ensured that the photocurrent W<l!. 

entirely due to the effect of the counterelectrode metal and not the indium contact metal. 

For obvious reasons the wavelength of the beam used for this ahgnment step wU!. 111 the 

visible range. A measurement scan was usually started at this pomt. The wavelength wa!. 

selected by changing the angle of the Littrow mirror (M9 in Fig.4.5) with a rotatahle 

graduated drum on the side of the monochromator housing. The scale on the drum wa!. 

previously calibrated to correspond to the wavelengths of the monochromatic heam. A ~can 

was always made in the direction of increasing wavelength and typically ran from ahout O.~ 

~m to 2.0 ~m. At each wavelength selected, usually at 0.05 #.Lm steps, the monochromatlc 

bearn was directed fust on to the sample for the photocurrent measurement and lhen 

reflected with a mirror (Mll in FigA.5) on to the thermopile detector for the relative 

incident intensity measurement. 

4.5 Materials Analyses 

In addition to the electrical measurements that were made in this work, material~ analy"l~ 

measurements were also made using fascilities in the Metallurgical Engineenng and GeoJogy 

departments. These included x-ray diffraction (XP.D) mea"urement~ made wlth a Rlgaku 

Rotaflex diffractometer, as weIl as, x-ray fluorescence (XRi-) mcasurerncnh made wlth a 

JEOL model JSM-840 scanning electron rrucrosc0pe (SEM). The XRD meu!->urement". w/lIch 

used coppeT Ka! radiation, proVIded mformation on the materiab that wcre prc ... cnt ln thl' 

samples, while the XRF studies with the SEM showed the arrangement of thc"c matcnaJ" 
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: relative to one another. The SEM used an electron-beam energy of 20 kV in this work. 
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5. RESULTS ON Se-Tl CONTACTS 

5.1 Introduction 

The Se-Tt contact is especially interesting to study because of its excellent forward-to­

reverse rectification, when freshly made and aIso because it has a forward ideality factor 

very near unity, as is expected for a Schottky junction. Pan [2] and Chan [3] ob~erved 

furthermore, an interesting minimum in the incremental capacitance versus voltage (Cp-V) 

characteristics in the fùrward direction for sucb diodes, and explamed thlS, 

phenomenologically, with an equivalent extra capacitor arising intemally in the devlcc. In 

this worle, similar minima were observe d, but unlike the previous studies, sorne Cp- V curve~ 

actually turned to negative Cp values. This negative Cp effeet was seen in several type~ of 

structures. However, it was strongest and most consistent in the Se-Te samples of this work. 

Accordingly, this chapter is mainJy concemed with the description of mcremental 

c~;>acitance and resistance measurement results for the Se-Tt diodes listed in Table l, along 

with their statie dark current-density versus voltage U-V) characteri~tlc~. Anothcl very 

interesting feature of Se-Te diodes is that, their rectification propertlc~ degrade <Julie 

considerably with storage time, as reported previously by Pan [2], Champnc~.., and Pail [ 12] 

and Chan [3]. Further work on this degradation makes up a very Important part of ttm 

chapter. The chapter IS divided essentially into two pans. The flrst part pre~(-nt<., dec!rlcal 

eharaeteristics for freshly made Se-Te sarnples, while the second part dc-,mbe-, re<,ldt<, 01 

sorne aging studies. 
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It should be noted that, aH of the Se-Tt samples studied here had Bi as the back-contact, 

as indicated in Table 1. 

5.2 Electrical Characteristics of Freshly Prepared Se-Tt Diodes 

This section will present the electrical cbaracteristics of freshly made Se-Tt samples. By 

freshly made is meant that the Tt film was deposited and the sample completed on tbe 

same day that the measurements were taken, referred to in the thesis as "day-O" 

measurements. 

5.2.1 Capacitance versus Voltage Characteristics 

Figs. 5.1 to 5.4 show plots of incremental capacitance Cp, against voltage for forward and 

reverse bias voltages for three Se-Tt sampi es, WC39, WC46 and WC61. It is apparent tbat, 

aIl the curves de cline monotonically as the reverse voltage increases. However, they show 

somewhat more complex behaviour in the forward direction, where, as can be seen, aH the 

figures show a minimum between 0.2 and 0.4 volt for the lower frequencies (Le. below 1 

kHz). This minimum for sample WC46 at 20 Hz, and WC61 at 20 and 100 Hz, actually 

extends ta negative Cp values. This is indicated in the separate lower portion of the plots 

ID Figs. 5.3 and 5.4 (needed, since the vertical scale is logarithmic). While the 0.2 volt dip 

for sample WC39, areas 2 and 3, is strong at 20 Hz, it does not go ta negative values. The 

curve~ for this sample exhibit negative capacitance, however, at higher voltage. Interestingly, 

48 



• 

sampi es WC46 and 61 show curves with two minima. The 100 Hz curve for WC4h display~ 

sucb a feature witb tbe second minimum occurring al 0.6 volt The trait is also observed lI1 

the 20 and 100 Hz characteristics of WC61, where the second minimum appears hetween 

0.7 and 0.8 volt. The two figures for WC39, corresponding to mea'l 2 and 3, do not show 

such a double minimum. They do exhibit a similarity to each other, de~pItc the fact that 

area 2 had a Se film thickness sorne 60% gTeater than that of area 3. The mam difference 

is oruy that the 100 Hz curve for area 3 turns negative at a bias slightly les~ than 1 voIt, 

whereas tbat for area 2 remains positive up to this voltage. 

The properties described above were quite representative for most of the Se-Ti diodes 

prepared in this wor1e. Out of the 16 samples that had Cp-V measurements on them, 14 

showed negative Cp values, 15 had at least one minimum and 9 had a double mmim'lm at 

either 20 or 100 Hz or both. AlI these singularities occurred only with forward hlas at low 

frequencies. Two samples that did not show negative Cp values on day-O were WC38 anu 

WC45. Their day-O Cp curves are shown in Figs. 5.13 and 5.15 and are discussed funher III 

section 5.3.1. 

5.2.2 Capacitance versus FreQuency Characteristics 

The Cp versus frequency characteristics for samples WC40, 44 and 46 are shown ln Flg~ 

5.5, 5.6 and 5.7 respectively for frequencies ranging from 20 Hz to betwecn Hl' and H),' 1 L' 

at blas voltages from -1 volt (reverse) to + 1 volt (forward), It 1<., ~ccn that wilde tht:rt: arc 

variations from one figure to another, there are several common fealure,>. The -1 and 0 volt 
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ClIrVeS are relatively flat between 20 and Hf Hz. AlI the curves fall off somewhat for 

frequencies between lOS and 107 Hz. Furthermore, each sample shows a negative Cp region 

for frequencies bdow about 100 Hz in one or more of the forward bias <"llrves. Note that 

these curves always display a rise in Cp with frequency at the lower frequencies. Another 

common feature is that aIl of the curves appear to converge together at higher frequencies 

near 106 Hz. It is interesting to note that the forward bias curves of WC40 and 44 exhibit 

a tendency ta a plateau at a frequency around 106 Hz. This tendency appears to be more 

pronounced at larger forward potentials. Note aIso that in all three figures, sorne of the 

curves cross below the others as the frequency rises. This occurs mainly at the larger forward 

voltages between 0.5 and 1 volt. The 1 volt curve for WC46 is somewhat unusual, in that it 

shows high Cp values at low frequency (20 Hz) and decreases rapidly up to 1 kHz. It should 

be pointed out, however, that this sample was different from the others, as it was made with 

undoped selenium. 

In this wade, 14 of the 16 Se-Tt sampI es measured displayed characteristics like those just 

described. However, two samples, WC38 and WC45 , showed somewhat different 

characteristlcs which are discussed separately in section 5.3.2. These samples did not show 

any negative Cp values as mentioned in the previous section. Nor did they show any rise in 

Cp with frequency. The day-O curves for WC38 are displayed in Fig.5.21. 

5.23 Resistance versus Voltage Characteristics 

The incremental resistance Rp. plotted versus voltage for WC44 and 61 between -1 
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(reverse) and 1 volt (forward) is shawn in Figs. 5.8 and 5.9 respectively. As is !>een, the 

figures are quite similar to each other. ln each, the curves for the different frequencles ~how 

a large spread iIl the reverse direcTIon but a relatively narrow one ln the forwan.l. where a 

convergence is apparent for the frequencies between 20 and 10'1 Hz. Furthermore, the 

resistance variation from reverse ta forward decreases greatly as the frequency l11crea~es 

Note also that ~ generally decreases monotonically with frequency for any givcn voltage. 

Such a variation is more appart.nt in Fig.5.10, where ~ is plotted against frequency for 

sarnple WC38 at several bias voltages. Here it is seen that the curves converge together at 

higher frequencies, as they fall at a rate close to Ijfrequency. There are, however, two slight 

differences between the plots of Figs. 5.8 and 5.9 that are worth mentioning. Fmitly, the 

WC61 curves show a minimum at a forward voltage of about 0.5 volt, whereas the WC44 

variations do not. Secondly, there is a maximum in the 20 Hz curve at -0.2 volt for WC61 

but none for WC44 at this frequency. Nevertheless, the characteristics of these two sample!> 

are representative of all the Se-Te samples measureù in this work. More speciflcally, 10 out 

of 16 samples showed characteristics similar to those of WC61, while the remaining SIX hau 

curves resembling those of WC44. 

It is important ta note at this point, that the ~-V characteristics were seen tn h~ 

relatively free of the type of the singulantles exhibtted by the Cp characteristlc~, dbcu<.,..,cu 

previously. ln particular, no singularity in the Rp-V charactenstics wa,<., ohserveu bctwcen 0.2 

and 0.3 volt for samples WC44 and 61, even though thcir Cp' V curve" showed a pronollI1ccd 

minimum at these voltages. This was the case for al! the sampI es stlldleu. 
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5.2.4 Current Density versw, Voltage Characteristics 

Figs. 5.11, 5.12 and 5.13 show plots of CUITent density j, against voltage V, for sorne of the 

Se-Te diodes in this work. Fig.5.11 s~nUJ~ how the j-V curves compare with each other for 

a11 the samples made with doped selenium. It is seen in the figure that there is, in general, 

sorne consistency from sample ta sarnple (more so than previous workers). In fact, it is seen 

in Fig.5.11 that about 80% of the samples show characteristics with a r , excellent forward-to­

reverse rectification ratio of around four ta five and a haIf o~ûers of magnitude at 1 volt. 

Furthermore, aIl but two of the sampi es have forward curves that show ideality factors 

between 1.0 and 1.1 at voltages from 0.1 ta 02 volt. (T'le ideality factor is defined assurning 

a dependence of the form j = joexp[qV /(nkT)], v/here n is the ideality factor and the 

remaining quantities are as defined in chapter 7..) It was observed in this work that the 

ideality factor was larger, in general, for sar.lples with larger reverse CUITent densities. 

Consistency is further observed in that about 80% of the forward curves lie within a range 

of a factor of three at 1 volt. This range is bounded by the WC45 (top) and WC43 (bottom) 

forward curves. Moreover, almost 90% of the rt;.· .. ~rse curves fall within a range covering 

only one and half orders of magnitude at 1 volt. This range is bet\J'~c:n the reverse curves 

of WC37 (top) and WC44 (bottom). The characteristics for WC36, on the other hand, are 

somewhat different, in that the sample displays an abnormally low forward CUITent den~ity 

and an unusually high reverse CUITent density, 50 that its forward-to-reverse rectification 

ratio is only one and a half orders of magrùtude. Furthermore, the sarnple has an ideality 

factor more than two. It should be pointed out, however, that this sample was made in an 
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atypical manner, in that its selenium layer was deposited by a "quick evaporation" technique, 

which is described earlier in section 4.4. 

Fig.5.12 displays the j-V curves for two diodes, areas 2 and 3, of sarnple WC.:N on log­

linear scales. Despite a difference in the selenium thickness of sorne 60% between the area~, 

tbe characteristics for the two diodes are seen to be aImost identical. TIle forward-to-revcrse 

rectification ratio for both diodes is se en to be sorne five orders of magnitude at 1 volt. Both 

forward curves also have essentially equal ideality factors near unit y for voltage~ between 

0.1 and 0.2 volt. An unusual feature of this sarnple is an inflection in the forward 

characteristic at about 0.8 volt, which implies a minimum in the incrernental resistance at 

this voltage. No such minimum was observed, however, in the ~-V measurements (not 

shown). The forward characteristics are shown again, each on log-log scales in the two 

insets, where a steep dependence on voltage is apparent. More specifically, if a dependence 

of the fotm j oc vP is assumed, then p is found to be between 3 and 4. 

The forward and reverse j-V characteristics for WC44 and WC46 are shown in Fig.5.13 

on log-linear scales. Sample WC44 was made with selenium doped with 60 pprn C.e and it" 

characteristic is representative of most of the Se-Ti sarnples in thi~ work. WC46 on tlIt' 

other hand, was made with undoped selenium. It is seen that, while both the forward currcnt 

densities have almost equal values at 1 volt, the samples display, otherwl'>c, very dtffercnl 

characteristics. Firstly, the forward j-values for WC46 are seen to be ~ubstant1ally htgllcr 

than those for WC44 for voltages below about 0.9 volt. Furthermorc, the ~tralght Ime rcglon 

of the forward curves between 0.1 and 0.2 volt gives an ldcality factor of about 1 0 for WC44 

and 1.3 for WC46. It is alsa seen that the reverse curve for WC46 I~ ~ome IWO ordcr.., of 
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magnitude larger than that for WC44. Hence, the forward-to-reverse rectification ratio is 

only about three order:; of magnitude for WC46 at 1 volt, while it is about five and a half 

orders for the WC44 characteristic. The forward characteristics alone are shawn again on 

m.'o log-log sca1es in the insets. From these, it is found that the WC44 curve is sunHar ta 

that of sample WC39. In contrast, the curve for WC46 is in general not so steep, and is not 

straight. Interestingly, however, the WC46 curve tends toward a linear dependency (p= 1) 

as the bias climbs to 1 volt. Even though these curves on log-log scales are different from 

each other, they are nevertheless, representative of aIl the Se-Tt samples in this work. In 

fact, Il out of 18 samples had forward logü)-log(V) curves similar ta that of WC44, while 

the remaining 7 had curves resembling that of WC46. 

Like the ~-V characteristics described earller, the j-V curves did not appear ta show any 

strong singularities that correspond ta those observed in the capacitance characteristics. For 

example, the forward j-V curves of WC39 in Fig.5.12 do not show any anomalies at 01 volt 

in the forward direction, while the Cp- V characteristics for this sample exhibit a pronounced 

minimum here, as shown in Figs. 5.1 and 5.2. It is se en in these figures that an inflection 

occurs in the forward j-V curves for this sample at about the same voltage that the 20 Hz 

Cp· V curves turn negative. However, such an apparent correlation was not seen in virtually 

any of the other samples. 

5.3 Aging Effects on the Electrical Characteristics 

It was demonstrated in the previous section that while the Se-Te. samples in this work had 
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prominent singularities in their Cp plots. their other characteristlcs were qUlte weil hehaved. 

However, this applied entirely to electrical measurements made on day-O. Thi~ section now 

presents results on the aging of the stmctures Wlth storage tllne, where the electncal 

characteristics were measured at different umes for several samples ... turcd 111 ~ur. ln thl!:! 

wode, the history of two samples, WC38 and WC45, was followed winch, 1I11ually Jld not 

show negative Cp values. The history of samples which did show negatlve valuc!:! II1Itlally, i'l 

not presented here. However, their histones were, neverthele~s, slmIlar, cxccpt thclr 

characteristics appeared to be advanced by severa! days. The re!:!ults ot !:!ome matenal 

analysis studies on the Se/Tl interface are aiso presented here. 

5.3.1 Cp versus V QItal:e Characteristics at Different Times 

As was mentioned previously in section 5.2.1, two of the Se-Ti samples showed no 

negative Cp values on day-O. These were samples WC38 and WC45. Figs. 5.14 and 5.16 

display respectively their Cp- V characteristics. Though the curves in these plots are seen to 

be entirely in the positive Cp do main, they are not without singularitle!:!. At lem.t one 

minimum is observed in each of the curves for frequencies between 20 Hz and 10kHz. It 

is usuaI, however, for such minima ta be present in the day-O charactemtics, ô.l!:! wa~ 

discussed in section 5.2.1. What is uncommon ln this work, is that these curvc!:! are entirely 

positive. 

In Fig.5.15, the Cp-V characteristics are shawn for sample WC38, on day-375, meaning 

that the measurements were made 375 days after the thallium film was depo!:!ited and the 
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sample fabrication completed. Comparing these curves with the day-O curves in Fig.5.14, it 

is c1ear that the characteristics for WC38 changed drarnatically with time. The mast stnkmg 

difference between the two figures is in the 20, 100 and 1000 Hz curves. These curves on 

day-375 are seen ta show strong negative Cp values in the forward bias region, while the day­

o curves actually show strong positive Cp values at the same voltages. It is also seen in 

Fig.5.15 that the 10 kHz curve has essentially no minimum, while that in Fig.5.l4 does have 

a minimum. The 20, 100 and 1000 Hz curves on day-375 show a mmimum located between 

0.4 an<1 0.5 volt in the forward direction. However, these curves for day-O have their 

minimum between 0.2 and 0.3 volt. Interesting aIso, is that the 1 MHz curve for day-375 

shows a broad minimum at 0.2 volt, while the day-O counterpart displays none. It is clear 

that the electrical characteristics for this sample have changed over time, and that negative 

Cp values have emerged as the sample has aged. 

A more complete study of the effects of aging on Cp -V characteristics is now pre~ented 

for sample WC45. Figs. 5.16 to 521 display the Cp ver-:us voltage plots for this sample at six 

different times from day-O to day-lOI. It is apparent from these figures that the curves in 

the forward direction change considerably over time, whereas, in the reverse direction there 

is relatively little variation from day ta day. From Figs. 5.16 to 5.18, it is observed that the 

presence of negative Cp values grows in the first ten days after fabrication. The day-O curves 

in Fig.5 .16 are seen to be entirely ID the positive Cp do main. In Fig.5.17, however, the day-2 

curves for 20 and 100 Hz show a narrow region of negative Cp values around 0.3 volt, where 

there is a pronounced minimum. As b seen in Fig.5.l8, after 10 days the sample shows very 

prominent negative Cp values for the 20 and 100 Hz curves from 0.2 up to at least 1.0 volt 
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in the fOIWard direction. Even the 1 kHz curve dips to negative Cp values .11 :troUI1l.l 0.4 volt. 

In Figs. 5.19 to 5.21, a change m the trend IS seen, whereby the negatlve Cp effect t1ecline~ 

with time from day-lO to day-lOlo Though the day-21 curves for 20 J.ntl 100 Hz lrl Flg.S.it> 

are still strongly negative beyond 0.2 volt, they do not have negatlve values a~ IJ.rge a~ 111O~C 

for day-lO. Moreover, the 1 kHz curve does not show any negatlve value~ at ail l'rom d.ly-2 i 

onwards. The day-46 curve for 20 Hz in Fig.5.20 has. in general, even ~malkr negatlve 

values than for day-21. Furthennore, while the 100 Hz curve for day-21 I!'I negatIve al 

fOIWard voltages above 0.2 volt, that for day-46 is negative for blas values only above 0.7 

volt. By day-lOI the 20 Hz curve, as shown in Fig.5.21, actually dlsplays o~clllat!Ons between 

positive and negative values in the forward direcuon; thls exhiblts yel a further oycrall 

de cline in the negative Cp effect. This oscillation IS especially mterestmg, In that it ~eems 

to be more apparent for day-46 and day-lOI, when the sample IS oider. Note that the day-

101 20 Hz curve apparently has at least two minima, one at 0.1 volt and the other at O.J 

volt. The minimum at 0.1 volt was not observed at any earlier storage time for thls ~ample, 

nor for any other Se-Tt sample in this wodc. It is of further interest to note that the day-2 

plot for WC45 has a strong resemblanee ta the day-O plot for WC6l in Fig.S.4. Among other 

shllilarities, both sets of curves show a very sharp minimum at 0.3 volt in the forward 

direction for 20 and 100 Hz. Furthernore, both show a second mlOimum 111 the 20 Hz curvc 

at about 0.8 volt. Two other plots showing interesting llkene~~e~ are tho~e for WC3:1 on day-

375 and WC45 on day-lO in Figs. 5.15 an.d 5.18 respectively. Tneir re~emblancc ... lllclllde the 

faet that they both display very strong negative Cp values in the torward directIon for the 20 

and 100 H.z curves. Furthermore, the two plots have 1 kHz curve~ that dlp mto the ncgatlYc 
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C domain around haIf a volt in the forward direction. 
p 

5.3.2 Cp versus Freguency Characteristics at Different Times 

The Cp-frequency plots for sample WC38 on day-O and day-375 are displayed in Figs. 5.22 

and 5.23 respecuvely. It IS seen that there are considerable differences between the figures, 

especially for the 0.5 and 1 volt fOIward curves at frequencies lower than 10'1 Hz. These 

curves on day-O are entirely positive and decrease monotonically with increase in freque-:_cy. 

On the other hand, on day-375 they display prominent negative Cp values at frequencies less 

than about loJ Hz, and aIso, show a rise with frequency between 20 and 104 Hz. However, 

despite these differences, the figures still display sorne sirnilarities ta each other. For 

instance, the curves in each are seen to converge together at higher frequencies near 106 Hz. 

Another likeness is that the -1 volt (reverse) and 0 volt curves for both times decrease very 

gradually with frequency between 20 and about 104 Hz. They then faH off more rapidly at 

higher frequenCles. It is of mterest ta note that the day-375 characteristics resemble those 

presented previously in section 5.2.2 for samples WC40, 44 and 46 in Figs. 5.5, 5.6 and 5.7 

respectively. Thus, the day-375 curves are not out of the ordinary. However, since the day-O 

curves for W08 do not show any negative Cp values, nor any increase with increase of 

frequency, these ("Urves are considered unusual for this work. 
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53.3 Rp ver~us Voltage Characteristic~ at Different Timc~ 

The Rr versus voltage plots arc shown for samplc WC3R on day-O and day-375 \Il Fig 52-\ 

and for WC45 on day-O and day-101 in Fig.5.25. It i~ scen that thcsc ch,lI adl'II~IIl''' ~1Il' qtllll' 

similar ta those already presented in section S.2.3 and thereforc arc not Otlt of the oldinal\'. 

IL is also seen that the characteristIcs change somewh.tt with lime lor l'aclJ ~alllpie. 'l'hl' 

resistance values for WC38 are observed 10 decrea~c slightly l'rom day-O 10 day-J75 at ail 

the biases indicated. Those for WC45 show a decrea~e with lime for the Il'Ver"l' " oltage" hllt 

an increase with time for the forward voltages. It is abo seen that the day-O l'Ulve" lOI 

WC45 show a minimum at 0.5 volt, whereas the day-lO 1 curvc~ ~1J()w no minimllllJ. 

Furthermore, the day-O curves show a stronger tendency to converge togcthcr in Ihe fo!'w<!l(.1 

region th an do the day-101 curves. It is important to note that, whilc the sal11pl<..'~ ~IJ()W 

changes in thel!' Rr-V characteristics over time, they still do not show any I>lOIHlllIJ<.'l'd 

singularitics. This is despite the emergencc of negative Cr valllc~ :tnd ~halp ml III Il la in thl' 

Cp characteristics of these ~ample~ over the ~ame time periml, 'tS ~howll ln Fig~. 5.14 to 5.21 

5.3.4 j versus Voltage Characteri~tics at Different Time~ 

ln Flg's.26 the forward and rever~e j-V charactcri~tic~ lor ~alllpic W< '4'i ale "lJowfl at ,,1.\ 

diffcrent timc~ from day-O to day-lOI. It is ~CCIl, in gt:lleral, Illat tht: lorw:lld 1 v;;llIcI., 

dccrea~c \Vith storage time, whde the rcver~e Cllrve~ .,how an ovcrall IJI<:re~t"(' WIIII 11111<.: 

This resllits in a redllction of the 1 volt forward to rcvcr~c rectification ratio lrom ahollt :ï 
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orders of magmtude on day-O to about 3 orders of magnitude on day-lOlo Over this same 

period, the forward ideality factor evaluated between 0.1 and 0.2 volt increases from about 

1.2 ta 1.7. It is important ta note here that, like the ~-V characteristics, aIl of these curves 

are quite weIl behaved. The Cp characteristics for this sample, on the other hand, show the 

development of considerable singularities and negative Cp values over the same lime period. 

5.3.5 Mott-Schottky Plots al Different Storage Times 

The Mott-Schottky plots «A/Cp)2 versus voltage, where A is the diode area) for sample 

WC45 on day-O and day-lOI are shown in Figs. 5.27 and 5.28 respectively. It is clear from 

these two figures that changes occurred in the reverse voltage region over the 101 day 

period. Firstly, it is seen that the extrapolated intercept values on the voltage axis changed 

with storage time. The 20 and 100 Hz Clll"'\'es show a de cline in this value from 0.55 volt on 

day-O to around 036 volt on day-lOlo The l kHz intercept also shows a decrease with 

time,though somewhat smaller, from 0.58 volt to 0.48 volt. The 10 and 100 kHz curves show 

intercepts that have actually risen with time, from 0.58 and 0.64 volt respectively on day-a, 

to 0.65 and 0.90 volt respectively on day-lOI. It is also seen that the intercepts for the 

different frequencies on day-a are relatively close trgether, within 0.1 volt of each other, 

while those for day-101 are more spread out, covering a 0.55 volt range. Note, however, that 

both figures display a rise in intercept value with frequem ... y. Another variation is ~n increase 

in the average slope by about a factor of two over the 101 day storage period. Furt lermore, 
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the day-O curves are much doser together than the day-lO 1 curve!:!. The ..:urve!:! for day-O are 

within about 2xlOI4cm4/F2 of each other, while those far day-lO lare spread over a range 

about 8 times lillger. Note, however, that !fi each figure, the hlghest curve 11. that lor IOll 

kHz, while the lowest is that for 20 Hz. In summary then, lt IS ~een tmm the~e figure ... (hat 

the intercept values decrease with storage time for the 20, 100 and 1000 Hz curve~, (hey 

increase with time tor the 10 and 100 kHz curves, and the slopes of the straight Ime portl()n~ 

of the curves increase over the 101 day period. 

5.3.6 Material Analysis Studies 

In this part of the study, several samples were examined by x-ray diffraction (XRD) 

analysis and by scanning electron microscopy (SEM). This study was made to get a better 

understanding of the Se/Ti interface and to attempt to correlate the tïndings with the 

electrical characteristics. 

In Fig.5.29, XRD scans are shawn for sample WC6l on day-l and day-lO. From the~e. 1t 

is seen that the semiconducting compound TiSe is present on day-lO, where aIl of the 

expected TtSe peaks are present. However, no peaks for this compound are detectable on 

day-l. It is also seen that the presence of Tt metaI is very weak, m that there 15 only one 

peak for Tt present on day-l and no peaks at all for day-lO. Both ~can~. however, ~how 

peaks for Se, though they are not as pronunent in the day-lO !:!can as they are for day-l. 

Several peaks for Tt 2C03 are aho observed m both scuru,. ThIS compound form!'l ~ a rc~ult 

of a reaction between the Te. and the atmosphere, as was reported prevlOu~ly [21 [12]. More 
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cxtcn~ive re~ult~ confirming its formation with storage time are shown in Fig.5.30. This 

figure ~how~ two XRD scans of a Te film deposited on a glass slide; one scan when the film 

was fre~h; the othcr, after about SIX months of storage time in air. The verticalline segments 

indica,e where Te and Te 2C03 peaks are expected. It is seen that the day-O scan displays 

a ~trong pre~cncc of Te, but 110 clear peaks for the carbonate. On the other hand, the day-

200 ~can shows no ~ign of Te but a very strong presence of Ti 2C03• Thus, it is clear from 

thc~e studies that the Te films in this work were converted into TeSe (a semiconductor) and 

Te 2C03 (an insulator) with storage time. In bath ofthese XRD figures there are sorne peaks 

which remain unexplained. However, their analysis is beyond the focus of this work and is 

left to be studted at a later date. 

SEM photographs of the cross-section of two samples, WC49 and WC54, are shawn in 

Fig.5.31 for day-O. The photographs are of the back-scattered electron image and show 

different layers of material in each sample as identified by x-ray fluorescence analysis (see 

appendix). It is seen that the Tt, Se and Bi layers are very weIl defined for WC54. While 

these layers are also present for WC49, there appears ta be an extra layer between those 

for Te and Se. From x-ray fluorescence analysis (see appendix), this intermediate layer is 

found to be a mixture of Se and Ti, possibly TeSe. Thus, it seems that sorne Te has 

diffused into the Se layer. Shawn also in tilis figure, are the 100 Hz Cp-V curves for both 

samples on day-O. It is of interest ta note at this point, that the curve for WC49 shows 

ncgative Cp values, while the values for WC54 remain entirely positive, suggesting that the 

negative Cp effcct i~ associated with the diffusion of the Te. The 20 Hz curves (not shown) 

for !he two samples are somewhat more cOlTIplex, but nevertheless, confirm the ove raIl 
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trend. Another interesting observation is that the diffusion of Tt intI) the Se .lppears ln have 

been much faster for WC49 th an for WC54, desplte the faet that the fabrication p.lra\11eler~ 

were nominally the same for the two samples. Thus, it would ~eem that the ft Jltfu~e~ more.' 

readily in sorne samples than in others. It was also observed l'rom SEr-.l ::,tUOi(.!" of ..,ample~ 

at different storage times, that the extent of the Te diffusion changes very lmle WIth . ..,toragc 

time after fabrication, suggesting that the greater part of the diffm.lOIl took place dunng the 

fabrication proccss. 

5.4 Discussion 

The most interesting result in this char ; .vas the observation of negative capacltance in 

Se-Tt structures in the forward direction at low frequencies. This occurred for the most part 

at the capacit.7'nce minimum near 0.2 volt. At this voltage, however, no singulanty W~ 

observed in the j-V or Rp.V characteristics. While most of the freshly made samples showed 

the negative capacitances, there were two exceptIons, which had capacItance charactenstlcs 

that were entirely positive. These samples were therefore labeled as "unu~ual" but after 

storage in air tbese samples tao showed negative capacltance. 

While inductive behaviour can arise in Schottky junctIons due to hlgh level InJcctIOn, a~ 

explained in chapter 2, the aging experiments reported on in thlS chapter ~ugge~t that 111 the 

present samples, the negative capacitance arose from the formation of the "emlco/lductor 

TeSe at the Te/Se interface. This compound resulted from the diffu!lion of the thallium mto 

the selenium. TIlUS, the aging process could be <L'i follows. At the begmIllIlg thc devlce wa.,> 
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a Schottky junctlon between the thallium and the selenium - this is provided that, ln the 

thallium (kpmltion '1tep, the sample tcmperature was not allowed to rise too much, 

()ther.vl~e extensIve dIffusion would take place before the sample was removed from the 

depo~ltlon cham ber. In any case, wlth storage time, tha'lium diffu~ed mto the selenium and 

TeSe WJS formed in a very thm n-type layer. Because this layer was initially smaller than 

a carrier diffuSIOn length, high le\"el injection occurred with forward bias, which gave rise 

10 inductIve behaviour. This inductive or negative capacitance effect became stronger as the 

TeS/! layer grew thicker. However, when the thickness exceeded a diffus:Gn length, the high 

level injection effect was reduced because of the greater volume of TiSe semiconductor and 

hence the negative capacitance effect decreased. These stages correspond to what was 

actually observed with storage time for sarnple WC45. While the aging was followed in 

detail for only one sample which had purely positive capacitance when freshly made, the 

changes with time were similar to those of other sarnples except that with these the aging 

was more aU~·~i1ced. It is therefore postulated for most of the samples that mu ch of the 

aging or formation of TiSe had already started during the fabrication process. 

While much work was done previously on Se-Te diodes, negative capacitance was not 

specifically reported, although a nse of capacitance with frequency was reported by Pan [2]. 

Such arise with frequency, which was aIso observed in this work, could only come about if 

there was an inductive compone nt in the reactance [13]. The reason for not seeing the 

negative eapacltance values in pr~vious work was partly due ta the faet that the lowest 

measurement frequency was only 100 Hz, whereas in the present work it was 20 Hz. 

However, this IS not enough to explain the difference, since sorne samples in the present 
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work showed negative values at frequencies as high as 1 kHz. Thus, therc must have been 

a difference in the fabrication conditions between the present and past work. 

Storage in air also had sorne mteresting effects on the current-density versus voltage 

characteristics. The fmward curre nt-de nsit y decreased monotonically with storage tlme for 

sample WC45 in a similar manner to that reportcd by Pan l2]. Pan attributed thlS decrease 

to the conversion of the Tt counterelectrode to Tt 2CO). an insulator, winch resulted in an 

overall increase in the resistance of the device. While this carbonate was abo ob!:>erved in 

severa! samples of the present worle, it is not likely to have formed in sample WÜ15, !>mce 

its counterelectrode was completely covered by a protective indium layer. Chan [31. on the 

otber hand, suggested that the decrease in forward current-density was due to the formation 

ofTtSe at the Tt/Se interface, which resulted in an n-type TtSe/p-type Se hetero~tructure. 

Thus, the forward current-density decreased because the n-type T.eSe had far fewer carrier~ 

than Tt metal. The ideality factor and the reverse current density also changed with storage 

time, in that, they both increased. It is suggested that this effect was abo due to the 

fonnation of the TtSe layer. The lattice rnismateh between the TtSe and the Se [141 

resulted in a high density of recombination traps at the interface. N, the TeSe grew, the 

effect of recombination resulted in an increase of the ideality factor and the rever'ie current­

density [9] lIO]. The emergence of this recombination may also have contnhuted 10 the 

de cline in the negative capacitance effeet, as mentioned eariier, ::.Jnce injectIon of caml!r<., 

into the Tt Se would have been lowered as weIl. 

Chan [3] also suggested that the formation of this TeSe layer had an dfcct on th\! MOt[­

Scr"Jttky plots. In this case, he stated that the depletion reglOn extendcd Into the ncwly 
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formed TeSe layer, where there was a carrier concentration lower than in the bulk Se. This 

resulted in Mott-Schottky curves that became steeper as the TeSe layer grew thlcker with 

~torage time. In this work, such an cffeet was also observed in the Mott-Schottk]' plots for 

.,ample WC45. 

Whlie there was a large degree of .:onsistency in the j-V characteristics From sample to 

!lample, there were sull sorne notable differences. It is suggested here that these differences 

were mamly due tu different morphologies in the Se layer far each sample. TIns morphology 

wa.,., detemuned in part by the depOSltlOn rate as weil as the dopmg level m the Se. It is 

believed From the results of sample WC36 that better rectifiers resulted when they were 

made wlth Se films that were deposlted at slow rates as apposed to fast rates. 

Champness and Pan [15], as weil as, Pan himself [2] previously reported a plateau region 

in the 0 volt Cp-f eharacteristics for Se-Te sampi es at higher frequencies. In this work, 

however, only a tendency to sueh a plateau was observed and, even then, only at forward 

bias voltages. The lack of su ch a plateau at a 0 volt bias in tbis work was sirnilar to what was 

reponed by Chan [3]. A circuit moclel, consisting of a diode in series witb a parallel 

combination of a resistor and capacitor, was proposed by Pan [2] [15] to explain the plateau 

and if thls model is apphed here, then the discrepancy seen between the present results and 

those of Pan may have been due in part to the faet that the incremental resistance at 0 volt 

for the Se-Te samples in thls study was somewhat lower th an in Pan·s. A lower reslstance 

would result 10 a larger cutoff frequency at which the plateau is se en and in this work the 

plateau may have actually been at a frequency beyond those measured. It is difficult ta 

compare the Cp.f curves for forward blas voltages, however, since Pan's results were 
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incomplete. In any case, it is c!xpected that a better understamling ot tht!~t! Cp.t 

characteristics would be obtained from a circuit model similar to that proP()~CÙ by Pan. 
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..... ag.S.11. Current-den!tityversus voltage plot ror 
mllny of the Se·Tt samples of Ibis work. 
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6. RESUl TS ON Bi AND Pt CONTACTS TO Se 

6.1 Introduction 

In the prevÏ(Jus chapter it \Vas mcntioned (hat Sc-Te dinde" weIl' !'.hldll·d Ik'Call .... e of Il!l'il 

excellent rectifyillg characteri!'.tiô. ln thi" chapwr, ho\Vcvcr, the Ille .... l .... fOl'I· .... l· .... ()ll BI and Pt 

contacts to Sc, which, becall~e of thcir highcr \\'ork tllllctiom" are npcctd 10 gl\l' Scholl!..\' 

jllnctions \Vith lower barricr cncrgie~. Accordingly, the~c ~1l()lIld he of lo\V 1l'!'.I!'.lalll'l' alHI 

only weakly rectifyillg. As c;;een in Table 1, some 17 ~amplc~ \Vere made \Vith Bi a .... the 

counterelectrodc metal and 7 ~alllplc~ \Vere made \',ith Pt a .... the cOlllllcrl'ketrmiL' l11ela!. 

Though Bi \Vas the main back-contact ll1ctal1l~ed, ~cve:-al ~a1l1plc~ \Vere Ilwde \\ ith 1'1 a .... the 

back-contact. Despite relatlvely few sarnplc~ made \Vith Pt, 1111:-' wor!-- 1 .... , Ill·vl·llhelL· ....... , Ihe 

first to rcport From this lahoratory electrical charactcri .... tic't of PI cOlllacl!'. 10 Se, hac!.. 01 

front. 

With aimost ail of the metal-Se-metal ~ample~ studicd in thi ... lahol «toly, Ihe forwar<! j- V 

characteristics were obtained with the hack-contact P()~ltlvely hia ... cd \Vith Ic .... IH:cl 10 the 

counterelectrode. For samples made \Vith Pt, howevcr, it will he ~Cl'Il that 1111 .... 1.., orlell IJ() 

longer thc ca~e. Theldore, to avoid umhlguity, tbe dc ... cnption in thi .... clIapll:1 will rdr:ull 

from lI~ing the wonJ.., "forward" and "rcvcr ... c" and a chara..:tcmtÎc will he rdl:lled 10 a ... hl'iIlg 

111 the "ba:k-positlve" directioll when the back-col1lact 1 .... pmlllvcly hla"d éllld, Ilkewl"l', ill 

the "hack-negative" direction when thc back-contact 1<., Ilegatlvcly bla'tl'd 

The fir~t ~ccti()11 of tlm chapter prc~elm Ihe J- V, I{l'- V and Molt-<";clloltky cl Iara( Il'll'-:IC'" 
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of Bi countcrclectiOde samples and Pt counterelectrode samples made with either Bi or Pt 

back-contact~. The ~ectlon also describes how the rectifying characteristics for Bi contacts 

compare with thosc of Pt contacts. The next section presents Cp- V and Cp-f characteristics 

for the ~amplcs, where an inréresting negative Cp effect is seen similar ta that for the Se-Te 

'iamples of chapter 5. Section uA presents the rcsults of aging studies on a BI-Se-Bi sample. 

Though thcse results are not as extensive as those for the Te samples, they are, nonetheiess, 

qllÎtc informatIve. 

6.2 Characteristics of Se-Bi and Se-Pt Structures with Bi and Pt 

Back-contacts 

This section presents j-V, Rp-V and Matt-Schottky plots for several samples with the 

structures Bi-Se-Bi, Bi-Se-Pt, Pt-Se-Bi :md Pt-Se-Pt. The first subsection ct'mpares the results 

for samples with Bi as the back-contact, while the second compares the results for Pt back­

contact samples. 

62.1 Samples with Bi as the Back-contact 

The j-V characteristics for two Bi-Se-Bi sampi es, WC27 and WC32, are shown in Fig.6.1. 

Thcse two samples had the lowest and highest rectification ratios respecti· .. ely for samples 

with this type of structure. \Vhile WC32 shows a rectification ratio of almost three orders 

of magnitude, \VLL.7 shows rectification of only about one arder. Thi!:. large difference is 
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mostly the result of a rather low forward j-values for WCl7. It i~ also Sl'cn III thl! ligure that, 

the back-positive (forward) curve for WC32 show:; a straight line portIon bctwet 1\ almut 0.05 

and 0.15 volt, which corresponds to an ideality factor of abOlit 1.3. The CllIve Il'r weZ?, on 

the other hand, shows no such straight tine reglOl1. 

TIle j-V characteristic for sample WC29, a BI-Se-Pt stmcture, b ~hown in Fig.6 2, along 

with Lhat for WC32 for comparison. At first glance it mlght scell1 that the two ale clutte 

,:imilar. However, the direction of rect;iication for the Pt sample I~ actually OPP()~ltl' 10 tltat 

of the Bi sampi~, as indicated by the labeled voltage polarity of each curve. Titi ... i~ more 

clearly seen in Fig.6.3, where the CUITent versus vo~tage (1-V) charactcflSlIC<, of the two 

samples are re-plotted on linear scales. While the high current dlft'rtiol1 lor the BI ... ample 

is when the back-contact is positive, the high current direction for the Pt ... ample I!'> whcn the 

back-contact is negative. It is also interesting ta note th:!t the back-negativ'..~ j-V l'mve lor 

the Pt sample in Fig.6.2 actually rises to a slightly higher value than the hack·positIvc 

(forward) j-V curve for the Bi sample at 1 volt, in spitc of the faet that the BI !'>ample 

showed the highest CUITent density of a!l the Bi-Se-Bi samples studied. 'n1U~, It appear~ that 

a Pt counterelectrode contact gives a higher CUITent density than any of the Bi/Se contact ... , 

back or front. Inspection shows that with the two sample~ pmItlvely bll\<;cd at the hack­

contact, the j-value for the Pt counterelectrode sample (WC29) 1<, le!'> ... than 5% that of the 

Bi sample (WC32). In fact, this smaller J-value is qUlte close to the 1 volt hack-po<,Jtlve 

(forward) j-value of sample WC27 (Fig.6.1), WhlCh wa~ the BI-Se-Bi rectIfier wlth tlle 

smallest back-positîve rurrent in this work. Fig.6.4 ~how<; the J- V charactcmtlc ... lor :l/lother 

Bi-Se-Pt :,umple, WC64. It is seen in this ca.<,e that, there l~ e!'><.,cntially /lO rectlflcatlo/l at aIl 
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and furthcnr v"'C, the logU)-log(V) curves, shown in the inset, suggest a linear j-V 

relatiol1!-.hip. Nevcrtheless, the j-value at 1 volt is stiil higher, though by only a slight margin, 

when the hack-contact is negative th an when it is positive. This is coru.i~ tent with what is 

~ecn for ~arnple WC'29, anothcr BI-Se-Pt sarnple. 

In FilS!.. 6.S and 6.6 the Rp-V characteristics are displayed for sampI es WC32 and WC29 

rcspcctivcly. The Bi samplc, WC32, shows a large dispersion of the curves for back-negative 

voltages, wlllle the cur/e~ are relatively close together III the back-posItive direction. 

Characterbtics hkc thesc were cornmon to ail the BI-Se-Bi samrles of this work and are 

simllar to those ~een for the Se-Te samples presented in the previous chapter. In contrast, 

the Pt sarnplc, shows curves that are relativcly dispersed in the back-positive voltage region 

and which are close together in the back-negative dire(,.~ion. Thus, if the curves for the Pt 

sam pie were reflected through the 0 volt axis, they would be quite similar to those of the 

Bi sample. l11Ïs is consistent Wlth the j-V plots for these two samples, which showed 

opposite directions of rectification. It is also interesting 10 note that there is a convergence 

of the low frequency curves (Jess than 100 kHz) in both ~-V plots for both the positive and 

negative voltage regions. Such similarity betwt:e&l the curves at both voltage polarities was 

not observed wlth the Se-Te. samples. 

Mott-Schottky plots for WC55, a Bi-Se-Bi sample and WC29, a Bi-Se-Pt sample, are 

~hown in Figs. 6.7 and 6.8 respectively. The curves of the Bi sample, in Fig.6.7, for 

frequenclC~ bclow 100 kHz are seen to show a straight line region for negative back-contact 

potentials, ~uggestlI1g that a rever~e biased junction is present. In contras t, the corresponding 

curves for the BI-Se-Pt sample, WC29, in Fig.6.S. show a straight li ne region for positlve 
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back-contact voltages, Howevcr. wlth this unusual polarity, it is of 11ltere~t 10 Ilotl' th.lI. the 

values of the slope and extmpolated mtercepts for this ~ample .ne abolit the ~,une (th~HI)'.h. 

with opposite sign) a!\ those for sample 'Ne5S. Thl' Mott-Schottky curvl.!," for W( '27. tlH.' Bi­

Se-Bi rectifier with the lowest back-positive current dcn ... lty. are :-.hOWll III FIg () l) 

Interestingly, this plot display~, sorne symmetry about the 0 volt ,LX 1:-'. III that, it ~h()w:-. a 

straight li ne portIOn in Ils clJrve~ for hot:~ positive and negatIvc p()lantlc~, al lca~t for l ,1Ilt! 

10 kHz. It is seen here th~t, the 'lI opes and voltage mtercept"i for the curvc," III OIlC voltage 

direction are of about the same magr,itude as those of the opposite voltagc thrcctlOll. 

6.2.2 Sampi es \Vith Pt as the Back-contact 

The j-V characteristics for sample WC59, a Pt-Se-Bi structure, and ~aIl1plc WC(){), a Pt-Se­

Pt structure, are shown in Fig.6.1O. While bath samples show a rectltication raLIo of abolit 

a factor of 10, it is apparent that the characteristics are, in fact, qlllte ùifferent. The IlIgl! 

CUITent CUlve of WC59, the Bi sample, is for positive back-contact voltagc,>, whcrca ... , WC{Jfl, 

the Pt sample, has its high current curve for negative back-contact voltage,>. Thil'>, the 

rectification direction for the Pt sample is oppo~ite ta that of the BI ~ample ('oJllpanng the 

two curves for one polarity at a tIme, \t is seen that bath back-pmItlve curvc~ arc relattvcly 

pear each other, while on the other hand, the back-negativc curve lor the Pt <,aml'lc 1'> ..,eclI 

to be more than 2 orders of magnitude higher than that for the BI ... ample at 1 v()lt. 

ln Figs. 6.11 and 6.12 the Rp-V charactenstics are ..,hown re,>pectlvcly for WC56, a Pl-Se­

Bi sample, and WC66, a Pt-Se-Pt sample. It i'l seen that ltkc the Rp- V charactcri,>tic,> for 
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.,ample\ WC32 and WC29, (di~rJiayed in Figs. 6.5 and 6.6 respectively) the characteristtcs 

for the (li .,ample appear again ta be the inverse of thm;e of the Pt sample. Fig.6.11 show:, 

that the curvc., tor the Bi ~ample arc more dispersed in t!,e " ack-negatlve (reverse) direction 

than in the back-po"ltlvc dir~ctioll. In contrast, the cur./c, for the Pt sample, shown in 

Fig.6.12, ',how greatet 1j~persion in the back-positlve directl')!1 than In the back-negative 

direction. Thl~ i., ag.lIn CGn~lstent with the reverse rectificatior direction observed in the Pt 

:.;ountcre!cctlOdc ~amp:l's. It IS also of interest ta note the eXlst, nce of the minimuIT, at 0.1 

\/olt in the back-positive direction for the curves of WC56. Such '-~ rrtinimum was ~een in the 

charactenstics of each of the Pt-Se-Bi samples and was also seen ft 1 WC27, the sample Witi1 

the lowest hack-p( sitive curv~ of ail the Bi-Se-Bi samples. Further 1ore, it IS seen II1 FlgS. 

tl.II and 6.12 that, the luw frequency curves (Iess th an 100 kHz) ar\~ again i elatlvely close 

together at ail voltages. Such a trend was also noted for the Bi back-contact samples m the 

pievious subscction . 

The Mott-Schottky plot for the Pt-Se-Bi sample, WC30, is shown in Eg.6.13. Straight line 

portions in its curves for both voltage polarities are observed, at least for 10 and 100 kHz. 

What is most striking, is that the magnitm1e of the slope of these curves is about 10 times 

higher in the back-posltive direction than in the back-negative directIOn. Such a difference 

in !>Iope, from one polartity to the other, was also observed in the other Pt-Se-Bi samples, 

WC56 and 59 (nut shown), as weil as 10 two Bi-Se-Bi sampI es, WC60 and 63 (not shown). 

ln ~plte of the different slopes, the magnitude of the voltage intercepts for the WC30 curves 

b about the ~al1lc for buth pularities, at about 0.2 volt. TIIe Mott-Schottky characterbtIcs for 

samplc \VC66, a Pt-Se-Pt structure, are shown in Fig.6.14. Unlike the plot for the Pt-Se-Bi 



sample, this one shows a straight line portJ/)fi in Ils cu!Vc~ only for the bacl-.-pmlllVl' 

direction. While the slope of the 10 ar.d 100 kHz ClllVC~ 15 found 10 be ~lJI11CWlnl \mallcr 

than that of WC56 In the ~amc voltdge region, lt IS, nl!vcrthclc ... ~, h1ghcr thall (har l'~lIally 

found for the BI buck-contact f,umples. 'n1(: extrapolatcd ll\tcrcept nt thc~.l' ClII\'C\ ,\ ,II ,lbllllt 

0.1 volt, which is similar to that ~rtn pre,,\Ou~ly for l)IHh BI and Pt ,>ample.,. 

6.3 Cp versus Voltage and Frequency Charactt::ristics 

This section pre<,ents the Cp-V and Cp-f charactcristlcs for ~cveral samplcs with the 

structures Bi-Se-Bi, Bi-Se-Pt, Pt-Se-Bi and Pt-Se-Pt. The .cirst sllh'.~ct\()ll dco.,cnhco., the 

characteristics of the Bi back-contact samples, while the second suhsection prc~,cnt~ rc ... ull\ 

fur Pt back-contact sampI es. 

6.3.1 Characteristics for Bi Back-contact Sample5 

Prior Iv comparing the Cp-V characteristics of Bi-Se-Bi samples with thm.c of a Bi-Se-Pt 

sample, the curves of several Bi-Se-Bi structures are descnhed. The Cp· V plOb for rkSe-BI 

sampies WC24, WC27, WC33 and WC55 are ... hown 111 Flg<;. biS to 6.13. It 1 ... ()h ... ~rved Ihal, 

for the most part, each sample dlsplays the u~ual l.lccrca. ... e III Cp valU(.~'> Will! Illcn.:a,>e of 

back-negative (reverse) voltage. Furthermore, It is ,>ccn that ail of thc,>c plot,> "how thal Cp 

is less dependent on voltage for higher frequcncies than for lower frcqucnCll' .... "or cxample, 

the 1 and 10 MHz curves for WC55 are almo:,t flat nght acro,>.., the figure, whcrca,> the 
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çllrve~ lor lowe· frcquenclc,> ~how much more "ana!ion. However, It is in the back-posItlve 

(forward) vl)ltagl~ rangc at lower frequencles, where there IS considerable variation between 

the plOb. In thls voltage range the plot for sample WC24 in Fig.6.15 shows a very strong 

llcgatlvC capacllance effect for the lower frequcncles of 20 and 100 Hz. Furthermore, the 

curvc~ al thc,>c trcqucnclcs ::.how :\ broad negatlve minimum at about 0.5 volt. A mimmum 

for 10 and 100 kIlz I~ al\o ,,>cen hut at 0.2 volt. The plot for sample WC27 in Flg.6.16 also 

~llOW~ curve!-> 1Il the lorward tÏlrectlon wlth a mi'1,1Um hetwecJ1 0 :1:ld 0.1 volt for 

frcquencJe~ ur to 100 kHz but wlth no nr.gativ{; Cp-values. lt 15 also ~een that, the 20 Hz 

curvc for tlm ~cUllple deviates quite substantiéilly fro:'-l' the others for back po~itlve voltages 

ahovc ahoLlt 0.3 volt. The 20 and 100 Hz curves for sam pIe WC33, ~hown in Fig.6.17, also 

di~play negatlvc Cp values bl'L only above about 0.8 "olt 111 the back-positlve voltage 

threctlon. The 100 kHz curve in this figure shows a broad mimmum at about 0.6 volt 111 the 

')ack-positlve <.hrection but an unusual bow-ilke shape lU the back-negauve directIOn 

,reverse). The curves for sample WC55, shawn in Fig.6.18, are re!'ltlvely free of anomalies. 

This plot shows no negative Cp values at any frequency, and only a very weak minimum in 

the 100 Hz curve at 0.1 volt in the back-positive direction and possibly also in the 20 Hz 

curve at 0 volt. The 20 Hz Cp values for back-positive voltages above 0.6 volt, l:owever, 

~howcd grcat instablhty wh en measured and, hence, were left off this plot. 

The Cp-V ci,aractenstics of Bi-Se-Pt sample, VvC29, in Fig.6.19, are now compared with 

tho~c ahovc for the Bi-Se-Bi sampi es. It is seen that the plot for WC29 is quite different 

from those of the Bi-Se-Bi samples. ln tile back-negative direction the curves for the Pt 

countcre!cctrode sam pie are very dispersed, whereas in the back-positivc direction they tend 
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to converge togetilCi. with the exception of the 20 Hz curve. ln contrast the curve~ lm the 

Bi-Se-Bi sample~, shown III Figs. b.15 to 6.1X, arc relatlvcly COf!':':',gcllt III tht: had.-llcgatlVt' 

direction and are quite dispersed 111 the back-po"ltive dlrectton. l'hm. l'vell the ('1'- V 

characteristlcs of BI-Se-Pt sé.mple, YI C2lJ, appear II1vl'lted 111 cnmpart-..on wllh thŒc 01 Ihl' 

Ri-Se-Bi samples. It is of interest to note that, the. ;. appear" to be a double 1Illl1illlll!1l 111 Ille 

20 Hz curve for WC29, with one mimmum at 1\ .'olt and ~hc olher al 0.2 volt 111 the hack­

positive direction. Such a multiple mmimum was not "l'cn in ,IllY of the Bi-Se-BI ,alllpk'" 

and, in fact, Se-Te ~tructures were the only other .,amplc~ JO thls work where a multiple 

minimum was observed on day-O. 

Using tht: Cp- V data at the different frequencle~, Cr-f plots were madc for the \,lI11ple,> 

Though there IS a somewhat large varIation in the~e plots, somc interesting consistencic\ arc 

also seen. 

The Cp-f characteristics for the Bi samples. WC34 and WC55, hoth Bi-Se-Bi structure,>. 

are shown in Figs. 6.20 and 6.21. It is seen that the~e two BI counterclectrode samples have 

characteristics that resemble one another in many ways. Ail of the curves converge togethcr 

at high frequencles (around Wb Hz) where they show a relativcly 'itcep decrca~c wlth 

increase of frequencf. ln fact, the Cp values for WC55 111 thl.., range decrea\e approxllllatcly 

as l/f. The 0 and -1.0 volt curves, in e~..:h cac.,c, ..,how rclatlvcly Iittie vanatlon from 20 11/ 

to around 1O-t Hz. Interestingly, the 1 volt hack-po"ltlve (fo[\varJ) clirve for c,tell "aJl1ple 

actually shows a hroad minImum at lO3 Hz. Furthcrrnorc, the () 2 ;LIld 0.3 volt curvc\ for 

WC55 and \VC34 respectively, are seen to Jecrca"c \tccply and no"" 1I1ldcr tlle -1.0 :lI1d () 

volt curves as the frequency rlses from 20 Hz to ahout 10) Ilz Such a cro.,\ under wa., al.,o 
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'icen for Sc-Tt diodc'i in chapter 5 but at a somewhat higher frequency, around HP Hz. 

'(be Cp-f plot for ~ample WC1.9, a Bi-Sc-Pt <;ample, IS ~hown ln Fig.6.:~2. At first glance 

the ctlrvC~ ,>cem ljllite ~\mllar to those of the Bi-Se-Bi ~amples. The 0 volt curve is quite 

"lImlar to t!Jo"c of the Bi-Se-BI 'iamples. However, ln F1g.6.22 Il I~ the 1.0 'v'olt buck-posItive 

curve that I~ rclattvely flat hetwcen 20 Hz and H)" Hz, not the -1.0 volt curve, as for the Bi­

Se-BI :-.ample,>. Furtlw.more, the -1.0 volt back-negative curve for the Pt-collnterelec.trode 

~amplc [I~~emhle:-. the 0.3 volt buck-posItive curve for BI-Se-BI ~ample, WC34 (Flg.6.20), in 

that. both CUfve,> ~how ~ reJatively steep decllne From 20 Hz to above 10': Hz. 

At thls pOIl1t It I~ informative 10 dlsplay sorne charactemtlcs of the very ·nteresting sëmple 

WC65, a BI-Se-Pt 'ilructure. Fig.6.23 shows the j-V charactenstlcs and it IS seen that they 

rcsemhlc th()~e of WC64 in Fig.6.'. The rectification ratio is relatively small and ilS direction 

IS oppo~ite to that found in samples made with Te and Bi as the front-contact. Fig.6.24 

shows the Rr-V and Cp-V characteristics for the sample, where it is seen that the the ~ 

value IS esscntially invariant wiih bla5 voltage and frequency, at least between -1 and 1 volt 

and h~tween 100 Hz and 100 kHz. Similarly, the value of C~ is relatively independent of bias 

voltage and frequency. having a value near 100 nF, at least for bias voltages between -1 and 

l volt ami frcljl1cncies between 100 Hz and 10 kHz. These results are given special attention 

111 t he dl~c.:ll~~ion ~cctton later 111 this chapter. 

6,3.2 Charactenstlc~ of Pt Back-contact SaJllples 

The Cp-V curves for two samples, WC56 (Pt-Se-Bi) and WC66 (Pt-Se-Pt), which had Pt 
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as their back-contact are "hown in Fig.,. 0.25 and h.2h rt..!,pectl\C.~ly, Il 1" Ob"lT\l'd 111,11. Ille 

plot fOl WC5t). the BI coutcrclectrode ~ample. dlsplays very httl!.! 111 Ihe \V,IV ni ,\I10ll1altl'~ 

outside of a wcak mInimum at 0.1 volt 1I1 the hack pO~ltlVC llirectlOll lm the !llO 1-..11/ cun'l' 

and only ~ tendency to a mlntmum hct\ .... ecn () and 0.1 volt for the 20 11/ l'urvl' ln tact. tlm 

plot re~emhle~ that of WC55 "hown III Fig tl.20. On the ,>lher hand. tlle plot lor nl( '/lCl. the 

Pt countcrelectrodc sam pie, I~ very dlfferent from that of WC56 Flf\llv, the plol tor \V( '/Ill 

in Fig.6.26 "how" largcr dispcf"lon of tl'e curve", Il. hoth \lI,l", dln:CI\()I1.., Ih,lll tlll "',11 11 pk 

WC56 as weil as the other .,amples nf thls work. Even more ..,tllJ...lI1!~ (htllll~II, 1" the 

prol1ounccd minimum ln the ZO Hz curve at 0 1 volt ln the hack-ncg,ltlvc dlrcctlOn, wlllch 

actually extends to negatlve Cp values. A fmnimum I~ al\o .,cell III the ClIIVC.., lm lOt) 11/, 10 

kHz, 100kHz and 1 MHz hetween -0.1 and -0.3 voit 111 the b,lck-l1c~atlvl' dlrectloll hut Ilot 

for 1 kHz. Other samples of thlS work ~howed ..,uch mtnlma on!y 1/1 the hack-po\uIVC hla\ 

direction. This again is consistent wnh an lOvertcd rectificatIOn tlirectHlIl for ..,ample~ wherc 

Pt is the counterelectrode mctal. 

In a similar manner to that for the Bi back-contact ~amples, Cp-f pl()t~ were abo made 

for Pt back-contact samples. These also show sorne II1tere~t1l1g featme\ and they arc now 

presented. 

The Cp -f curve~ for three Pt back-co'1tact sample<:ï, WC30 (Pt -Se- BI). WC)!) ( Pt -Se-BI) and 

WC66 (Pt-Se-Pt) are di'iplayed 111 Figs. 6.27 to 6.29 Whde the curve~ lor W( '30 are 

relatlvely free of anomalies, tho~c for WCS9 and WC66 arc not ..,0 weil behaved, III Iha!, 

these have negatlve Cp value.." as weil a..." a m1l1lfllUm for ."unple WU)I>. l'he hack-po\! live 

1.0 volt curve for WeS9 "how'i ~trong negatJve Cp value.., for trequenclc\ hel()w I(JO 1 f/ Il 
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l al ... o ... llOW ... an Illcrca!-.e ,L'" the frequcncy IOcrea.'ies for low frequencies. A lise with freC1Uf'ncy 

al low frcqucnclcs 1 ... al .. o ~een 10 the 0.3 volt curve, a~ weil as, in the -1.0 volt back-negatlve 

(rcvcr!-.c) curve. Sam pie WC66 also show ... a curve that p lSse~ lOto the negatlve Cp do main 

at low frcqucm:y bllt III thl" C,L"'C for 0 bias. Furthermorc, wbile botb the 0.8 and -0.8 curves 

~how a ... tcep decrca~c wlth frcquency [rom 20 Hz to about HP Hz, a strong minimum is 

prc!-.ent III the -0 X volt curve at JO' i Iz. A !-.1l11l1ar mmimum W<L'i 'icen also for several BI-Se­

Bi ... ample ... (I·It!. .... () 22 and 6.23). 

Whcn pre"cl1lmg the Rp- V cbaracteristics earher, 10 SCClion 6.2, it was seen tbat the 

curve ... al low trcqucnclc!-. were very near one another at ail bias values, whlle the bigh 

frequcncy curve ... were ,>omcwha. spread out. PlOb of Rp agalllst f are now presented whlch 

..,bow tlm trend more c1carly. Tbe Rp-f plot for samplc \\,C32 (Bi-Se-BI) IS shown in Fig.6.30 

for 1.0, 0 and -1.0 volt bia~ values. It is seen tbat the 1.0 volt back-positlve (forward) curve 

I~ almost tlat from 20 Hz ail the way to 106 Hz. On tbe other band, the curves for 0 and -1.0 

volt show a a rclatlvely flat region 0nly between 20 Hz and abo\!t 104 Hz and then a 

relatlvely steep dccllOl! wlth frequency ;_ r hlgher ;requenclcs. It is also seen tbat ail tt.ree 

curvc~ converge togetbcr at higher frequencies, abave about 10° Hz. Similar features are 

'\eCl1 in tht' Rp-f plot for ~ample WC6,) (PI-Se-Pt) III Fig.6.31. H(JWever, 111 thls case, it is t'le 

-0.8 volt back-negallve curve that IS se~n to be r(.;atIve!y tlat over the e~ltlre flequency ranf . 

and II I~ the O.~ vl\lt back-po~Itlve curve Ihat shuw~ the relatIvely large vanatÎ()l1. Ir is 

Intcrc~tll1g that, Jc~pItC ~howmg rather al1ornalou~ Cp-f cUrves (F;g.6.29), such anomalies are 

not app,trent 111 the Rp-f plot for tbls ~ample. 
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6.4 Evidence for Aging in Bi-Se-Bi Samples 

It was seen in ché.l~lti!r 5 that negative capadtance was ohscrveù in mo~t of the Se-TC 

sampI es ot this wark r.nd this negative effect !>cemcù ta coincide \Vith the formatIOn 01 the 

semiconùu~tor TiSe. Several Bi-Se-Bi samples üf this work abo showed negallvc Cp-V 

characteristics similar to those of the Te :;amples. In thls section rl!sults arc prcscntcd on 

c;ome aging studie~ of Bi-Se-Bi sample WC55, which imtially did not ~lIow ncgatlve 

capacitance ïalues. Though these studres were Ilot 1 ~arly ~!S extensive a~ tlHhe o! tllc 'U 

sampI es, they were, ncverthelc<;s, qUltc mformative. The Cr-V, RI'-V. J' V and Mott-Schottky 

plots for tllis .~ampl(' on day-O and day-151 arc r.ow IHe"cl1led, 

The 20 and lOO Hz Cp- v characteriwcs for the ~afl1ple on day-O and day-151 arc "lIoWII 

in Fig.6.32. Whde tlie curves for the hack-negatIve (rever~e) voltage arc almost idcntlcal. the 

curves in the hat.: nsiti \!.;! reglOn are quite different after the 151 d~lyS of ~torage. Fir!>tly, 

the 20 Hz (!uy-() JIVe 5hows no negal!Ve vaiues, while that for day-151 "hr)w" a ~tr{)ng 

negative Cp effect in the buck-positIve direction beyond 0.6 volt. Thu!>, It would "C~:ll tllat 

the presence of negative Cp values has rrown with storagc tlm~. SecoIJdly, Il i" al"o "ceIJ 

that, there is only a tendèncy to a 11llmmUm at thl,) frcquerK)' 111 thc day-O clIrw IIC.:ar () volt, 

while a strong minimum IS pre<;cnt \Il the day-151 curve ..,iJJtted tn () 1 volt Illt.: 100 IL, 

curves show a slm!lar trend wlth a ~llIft of abo () 1 \ olt. 'l'hm, It appcar" tllat tlle 111111111111111 

has aho uecome I:tOI~ pronounccd with ~torag~ Urne and ha~ "hdteù to a "hghtly grt.:at<.:/ 

bacK-pûsitlve voltage. Slmdar agll1g etlects were abo seen for Sc-Te .,ample" det.,cnhed III 

chapter 5. 
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Figs. 6.33 and 6.34 show the Rp -V plots for this sam pIe on day-O and day-151 respectively. 

It is secn that, the two plots are quite similar in shape; they differ only, in that, the low 

frequency Rp valul!~ for back-negative voltages are somewhat smaller for day-151 than day-\:'. 

Thus, these characteristics have not changed dramatically with storage time as did the Cp- V 

charactcr i s tI c~. 

The j-V charactenstics for the two storage times, day-O and day-151, are shown in Fig.6.35. 

ft is ~een thal, whilc the back-positive (forward) j-vabes decreased only slightly from their 

day·Q values, the back-negative values increased by a factor of four. Thus, the rectification 

ratio decrcased from about 2 orders of magnitude on day-O to just above larder of 

magnitude on day-151. Nevertheless, the j-V characteristics do not show the emergence of 

anomalies with storage time su ch as displayed in the Cp- V characteristics. 

As mentioned previously, the back-negative Cp-V char?cteristics changed very Iittle with 

storage time. Reflecting this fact, it is seen that the Mott-Schottky plots too, in Figs. 6.36 

and 6.37, show relatively little variation over this storage time period. Though, the curves 

are slightly more dispersed for day-151 (Fig.6.37) than day-O (Fig.6.36), thcir slopes and 

intcrcepts are still about the same. 

6.5 Discussion 

The most interesting result in this chapter is that the Pt counterelectrodes provided low 

rCS1!-.tance contacts to Se. Hence, diodes made with Pt as their counterelectrode rectified in 

a direction that was opposite to that observed for all other Se-metal sampi es made in this 

100 



--------------------------------.------------------------------~ 

laboratory with the counterelectrode metals Te, BI, Mg, Au, l,e, Cd, and t'u. Su ch a Ill\\' 

resistance at the Pt front-contact may have come about in the following way Sl11ce Pt has 

such a high melting point (1769°C) and because the filamcnt to ~ub~(ratc di~tal1ce \\'a~ ral!J~'1 

small during the Pt counterelectrode evaporatiol1 (2 cm), It i~ cxpcctcd that the mêtal wa~ 

quite hot aiter it was deposited on to the Se film. At slich a hlgh tcmper .ltmc, lt is 

speculated that the small energy gap semiconductor PtSe2 (E~ = 0.1 cV [Ih]) Illay haVL' 

formed at the Pt/Se interface. It is further speculated that this ~cmic()l1dl\ctor tOll1lcd a lllW 

resistance and essentially ohmic contact to the Se, while the contact betwccn the Pt ami the 

PtSe., was also ohmic. In this case, the cUITent-voltage characteri!:ltlc!:l wOllld he dOl1llllatcd 

by the higher resistance back-contact. Thus, If the back-contact metal wa~ BI, thc 1- V 

characteristics would represent those of a Bi-Se contact, whilc If the hack-colltact wa,> Pt, 

they would represent those of a Pt-Se contact. While it wa!l seen 111 tlm, WOl k th.lt 11l()~t of 

the Bi back-contacts were also of low resitance, the Pt back-contacb dIt! not ~llOw low 

resistance properties and, in fact, displayed characteristic~ WIBCh rc~cll1hlcd that 01 a 

rectifying junction. The Pt contac.ts were not of low resl~tancc perhap~ becall~c thclr 

formation during the Se deposition step involved relatively low temperaturc~ (,>ub"trate 

temperature 130°C; Se melting point 217°C), which were not high cnough to form PtSc 2• 

While it may have been thought that the rectifying nature of the Pt back-contact depcndcd 

on the method by which the Pt was depo~ited (sputtcrcd V~ cvaporatcd), thl'> wa,> actllally 

not the case, since sômple WC66 was made with a Pt back-contact that wa .... dcpo"ltcc! hy 

evaporatlOn and it was seen that it too showed the II1vertcd rectificatIOn propertIe,>, ()f 

course these speculations must be verified by further expenrnentation. 
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WllIle in all11o~t ail ca~e~, the Bi hack-cCJntact in the samples of thi:; work was of relatively 

low rel.,i<.,lancc, sorne were of relativcly high rC'ilstance and in fact evidence suggests that 

tlw"c were also partially rectifying. In parliclilar, sample WC29, ~h()wing inverted 

Il'ctlilcatio!l and ~arnplc WC27, Showlllg normal rectification both exhiblted Mott-Schottky 

plOh which ~lIggCl.,t that a jllIlCtlO!1 wat-. pre~cnt ut the Bi/Se back-contact. FIOm the 

falHlCllloll data of thc~e ~arnple~ in T<lble 1, it is seen that the Bi back-contact films for 

111C~l' Iwo ~al11ple" \Vere lInll~lIally thin. Thm, it would ~ccm that a thill Bi back-contact 

produced a rclatlvely high rcsl'-.tancc, rcctIfying back-contact. It IS speclilated that the thin 

IL h;lck-colltact layer only partlally covered the ~lIrface of the A€. substrate. l'hu'>, the Ae 

1.,1Ih"1I ;Itl..' \1,1"" c:..pol.,cd in certain alea~ to the Se, which gave ri~e to 11Igh resistance, 

rCl'tilylllg At-Sc contact area~. J\nother possible expIa nation i~ that the thm Bi layer was 

cOll1pletely l'()1l~Llmed in the formation of Bi2Se3 at th(;! back-contact during the Se 

depositioll. Thu~, the back-contact was actually a heterojunction of the form Ae-BizSe3-Se, 

wilich wa" rcctifylllg Sll1CC the A€. did not make an ohmic contact to the selenide. A thicker 

Bi layer wOllld not have been completely comllr.1ed, so tbat the back-contact jllnclion would 

bc (II the lorm BI-BI 2Sc,-Se and in this case the Bi provided an ohmlc contact ta the 

sclcnidc. The .. clclllde hcrc has sllch a low gap energy (0.35 eV [l7]) that it woule! make 

onlya \vl';lkly Il'l'tllylng contact 10 thc Se. 

Il i~ hclIL'\'cd lhat the low resl~tance Pt front-contact, a~ weIl as, the low resi~tance Bi 

had-contacl 10 the Sc \Vere actllally not uniform. That i..., ohmlc contact~ ta the Se layer 

\Vcle only prc~l'nt III small areas and actee! a~ bridges between the metal and the Se. The 

rClll:lllling ;lIca~ arc bclicvcd 10 have been Schottky contacts between the Se and the Pt or 
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f • the Se and the Bi. This would e;.,,:plain why in sample Well5 the values of Cp and RI' \wrt' 

essentially independent of voltage. The low rcsistance arC~L~ or bridges would tend 10 short 

out the Schottky junction are as 50 that varying the bi"L'i acro!-.~ the entir~ ~amrle woulti not 

result in much bias change across the actual junctions. Thercforc, the capacitancc and 

resistance of the Schottky junction areas wou Id vary only ~Iig:ltly as the bia~ voltage <lems" 

the sample was changed. Furthermore, the capacitancc value of h)O nF oh",clvcd in this 

sample corresponded to the zero bias value measured for samplc WC55. a BI-Se-BI !-':\lllpie. 

as weIl as other samples (not shown), which ~uggests fu', "her that any junctioll pr,:sent 111 

sample WC65 was, essentially, at zero bias. 

In several sarnptes of this work the Mott-Schottky plots showed straight line rej!.lOns for 

both bias polarities. Such behaviour corresponded to what is expccted for lwo back-to-hack 

diodes. When the counterelectrode was forward bia~ed, the hack-contact was in revcr!-'c, 'in 

that most of the voltage applied to the structure was actually across the back-contact. Thu!-., 

it was primarily the back-contact capacitance that was mt'asured under these circum!-,tancc!-.. 

Conversely, when the counterelectrode was reverse biaseJ, the back-contact wa~ forward 

biased and the capacitance measured was that at the countcrelectrode. Il was c;cen in thi!-' 

work that the Bi-Se-Bi sample WC27, showed Mott-Schottky curve~ wlth a .,Iope of ahout 

the same magnitude for both bias directions, suggesttng that the nominal holc concentration 

in the Se was about the same at both contacts. On the other hantl, the Pt-Se-BI .,ample 

WC30 showed a slope in the back-positive directIOn about 10 tIrnc,> larger than that for the 

curves in the back-negative direction. This suggests that thc nommai hole çoncentratlOI] al 

the Pt back-contact was about an order of magnrtude lowcr than that at the BI 
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counterelectrode. Further evidence suggesting that these sampI es were actually back-to-back 

diodes was sccn in the Rp-V characten~tics, where a clear minimum was observed. S~ch a 

minimum cornes about when the two diodes have equal voltages across them ~ explained 

hy van Opdorp and Kanerva [18], which is at zero bias when the diodes are identical. 

In chapter 5, it was se en that a low frequency inductive effect was quite strong in the Se­

Tt sarnplcs. Sueh an inductive effect was also seen for samples presented in this chapter and 

this was dc~pite there being no Tt present. In fact, the effeet was also se~n for a Pt-Se-Pt 

sample (WC66), which had neither Bi nor Tt present. ; hus, the appearance of this 

inductive effect does not depend especially on whether Tt or Bi are present. It was ais a 

seen with the Tt samples that the inductive effect grows with time. at least in the initial 

stages after fabrication. A Bi-Se-Bi sample (WC55) also displayed such a growing inductive 

effect and it is speculated that, like the Tt samples, it may also be due to selenide 

formation at the counterelectrode-Se interface. specifically Bi2Se3 which was not detected 

by x-cay diffraction in this work but was detected in a previous study [19]. 
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7. BARRIER HEIGHTS OF Se-METAl CONTACTS 

7.1 1 ntrod uction 

J\~ i" CVldcllt from the rc!>ult!> given in chapters 5 and 6, the characteristics of the Se-Te, 

Sc-Bi <tnd Sc-Pt diodc~ are Ljuite different. These differences arise in large part as a result 

tllc dllkrcncc in :':IClr barrier hcights. ft i~ therefore very important to c1etermine thi~ 

quantlty anu thi~ i~ <tttempted in thi!> chapter. The barrier heights of the Se-metal contacts 

III tlm work were determined From j.y, Cp-y and photoelectric rneasurernents, as previously 

dc~cr Ihel! ln chapter 2. In the present chapter, the results ot these rneasurernent~ are 

prc!>l'nted J\ !>lLIllmary of these results are tabulated in Table II, where the barrIer height 

vallll''', dl'trllllined from the~e mea~urernents, for Te, Bi and Pt contacts to Se are listed. 

7.2 Barrier Heights from j-V Measurements 

'Ille hall ICI helght of li Schottky junction can be determined From forward j-V 

IllL'a"lIrellll'llt~, particularly l'rom the IIltercept value Jo' as explmned ln chapter 2. In thb 

~l'l'ti()Il, thl' bal rier heights for a reprc~entative Sc-Te ~ample, \VC44 and a repre~entative 

Sc-BI "alllple, WC32, are dctermined from these measurements. A reliable barrier height 

value lm a Pt contact 10 Sc could Ilot be o!:tallled l'rom the j-Y data ane! SO, Pt results arc 

Ilot jllc .... <..·l1tl'd Ill'Il'. 

III hg.7 1, the forward J-V chalactcrr~tic:-. for t\Vo samples, WC44, a Se-Te sample and 
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WC32, a Se-Bi sample are shawn. Both curves display a straight line reglOIl around 0.1 volt 

corresponding to an exponential j-V dependence. Thesc straight linc regiol1!'. arc !'.CCIl 10 

have extrapolated intercepts on the j-axis of about 3x 1008 and 4.5x 10-1 amp 1 cnr! for the Se­

Ti and Se-Bi samples respectively. Assuming these values corrc~pol1d tn J,), the barrier 

heights are found ta be 0.85 and 0.62 eV respectively. These value~. a~ weil a~ th()~e 

determined for other samples from their respective j-V plots (not shown), arc li.,ted in Table 

II(a) column 2 for Tt samples and Table II(b) column 2 for Bi sample~. 

7.3 Barrier Heights from Capacitance Measurements 

As was already mentioned in chapter 2, the barrier height of a Schottky JUl1ctÎOI1 can bl' 

determined from Cp-V measurements that are plotted in the form of a Mott-Schottky plot. 

In this section Mott-Schottky plots for Se-Tt, Se-Bi and Se-Pt junctions arc pre~el1tcd. along 

with their corresponding barrier heights, as listed in Table II. Though the ('p. V 

measurements were carried out at many different frequencies for a given sample, only the 

100 Hz or 1 kHz data are presented here, as these frequencies provided the Il10~t c()ml~tent 

results. Note that there was little difference between the 100 Hz and 1 kI 17 re~lIlb for a 

given sample and 50, often, the data for only une of these frequeIlcle'-ll~ pre<.,cllted here. The 

characteristics shown for the Tf. samples are aIl for 100 IIz only, will le tilme lor the BI 

counterelectrode <;amples are for 1 klIz 

Mott-Schottk--y plots for the Se-Te ~amplc~ are ~hown in Fig". 7.2 and 7.3 for 100 Il,, It 

is seen that most of the curves have an Illterccpt, VI' of bctwccn 0.5 and 0.65 volt It 1'-1 aho 
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found that their si opes range bctween about 1x1014 and 5xl014cm4p-2V-1, corresponding to 

carrier concentrations of between about 1.5x1017cm-3 and 3.5x1016cm-3 respectively. Despite 

their apparently large spread in values, these concentrations, in tu~ correspond to Fermi 

levels in the bulk Se situated in a relatively narrow zone between about 0.13 eV and 0.16 

eV ahove the valence band edge. This assumes that the valence band density of states can 

he taken as 2.5xl019cm-3 for Se. From the intercept values and the Fermi level positions 

above the valence band, the barrier height for most of the samples was found to lie between 

about 0.65 and 0.80 eV, as listed in Table lI(a) column 3. Only 2 out of the 13 Se-Te 

samples with values listed here have harrier beights outside this range, namely WC46, the 

sample made with undoped Se and WC38. These samples display Matt-Schottky curves with 

the two lowest slopes and the two sm~llest intercept values. Furthermore, the curve for 

WC46 is not particularly straight, so the extrapolated intercept shown is somewhat arbitrary. 

The 1 kHz Mott-Schottky curves for the Se-Bi (Bi counterelectrode) samples are shown 

in Figs. 7.4 and 7.5. It is seen that for the most part the curves have an intercept between 

0.1 and 0.2 volt. Like the curves for the Tt samples, these also show a spread in slope and 

correspond to carrier concentrations between about 1.5x1017cm-3 and 2.5x1016cm-3
• Once 

again, de~pite this spread in concentration values, the Fermi level position in the bulk Se 

corrc~ponding to thcse concentrations is found 10 lie in a relatively narrow range, between 

about 0.13 eV and 0.17 eV above the valence band edge. The barrier heights determined 

from the~e values are listcd in Tables II(b) and II(c) calumn 3, where it is seen that most 

ot theITI fall bctwccn about 0.25 eV and 0.35 eV. ll1e one exception, that for sample WC55, 

l~ somewhat higher at about 0.42 eV, as the curve for this sample shows an unusually high 

128 



intercept at 0.27 volt. It is also of interest to note that the Se-Bi samples wlth Pt had,­

contacts, WC30, WC56 and WC59, aIl show barrier height values ('rahle Il(c) colul11ll 3) 

which are not aH that different from those of the Bi back-contact sall1ple~. llowever. it b 

also seen from Figs. 7.4 and 7.5 that, the se Pt back-contaet sampI es ~how CllI\lèS \VIth the 

smallest slopes (though, they are not unusually small) of aH the Sc-Bi ~a1l1pk". 

Fig.7.6 shows the Mott-Schottky plot for sample WC29, a Bi-Se-Pt structure. ln chapter 

6 it was seen that a Pt counterelectrode behaves like a low resistance ohmic cO!ltact. 

Therefore, the straight line portion of the curves in the back-positive direction in this figure 

correspond to the capacitance of the Bi-Se back contact rather th an that of the Pt 

counterelectrode. These curves are quite interesting, in that, they show a slope of about 

4xl014cm4p-2V-l, which is about the same as that observed for the Bi counterelcctroùc 

sarnples in Figs. 7.4 and 7.5. However, their intercepts, at about 0.40 volt for iOn Hz and 

0.25 volt for 1 kHz, are somewhat higher than those seen for the Sc-Bi samples. 1 Icncc. the 

barrier height values found for this sample are also somewhat highcr, at about 0.55 cV and 

0.40 eV for the 100 Hz and 1 kHz curves respectively. However, thc~e values are not Ibted 

in Table II. 

The Mott-Schottky plot for sample WC66, a Pt-Se-Pt structure, is ~hown in Fig.7.7 whcre 

4 curves for the frequencies 1 kHz, 10 kHz, 100 kHz and 1 MHz arc ~cel1. As IllCl1tlol1cd 

earlier, a Pt counterelectrode on Se acts like a low resistancc ohmlc contact anu ~() the 

curves in this figure correspond to the capacitance at the Pt-Se back-contact. Whde the 

curves for 1 kHz and 1 MHz have rather large intercept!>, thme for 10 and 100 kI Jz are ,>een 

to be more consistent at about 0.1 V. It is also found that the ~Iope~ of the 10 and 100 ki 1;.' 
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curves correspond to a carrier concentration value of about 2x1016cm-3 ll1is concentration, 

in turn, corresponds to a Fermi level in the bulk Se of about 0.18 eV ab ove the valence 

band. Thus, the barrier height of this Pt-Se back-contact was found from the 10 and 100 kHz 

curvcs ta be about 0.28 eV, as indicated in Table II( d) column 3. 

7.4 Barrier Heights from Photoelectric Threshold Measurements 

l11C barrier height of a Schottky junction can also be determined from photoresponse 

characteristics that are in the fonn of a Fowler plot, as explained in chapter 2. This section 

presents such result'i for severa! Se-Bi samples and represents the first time tbis method bas 

been used in this laboratory to de termine barrier heigbts. 

The Fowler curves for two samples, WC60 and WC63, bath on day-O, are shawn in 

Fig.7.S. The intercepts of the straight line region of each CllIve at lower energies are seen 

to he rclatively close ta each other, corresponding to Schottky barrier heigbts of 0.67 and 

0.70 cV respectively. These barrier heights, along with those found for other Se-Bi samples 

using this method, are listed in Tablc II(b) column 4, where it is seen that most of the 

values lie between 0.67 and 0.75 eV. Sample WC55, however, shows curves in Fig.7.9 for the 

two slit widths of 0.3 and 0.6 mm, each having a straight line portion between about 1.1 and 

1.5 eV with an mtcrcept value at 0.93 eV. This intercept is considerably larger than those 

sccn in Fig.7X Howcvcr, it was obtained from measurements made with photon energies 

bctwcen 1.1 and 1.5 eV. 111e intercept values between 0.67 and 0.75 eV listed in Table II, 

on the other haml. were ail obtained from mcasurements made witb lower photon energies 

• 
" 
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1 between about 0.8 and 1.2 eV. The Fowler curves for WC57 in Fig.7.10 also show an 

intercept value at 0.93 eV from the higher energy points but It should be noted that the 

curve for the 0.6 mm slit width shows a tendency ta a second straight line region, al lower 

energies, between about 0.8 and 0.9 eV, which has an intercept value at 0.70 eV. Thus. there 

appear ta be two different photothreshold energies present in this sample, one at about 0.7 

eV, which correspond~ to those seen for the majority of the samples in this study, while the 

other one, at about 0.93 eV, corresponds ta that seen for sample WC55 at higher energies. 

Note that a 0.70 eV threshold value was obtained with both a Naee prism (f-ig.7.H for 

sample WC63) as weil as a SiOz prism (Fig.7.10 for sample WC57). This consistency from 

one prism ta the other is more clearly se en in Fig.7.11, where the Fowler curves for WC57 

on day-lOO are shown. Both curves have a straight Hne portion between about 1.1 and 1.3 

eV with an intercept at 1.00 eV. Note also, however, that the NaCe curve has a ~econd 

straight line region between about 0.85 and 1.0 eV with an intercept at 0.72 eV. When the 

Si02 prism was use d, the photocurrent values were tao small ta measure in this energy range 

and so the corresponding points for this curve are absent from the plot. It is of further 

interest ta note from Figs. 7.10 and 7.11 that the lower energy intercept has remained at 

about 0.7 eV from day-O to day-lOO, whereas the higher energy intercept hall shifted up from 

0.93 eV on day-O ta 1.00 eV on day-IOO. 

7.5 Discussion 

A plot of the average of the barrier heights, CP~P' determined for each metal, Te, Bi and 
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Pt, versus the metal work function, <PM' is shawn in Fig.7.12. The points in this plot 

correspond to values obtained from j-V and C-V measurements. In addition ta the points 

for the metals used in this work., points determined by the candidate for a Mg 

counterelectrode sample are also shawn from previous work. Table III lists sorne of the 

result!l of this prevlOus work. It is seen frorn the plot that, in general, the barrier height 

decreased ali the work function increased for a given rneasurement technique, either j-V or 

Cp-V. This decrease in barrier height with work function was at least qualitatively consistent 

with that found from capacitance measurements by Chan (dashed curve in the figure) and 

suggests that the Fermi level in the semiconductor was not pinned at the interface by the 

presence of surface states [9] [10]. 

It is also of interest ta note that, as seen frorn Tables TI and III, there was a variation of 

barrier height values for a given counterelectrode metal depending on the rnethod of 

determination used. The barrier heights determined fromj-V characteristics were frequently 

higher than those determined with Cp-V measurements. The barrier heights determined 

from j-V measurements with variation of temperature. also known as activation energy 

measurements, from previous WOI k shawn in Table III, gave barrier height values that were 

different from those determined by both the room ternperature j-V and the Cp -V 

measurements. The Fowler plots gave barrier heights for the Se-Bi contact of about 0.7 eV, 

which was higher than that obtained from the other methods, though it '.'1as not rnuch higher 

than the 0.63 eV value obtained from the j-V measurements. If this 0.7 eV barrier height 

value is, ln bct. correct and if the voltage intercept value in the Mott-SchJttky plots is also 

the actual built-m potential of the junction, then it suggests that the Fermi level energy in 
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the bulk Se semiconductor was actually about 0.5 eV ab ove the top of the valence band, 

instead of only about 0.15 eV obtained from the (AjCp)2_V slopes, at least for the Bi 

samples. This corresponds to a free carrier concentratiùn of only about 1011cm·3, whlch was 

only about 10-5 that of the doping concentration NA found from the slope of the Mott­

Schottky plots. Thus, it is speculated that the free carrier concentration in the Se was far les~ 

th an the apparent acceptor concentration and, it is further speculated that, a high 

concentration of acceptor-like trapping centres in the Se layer was responsihle. 

The barrier height values determined from the j-V and Cp-V data were seen to be doser 

ta each other for the Tt samples (0.05 eV difference) than for the Bi counterelectrode 

samples (0.3 eV difference). This may have been because of back-contact effect~. These 

effects would have been less apparent for Tt samples because of the large Se-Te barner 

height, which resulted in the front contact dominating the reverse charactenstics. On the 

other hand, Bi samples had a somewhat lower front contact barrier height which was not 

50 dominant over the effects of the back-contact. Thus, the barrier heights determined from 

the Cp· V data for the Bi front-contact samples may have been unusually low also because 

of the influence of the back·contact. 

It was also seen in the Fowler plots that two straight line regions of the Fowler curve were 

present, giving two distinct intercepts. It is speculated that, while the smaller intercept wa~ 

due to the barrier height of the Se-Bi interface, the larger one was due to the prc~cnce of 

a deep level in the Se at an energy near the middle of the gap. Holes froIT' thl~ lcvel In the 

depletion region of the Se layer may bave been excited mto the valence band and 'iwept into 

the bulk Se by the high field of the depletion region. Thus, an additional contribution to the 
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photocurrent would have been made and this resulted in a change in slope of the Fowler 

curve that corresponded to a second apparent photothreshold value. The additional 

photoresponse from this level was seen in this work to be comparable ta that from the metal 

itself. TIlis would suggest that a very high concentration of trapping states was present. It 

was abo seen that the high~r intercept shifted up somewhat with storage time. It is further 

speculated that the deep level was the result of the diffusion of Bi into the Se. The energy 

of the level th us changed as the Bi atoms tended toward an equilibrium level between the 

Se atorns of the cry~tal lattice. 

Of course, the photoelectric measurernent technique had sorne degree of error associated 

with it. The largest source of error came from the fact that the incident beam was not 

actually monochrornatic. In fact, as mentioned eariier in chapter 4, the beam was made up 

of a range of wavelengths Al, amounting to about 10% of the middle wavelength. This 

corresponded ta an approximate spread in the Eph value of about ±5%. Other sources of 

error inc1uded the wavelength calibration, accu rate to 0.01 J.'m (Iess than 2% error) in the 

wavelength range used here and the photocurrent v:llue ~h' which was accurate ta Jess than 

5%. It is seen from Table II(b) column 4 that, 6 out of 7 Se-Bi samples showed barrier 

height values within ±4% of 0.71 eV, which is consistent with the limits of accuracy of this 

photoelectric technique. It is also seen that, despite a change of slit width from 0.3 to 0.6 

mm, which corresponded to a doubling of the wavelength interval AÀ, the intercept of the 

Fowler curve for cach slit width was the sarne. This was consistent with the fact that both 

~lit widths corresponded to quite narrow wavelength intervals anyway (less th an 10%). 

Furthermore, both the NaCi and the Si02 prisrns gave the same intercept value for a given 

134 



sample on a given day. Thus, the barrier height values determined were quite consIstent. 

despite changes in the monochromator prism. A contribution to the photocurrent may have 

also come from the Bi-Se back contact junction. This is because the long wavelength 

photons not absorbed at the front contact, with energies less than the gap energy of S(~. 

would pass right through the Se layer to the Bi-Se back-contact junction. A photocurrcnt at 

this junction would also result causing an additional source of error. However, it is believeù 

to be insigificant from photoelectric tests (not presented in tbis thesis) made on BI-Se-Pt 

samples WC64 and WC65. Here, the Pt counterelectrode behaved like an ohmic contact anù 

under illumination the photocurrent of the samples was immeasurably small, even under 

strong white light. 

The three main methods of barrier height determination described in chapter 2 were used 

and while these theoretically should have yielded the sarne values, in practice there were 

many experimental difficulties which rendered the barrier height values uncertam. Until 

ways of overcorning these are found or until realistic corrections can be made, any value~ 

determined must be taken as only preliminary. 
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Table lI(a) 

Se-Tl samples 

cPbp (eV) 

sample from 

number j-V Mott -Schottky 

WC35 0.82 --
36 0.74 --
37 0.82 0.77 

38 0.80 0.51 

39 0.82 0.77 

40 0.82 0.77 

41 0.82 0.77 

43 0.82 0.76 

44 0.83 0.66 

45 0.81 0.72 

46 0.74 0.60 

48 0.77 --
49 0.82 0.71 

52 0.83 --
53 0.84 --
54 0.82 0.70 

61 0.82 0.67 

62 0.82 0.70 

AVE. 0.81 0.76 
( 
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Table lI{b) 

Bi-Se-Bi samples 

sample 

number j-V 

WC24 --
26 --
27 --
32 0.61 

33 0.63 

34 0.61 

42 0.66 

55 0.65 

57 0.64 

60 062 

hJ o '-' .6_ 

·\\'E 0,63 

~bp (eV) 

from 

Mott-Schottky 

0.35 

0.23 

0.27 

0.34 

0.35 

0.29 

--
0.42 

--
0.33 

0.30 

0.32 

.--

Table lI{e) 

Pt-Se-Bi samples 

t/lbp (eV) 

sample from 

Fowler number j-V Mott-Schottky 

-- WC30 -- 0.27 

-- 56 -- 0.26 

-- 58 0.62 --
0.70 59 ~- 0.28 

-

0.75 

0.72 

--
0.93 

0.70, 0.93 

0.67 

0.70 

0.71 



( 

( 

Table III 

Table lI(d) 

Pt-Se-Pt samples 

sample 

number j_v(a) 

WC31 0.5 

WC66 0.5 

q,bp (eV) 

from 

Mott -Schottky(b) 

0.47 

0.28 

(a) Estimated barrier height values. 
(b) Barrier heights here were determined 

from back-positive <;-V data 

Results trom previous studies by the author. 

cl>bp (eV) 

from 

structure sample j-V Mott-Schottky (j-V) vs T 
number 

Bi-Se-Tl WC16 0.80 0.76 0.55 

Bi-Se-Bi WC14 0.62 0.36 0.45 

Bi-Se-Mg WC18 0.92 1.02 0.78 
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8. GENERAL DISCUSSION 

While brief discussions of the results were given at the end of each of the last three 

chapters, it is helpful in the present chapter to present a more comprehensive review of the 

results of the thesis as a whole. As is the case in many intensive research undertakings, the 

study provides sorne answers but also raises many more questions. 

The most interesting result of this thesis is that diodes of this work showed non-Faraday 

inductive behaviour at low frequencies. This inductive effect. it is believed, was the result 

of high level injection into a thin semiconducting selenide layer that formed with storage 

time between the contact metal (Le. the rectifying contact, which was the front contact for 

the Tt and Bi counterelectrode samples and the Pt back contact for the Pt-Se-Pt samples) 

and the selenium, as illustrated in Fig.S.l. It is suspected that the formation of this layer was 

accelerated in sorne cases by inadvertent heating of the sample during the fabrication 

process. This inductive effect W3.!i observed ta be strongest and ma st consistent for samples 

made with a Tt counterelectrode where, indeed, TiSe was detected by x-ray diffraction but 

not confirmed to exist as a well defined thin layer from SEM photographs. The inductive 

effect was weakest for Pt contact sampi es. It is suspected further that this is due, in part, to 

the fact that Pt was the least reactive, while Ti was the most reactive element of the three 

metals. Therefore, while a substantial quantity of TiSe formed in the Tt samples in a 

relativley short time, this was not the case for the rectifying contacts of Bi and Pt, which had 

a much slower rate of reaction with the Se. ';Vith very long aging in the samples with a Te 

counterelectrode the inductive effect was found ta decrease. This can be explained, 

qualitatively, by a lessening of the injection of hales into the n-type TeSe layer as this layer 
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widens in comparison with the hole diffusion length. It should also he mentioned hcre t hat. 

a semiquantitative calculation [20] postulating an equivalent circuit model with an tnductor 

present explains how the capacitance retumed from a negative value to a pOSltlve value a~ 

the forward bias was increased. This model also explains, qualitatively, how the magnitude 

of the negative capacitance values decreased as the frequency increased. 

Another very interesting result was the observation of minima in the Cp- V curves. ll1i~ 

was despite the absence of any anomalies ln the j-V and Rp-V characteristic~. It l~ 

speculated that these capacitance minima were due to deep levels [21] in the Se. Accord mg 

to Roberts and Crowell [21] the energy of such a level above the valence band edge 

corresponds to the voltage at which an inflection point appears in the C p-V characten~ tic-;, 

This energy is determined by subtracting the voltage at the infIection point From the harner 

height potential. Now, it was observed that many of the Te sarnples had such an tnflectlOn 

point at about 0.2 volt, while Bi counterelectrode samples showed an inflectlOn point at 

about 0 volt. If the barrier heights are taken to be about 0.8 e V for Te sampi es and about 

0.6 eV for the Bi samples (i.e. the barrier heights corresponding to those found from j-Y 

characteristics), then the deep level deterrnined in both cases turns out to be at around () () 

eV above the valence band edge. Multiple minima were also seen in ~ample~, parti cu l:.!ry 

those for aged Te samples. This would suggest that there were multiple levcl ... pre~ent Il 

is speculated in these cases that these extra levels were brought about by the diffu ... lOn 0/ 

metal atoms from the counterelectrode into the Se layer. The mmima ~ecn at low voltagc:-, 

corresponded to levels deep in the gap, while the mimma at hlgher voltages corre~p()nded 

to levels which were not as deep. It was reponed abo, however, that a mimmum in the Cr: y 

curves can occur as a result of a parallel combinatlOn of a capacitor and resl~tor 111 "CriC" 
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with a dIOde [18]. Since the minimum in this case would appear at a prescribed CUITent, the 

voltage at which it occurs would also be dl!pt:ndent on the met<1! used at the 

countereJectrode, as each metal gives a different barrier height ta Se. This vc.lt:!ge would 

inerease ~ the barrier height of the diode increased. Thus, samples with low b?rriers would 

show a capaeitance minimum at a lower voltage than samples with high b~iers. This was, 

in faet, observed in this wode, as the large barrier height Te sampl-:,s in general displayed 

minima at hlgher forward voltages than the low barrier heig~Jt Bi and Pt sampI es. In the 

~amples of thls work, this extra capacitor and resistor, it if suspecte d, would arise frorn a 

non-ohmic back-contact. 

Slorage in air aging also had sorne interesting effects .)fi the current-density versus voltage 

characteristies. The forward current-density deereased monotonically with storage time for 

Se-Te samples in a similar manner to that reported by Pan [2] [12]. Pan attributed this 

deerease to the conversion of the Te counterele-:trode to Te2C03, an insulator, which 

resulted in an overall increase in the resistance of the àc~~~'" - While this carboTlate was also 

observed in several sample~ of the present wode, in other sampks, ""!:~re the decrease in 

forward current-density was aiso very apparent, it was not likely ta have formed, smce their 

counterelectrodes were completely covered bya protective indium layer. Chan [3], on the 

other hand, suggested that the decrease in forward current-density was due ta the formation 

ofTeSe at the Te/Se interface, which resulted in an n-type TiSe/p-type Se heterostructure. 

Thu~. the forw..lrd current-density decreased because the n-type TeSe had far fewer carriers 

than Te rneta!. The ideality factor and the reverse current density also changed with storage 

rime. in that. they both increased. lt is suggested that this effeet was also due to the 

f formatIon of the TeSe laver. The lattIce mismatch between the TeSe and the Se [14] 
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resulted in a high density of recombination traps at the interface. Ali the TeSe grew the 

effeet of reeombination resulted in an inerease of the ideality factor and the reverse current­

density [9] [10]. In fact, even a freshly made Te sample had an overall tendency 10 yield a 

larger ideality factor if its reverse CUITent was large, as shown in Fig.8.2. where the 1 volt 

reverse current density jRcv is plotted against n-l. Plotted also are the jo values of several Se­

Ti samples. It is seen in this ease aiso that the ideality factor increases as the Jo increascs. 

The emergence of this recombination may also have contributed to the decIine in the 

negative capacitance effect mentioned earlier, since injection of carriers into the TeSe would 

have been lowered as weIl. 

Chan [3] also suggested that the formation of a TiSe layer in the Se-Ti s~lmples had an 

effect on the Mott-Schottky plots. In this case, he stated that the depletion reglOn extended 

into the newly formed TiSe layer, where there was a carrier concentration lower than in the 

bulk Se. This resulted in Mott-Schottky curves that became steeper as the TeSe layer grew 

thicker with storage time. In this work too, such an aging effect was observed ln the Mntt­

Schottky plots for several samples of this type and it is believed to be the result of the 

selenide layer formation as just described. 

It was seen also in this work that, Pt counterelectrode contacts deposited on to the Se by 

evaporation were of low resistance. In fact, as mentioned previously, the evaporated Pt 

contact to Se in a sample was always of lower resistance than the Bi or Pt back-contact. ThIs 

resulted in a rectification direction opposite 10 that usually found in Te and BJ 

counterelectrode samples. Pt back-contacts, however, were not seen to have thc~e low 

resistance properties and in fact showed recufying characteristIc~. Ir I~ believed that the low 

gap energy semiconductor PtSe2 (Eg = 0.1 eV [16]) formed at the Pt front-contact and w:t" 
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rc~pomiblc for the low re~i~tance path to the Se. Thi~ compound would not normally form 

al the Pt back-contact hecallse the temperature~ involved in the formation of this interface 

during the Se deposltion (Se melting point 217 oC; substrate temperatllre 130°C) are 

bclicvcd 10 be too low. Thercfore, the back-contact, in this ca!le, was es~entially a Schottky 

Junct!oll bctwc>en the Se and the Pt. On the other hand, the selenide is believed to have 

formed al the front contact ~ince the evaporation of the Pt du ring the deposition invoIved 

a much higher tempe rature process, as the melting point of Pt is sorne 1769 oc. Sorne 

prclnnillary heat-treatment studies (not presented in this thesis) on a Pt-Se-Pt sample have, 

ln fact, ~h()wn that the hack-contact resistance decreased after heating in N~ gas al BOoe 

for 9X hOllr~. It b believed that, in thi~ lime PtSe2 formed at the back Pt-Se mterface to give 

a lo\\' re~l"tance contact. In any case, it ~eems that Pt as the back-contact can give a low 

re~l~tance path to the Se if the Junctlon i~ heated for a period of time. 

Barrier heighb of Tt, Bi and Pt contacts to Se were determined fromj-V and Cp-V data 

and in the case of Bi, also from photoelectric measurements. It was seen that the barrier 

Iwight value (II li, in fact, show a decrease with increase in rnetai work function de~pite the 

pre"cnl'e of "mface ~tate~. Thu'i, plI1nmg of the Fermi level, due 10 surface state~, ln these 

"tructllre" tlld Ilot appear to lw very Important. It was also seen that the bdrrier values 

deterrnilll'd l'rom the capacitance data were frequently lower than the values ohtained from 

tht' .1- V characten<.,lic~ They \Vere also lower than the values determinccl from the 

pholOeleC!IIC l11('a~urentent~ In the ca~e of Bi sample~. It i~ speculateJ that the value \\'a~ 

10\\ hccall~l' of an ()\'erè~tImate of the free hole concentratIOn 111 the Se. The free hole 

~:oncentrallon 1" bchevecl 10 be much lower than that obtained from the ~Iope of the Mort­

Schottky l'lIf\'è~ and it is suspected that a presence of a large concentration of immobile 
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centres i!ol responsible. While sllch centres were probahly relatively ~halh}\\. tht'rt' may abo 

have heen many deeper-Iying trap~ located neur the middle of the gap of tht' Sc Tht'~l' 

latter trap~ could explain the !oIecond hlgher encrgy pho!Ock'ctnc Ihrc.,llOld valUt' ()h~t'f\t'd 

in the Fo",ler plots of the photoelectnc mea~lIrement~. Ot ('our~c. hy thl' ~al11c rt'a~ollillg, 

il can be argued that the 0.7 eV barrier height value determined \Vith the Fo\\'ler l'lIIVl'" \\'a~ 

actually clue to yet another shallower level and not due to the Se-Bi junction barrler 11eighl 

at ail. Therefore, in this ca!ole the barrier height may be suhstantially ~l1lallel than () 7 e\' 

ln any event. it is clear that the barrier helght value determlllcd 1" difterclll tOI e:ll'Il III the 

method!ol employed. It is therefore belteved thal the structure.., stmlIed herl' were Illllch mOll' 

complicated than the simple Schottky mode!. 

Although thi:., 1S the first ume photoelectrrc measurement!ol have ht:LIl /llade III Ihl., 

laboratory to determine barner heights, il is nevertheles~ believed that the IllCa.,UI l'Illl'Iltl, 

themselve~ \Vere quite accurate. However, it i.., abo believed that the ~ample., \Vcre not pUll' 

Schottky Junetions and so the results obtained from the~e mea~lIrCIllClll., \vell' ..,omew\1:d 

1I1lcertain 

Fabrication parameters are helieved to have had a strong efrcet 011 the c:ll'ctrlcal 

properties of the diode~. For Instance, hetter reetifier!ol re~ulted j rom ..,ample., I1wlk wllllloll,L' 

Se depO!ollliol1 time~ (about an IHllll Of more) a., (Jppo.,ed tu ..,all1plt:.., IIIdlk \\'III! \'t..'I\ .,IHIII 

depo"ition lime ... (~minute.,) It i.., thus helieved that the ll1orphology 01 the ~l' 111111 \Val, 

quite dlfferent for the two depowion rate ... ami thl., re~llited ln vef\' ddlerl'lIl t.:kcIllcal 

eharacteristle~. Another very interestmg parameter wa ... the BI had-contact layer tltlckll(·"". 

Samples made with a thick (1 to 3 /-Lm) Bi haek-contact werc ~ecn to ..,how a 11Igher lorw:tnl 

eurrent delNtv than "ample~ made wnh thinner BI bac~-contach hlrtht.:rlllflll', BI-~('-BJ 
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samples made with a thin Bi back-contact were seen to show semi-symmetrical Mott­

Schottky plOL<; similar ta what is expected for a back-to-back diode structure. It is therefore 

speculated that thin Bi back-contact layers only partially covered the surface of the At 

substrate. Thus, the A~ substrate was exposed in certain areas ta the Se, giving rise ta high 

resistance A~ -Se contact areas. Another possible explanation is that the thin Bi layer was 

completely consumed in the formation of Bi2Se3 at the back contact during the Se 

deposition. Thus, the back contact was actually a heterojunction of the form At-Bi2Se3-Se, 

which was rectifying, since the At did not make an ohmic contact ta the selenide. A thicker 

Bi layer would not have been cornpletely consumed, sa that the back-contact junction would 

be of the form Bi-Bi2Se3-Se and in this case the Bi provided an ohrnic contact ta the 

~elenide. The selenide here has such a low gap energy (0.35 eV) that it would rnake only 

a weakly rectifying contact ta the Se. The effect of the Bi b'ick-contact thickness was not sa 

apparent in samples made with a Tt counterelectrode because the barrier height of the 

front contact is 50 high that the CUITent through the device is tao low for this effect ta be 

~een, even at 1 volt in the forward direction. Furthermore, it is believed that the back­

contact abo had a strong effect on the determination of barrier heights for the Bi 

counterelcctrode samples. This would explain why the barrier values found from the Mott­

Schottky curves for these sarnples was unusually low. 

The que~tion arises at this point as to why negative capacitance is not believed ta have 

come from the BI back-contact or the Pt front-contact. After aIl, the fabrication of these low 

re~istance contacts, lt is speculated, resulted in the formation of a selenide and such 

selemde~ are believed to have been responsible for negatlve capacitance. It should be 

clarifIed that the two effects here (low resistance and negauve capacitance) are believed to 
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" be dependent on the quantity of the selenide involved. The Bi back-contact and the Pt lront-

• 
contact are believed to have had relatively thick layers of selenide present. Therefore. a~ 

discussed earlier, with such a large thickness, the negative capacitance effect from these 

contacts would have been virtually insigruficant. 

It was seen that most of the Mott-Schottky plots of this work displayed ~lope~ 

corresponding to a nominal hole concentration of about 1016 cm·3. However, severa) freshly 

made samples, particularly those where the back-contacts were rectifymg, had Mott-Schottky 

plots with slopes of about 10 times larger than usual for voltages where the back-contact wa~ 

reverse biased. This suggests that the nominal hole concentration in the Se layer al these 

back-contacts was about 1/10th that at the front-contacts. It IS speculated that thl~ 

concentration value was somewhat low for two reasons. First, out-diffusion of dopant Ce 

atoms from the Se layer may have occured during the Se deposition process. Tlll~ would be 

of greater extent at the back contact since the Se deposited here was at an elevated 

tempe rature (130 oC) for a long time (virtually the en tire deposition time), wherea~ that 

deposited at the top of the layer was at this temperature for a much shorter time. Second. 

during the Se deposition, the molten Se in the crucible would become more and more 

concentrated with dopant impurities as the Se evaporated. Therefore, as the depml lion 

proceeded the Se evaporant and, hence, that deposited, would have had a hlgher and hlghcr 

dopant concentration. 

Measurements of Rp versus V at different frequencies showed that for r~ver~c hla:-, 

voltages in Te and Bi samples and for back-negative voltages with Pt-Se-Pt ~amplc\ Iherc 

was a large dispersion with frequency. In the oppo~ite voltage polarity the dl~per""lOn wa<., 

mu ch smaller. It was also observed that both Cp and Rp tended ta become le~'i and lc...,,, hla" 
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dependent a~ the frequency was raised to above 106 Hz. In several Te samples, the Cp-f 

charactenstic!:' showed a tendency to a plateau at frequencies above about lOS Hz for 

forward bias voltages. Sinular characteristics were also observed by previous workers [2] [3] 

[ 15 J and they explained them at least qualitatively with a simple circuit model involving a 

diode in series WIth a parallel combination of a capacitor and a resistor. In the samples, this 

extra resistor and capacitor combination, it is speculated, would arise from an imperfect 

back contact. This model, however, does not explain the appearance of inductance in the 

samples at low frequencie~. The model also predicts an ~ oc 1/f dependence, whereas most 

of the samples in this work showed a dependence doser ta Rp oc 1/f. It also falls short of 

explaining the appearance of multiple minima in the Cp· V characteristics. In any case, more 

analysis of this nature is required, possibly involving a model incorporating an inductor 

similar ta the one proposed previously [20]. 

In many of the Se-Te samples it was observed that the CUITent density showed a 

dependence of the form j oc vP, where p was somewhat high between 3 and 4. An ohmic j-V 

dependence would have p as being equal ta 1 and a space-charge limited CUITent would 

show a dependence where p = 2. It lS speculated that the high p value in this work was due 

ta high level injection as explained here. As the forward voltage was increased, injection 

became stronger and stronger and sa the overall resistance of the device decreased more 

and more. Thus, the current through the device increased at a superlinear rate dependent 

on the injection level. With high-level mjection the p value would have been qmte large. 

Such a high p value was not found for the Bi and Pt samples hecause their injection levels 

are believeù to have been much smaller, since their selenides did not fonn as readily at the 

<1 rectifymg contact as did TtSe in the Te samples. 
,1,. 
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Though the barrier height values determined for Te. and Bi sarnp\es were similar tu those 

obtained by Pan [2], other electrical characteristics were sornewhat dlfferent. The most 

striking differences were the observation of negative Cp value~ a t low frequcncy (cven at 1 

kHz) and the higher and more consi~tent forward CUITent densltIes observcd 111 the present 

work. It is believed that these differences were mainly the result of fahncatIo!1 ùlfference~. 

Samples in the present work were made under c!eaner conditions. Therefore, the interfaces 

between the Se and the metal films were more intimate and uniform In the present work 

and therefore, more conductive. This, it is believed, resulted in larger and more consistent 

current densities but also a higher chemical reaction rate between the Te and the Se in the 

Se-Tt diode cases, which in turn resulted in a more immediate appearance of negative 

capacitance. With the cleaner systems a better Bi back-contact was abo expccted. According 

to Werner et. al. [81 a more ohmic back-contact would also result in a "tronger mductive 

effect. Furthermore, the smaller resistance of this ohmic back-contact would not he a~ 

apparent in the high frequency portion of the resistance versus frequency curves. This may 

explain why in the present work a plateau in the R p -f characteristics was not seen at high 

frequency, while it was seen in Pan's work. 
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metsoe'i metal 

41-. _""'-_1---1· -- r4~w~Zf ;:tal-selenide 

freshly made after storage 
time of t days 

F"tg.8.1. Cross-section of actual sample structure believed to be 
present when freshly made and ufter a lime, t-days, in slorolge. 

(n-l) 

F-'g.8.2. Plot of rever..e current·del1sityat 1 volt and jo value agatnst 
(n·l) for Se-Tt ~ample'i on day.o. 
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9. CONCLUSIONS AND FURTHER WORK 

Thi~ chapter first present~ sorne conciLlsion~ that can he made l'rom the prl''''~111 \\ or k antl 

then sllgge~t~ sorne further stl1die~ to an~\Ver p()~~ihly ~ol1le ql1estlllll ... \\'hlch aro'l' Iwm Ihl' 

and other ~llIdie~" 

9.1 Main Conclusions 

The fir~t conclusion is that non-Faraday inductance ha~ heen ()h~crved m ... Inlctllf l· ... uf tlll' 

work at Ie'\\' frequency, whether they were made \Vith Te, BI O[ Pt WlllaCl ... 'l'hl' 'I[l'Ilgtlr III 

thi, Iflductl\'e efl'ect wa~ largest for the Te !'Iample~ and changed wlth ~tora!ll' IIf11l" It l' 

hclie\cd thal thi" cHecI WU" the re\ult of holc injection l'rom the p-tvpl' Sl' IlltU:l 111111 Il-t\pl' 

..,elcnide layer that formed ut the recufymg melal-Se contact The growlh 01 Ihl' lavl" \\'(luld 

accoullt for the change ... ~een ln th~ inductive' effecl o"cr Ihe ... Ioragl' liml' pl'IIOt! 1 {II Ilrl 

Te-Sc ~al11ple~. Jt \\'a" the sernlcondllctor TeSe that lormcd. a, dl'tl'rt11lJll·tI fr()1Il \-1:1\ 

diffractioll analvsi~ 

The ne\l majo[ conc\w.ion 1.., that a lo\\' re~i ... tance contact tu Sl' can hl' O!Jt:lllll d \\ IIIr 

ellher a BI hack-contact. where the Se I~ depo"ited on 10 a BI layer, Of \VIth :1 l't f 111111 

contact, \\ here the Pt i~ e\'uporated on 10 the Se, It 1" belicved thal li ln\\' [e"l<.,tallll ({ Il1t:lll 

re~lIlted becallse of the formation of lo\'.' gap enetgy ..,emicolll'ucting <.,c:kllldl''' (lI BI (BI ,\l' ) 

and of Pt (PtSe:J al the Interface, 

Anothèr malor C()nclll~l()n that can hl: made tWill thl" \\ork l, lllllt tlll !J;trill'i 11I.:1~'1!1> II! 
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the sample~ do depcnd on the metal used as the rectifying contact. It was seen, in faet, that 

the barner hcight decreased as the work function of the metal increased in agreement with 

what is expected for Schottky diodes WIth few surface states. However, the barrier height 

values found from the cuITent-voltage, capacitance-voltage and photoelectric measurements 

were dlfferent from e(Jch other. 

Consistent photothreshold values for Bi samples of tbis work were detemiined in tbis 

laburatory for the [irst time using the photoelectric measurements technique described. This 

technIque should provide an additional and important means of further characterizing more 

~amples made in this laboratory. 

9.2 Further Work and Recommendations 

It is c1ear that a great amount of work is still required to answer the questions raised in 

thi~ work. This section describes what the candidate thinks aught to be the irnrnediate set 

of experiments in the on-going study. 

9.2.1 Net;dtive Capacitance Studies 

Studie~ should be undertaken to determine if, in fact, a selenide layer is responsible for 

the inductive effeet. TIus wou Id involve more aging studies and even heat-treatment of T.e, 

Bi and Pt samples. It IS recommended that these heat-treatments be do ne in an inert 

atmosphere and at a relatively high pressure (i.e. 1 atm) ta avoid atmospheric attack and 
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reevaporation of the films. Along with the electrical measurements. more x-ray (hffractHH1 

(XRD) and scanning electron microsopy (SEM) analyses would he in oroer. lt I~ 

recommended that x-ray photo-spectroscopy (XPS or ESCA) also he performed Thl~ 

analysis technique would provide information as to the exact ~tructure of the ~;Hnplr~ h~. 

determining what compounds are present and in what regiom. In eS!-Ience, ESC:\ would 

determine whether a selenide layer really was located between the metal and the selenium 

and also how thick this layer was. 

The effect of a selenide at the interface could also be examined hy IIltentlonall\' 

depositing the selenide on to a Se layer to farm a heterostructure. Such a sampk Il 1" 

expected would be more stable chemically and so measurements from day to day would he 

more consistent. 

Experiments dught ta be carried out ta detennine whether or not heating of the ~all1plc 

is, in fact, taking place during the counterelectrode deposition step and If thls hcatIng rc"ul t" 

in negative capacitance values in the sample!! on day-O. If tbis doe!! turn out 10 he the Gl"l'. 

a sample cooling apparatus for the counterelectrode deposition step would he helpl111 ln 

reducing this effect. 

9.2.2 Cp-V Minima Studies 

Efforts ta determine the cause of the mInima ln the Cp- V characten..,tJc~ aught a\-'o te) hl' 

undertaken. Making capacItance measurements at different temperature<., would provJ(!c 

useful information, sm ce any deep levels present would hecome <;lower a<., the tcmperatllre 
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would drop 50 that the minima would become Jess apparent. Of course deep level transient 

~pectroscopy (DLTS) w(JUld also be helpful in this study, provided it is carried out at a 

~ufficiently low frequency. In either case, care will have to be taken to ensure that the 

sample~ are not meversibly changed by tempe rature cycling. 

It wa..~ ~uggested that atoms diffusing into the Se layer may be responsible in part for 

thesc mmima, as these atoms may introduce deep levels. Secondary ion mass spectroscopy 

(SI MS) would be quite helpful in determining the identity of su ch atoms, as weIl as, their 

distribution in the Se. 

9.2.3 Bi and Pt Contact Studies 

lt b believed that the low resistance nature of the Bi and Pt contacts to Se was actually 

due to the formation of a small gap energy semiconductor, either Bi2Se3 or PtSe2, at the 

interface. Further efforts in heat-treatment, as weIl as, more mate rials analysis studies of the 

structures, hke those mentioned above (XRD, SEM, ESCA), would provide useful 

information a.'-I tu whether this, in faet, is the case. 

It woulu abo be useful to fabncate samples with varying Bi back-contact thicknesses ta 

confirm the bchet that thlck (1 to 3 }.Lm) Bi films result in low resistance contacts to Se. 

wherea..'1 thinner BI films are recufying. A good choice of front contact would be Pt, as lt 

\Vould be of low resistance. 

Dcposltmg a Pt front contact by sputtering may prove to be a useful technique for getung 

a Schottky Sc-Pt mterface. By sputtering, the energy of the free Pt atoms could be much less 
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than that when the Pt is evaporated. This would result In virtually no chemlcal reactlOI1 

between the Se and the Pt, sa that no PtSe2 is formed at the from contact. 

While Bi and Pt metals have been se~n to give low resistance contact~ 10 Sc other 

materials might also. The metaI Ni was employed in commercial Se rcctifIcrs a~ the hack­

contact. Therefore, studies should be carried out in this laboratory 10 ~ce If NI make~ li good 

low resistance contact to Se. Tellurium, Te, has previously heen used ln this lahoratory a~ 

the back-contact material [3] and it would be of interest to perform expenment~ 10 compare 

this type of back-contact against Bi. Pt or even Ni contacts. 

9.2.4 Barrier Height Studies 

Barrier heights determined for samples with metab of even lower work functlOn than Te 

or Mg (e.g. Ba, Ca, Y) would give more insight into the dependence of barner hCIght and 

work function. Such low work function metals aught to have very large barner helglm The 

rectification ratio of su ch samples might be even larger than the 5 order~ of magm tu de 

found for the Te sampI es. Of course difficulties wIll anse due to the reactlve nature of the 

metals memioned here. A metal protective layer, hke the In layer u~cd for the Te ~arnple:-, 

of the present work, might be sufficient to Inhiba atmospheric attack. 

lt would also be very interestmg to determlOe the bamer hClght value') wlth the 

photoeIectnc technique for ~amples with Te and Pt contact~ tn ~ee if the ... c valiH~" 

correspond to those found from the j-V or Cp- V measurcment ... Such a ... tudy would glve 

more msight mto the question of whlch technIque I~ the mmt relIable for deterrnl111Ilg 
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harricr hcight~. 

Finally, it is rccommended that sorne samples be made with single crystal Se instead of 

Ît~ polycry~talline form. The results obtained from su ch samples would be more consistent 

and, thcrcfore, more easily analyzed and understandable. Furthermore, materials analyses 

would be grcatly facihtated, since the layers in these structures would be expected to be 

hetter defined. at Icast when freshly made. 
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APPENDIX 

This appendix shows the results of sorne SEM x-ray fluorescence (XRF) analyses that 

were made on Se-Te samples WC49 and WC54. A typical analysis run consisted of scanning 

the electron beam of the SEM across the cross section of the sam pie and measuring the 

resultant x-rays emitted. Each element has its own characteristic x-rays, so that the elements 

encountercd by the beam could be identified. With the beam scanning across the cross-

~ection of the ~ample a qualitative distribution of the elements in the structure was 

obtained. 

Fig.A.I shows the result of such a scan on sample WC49. Here, distributions of Tt, Se 

and Bi are seen as plots of x-ray detector counts against position across the sarnple cross-

section. The count!l value on the vertical scale is proportional to the amount of the element 

present. Note that these are only qualitative distributions and do not represent the relative 

proportions of the elements compared to one another. Nevertheless, it is seen that there is 

a large amount of 2i indicated on the left band side of the figure, corresponding to the Bi 

back-contact layer. A large arnount of Se is indicated in the middle portion of the plot, 

corresponding 10 the Se layer in the sample. A large amount of Tt is present at the extreme 

right of the ~can. WhlCh corresponds to the Tl. counterelectrode layer. Note in this figure 

that while the Bi/Se Interface appears ta be relatively abrupt, the Se/Tt interface is not so 

weil defineJ. In t'aet lt seems that sorne Tt has diffused into the Se layer as far as about 

15":'c of the \Vay through the Se layer. Evidence of such diffusion was also seen frorn the 

SEM photograph~ of the back-scattered ele:tron images of Fig 5.31 presented in chapter 5 

section 5.3.t). Fig.!\.2 l~ the ~ame type of scan but on sample WC54. This figure shows much 
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better definition of the Se/Tt boundary than for WC49. The SEM photograph of sample 

WC54 in cross-section, also in Fig 5.31, showed a well defined Se/Tt interface as well. 
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