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ABSTRACT 

' •• t" 

Rectifying selenium diode structures' have been made by 
~ 

evaporating metals on to a lay~r' of crystallized selenium. "' ' 

These diodes were Al-Bi:Se-metal or Al-Te-Se-metal 

~tr~ctures, where the metal wasAeither Cd, Tl, Au or Bi, The 

highest forward ,current and lowest rect,ification ratio were 

observed wi'th a Au , .• counterelect<rode , a~ising from its hi'gh 
" ' '( 

work functt'tSn. - The high·est rectification ratio was observed 

with Tl due to its low w~ function but Se-Tl diodes showed 

a,degradation of rectifica~\on with time and post-fabrication 

'heating:-- Barrier heights, obtained from capacitance 
\ 

" 
r-Mott-Schottky plots, were found to decrease consistently with 

• increase of metal work function an? from this variation the 
.." 

density of interface states between the selenium and metal 

was es tima ted to be of the order of 10 14 cm- 2 
, ' White the 

counterelectrode metal mainly,controlled the current-voltage 

characteristics of the diodes, the backa- èontact a1so had a 

detectable influence, in that a lower series resistance was 

found using polycrystalline tellurium as the back cont'act 

material in the place of bismuth, An anomalous capacitance 

min/imum was observed in plots of capacitance agai~st bias 

vo~tge ~n several diodes. In Se -Tl diode.. thi. anom.lou. 

capacitance dip oCè~urred at a smal1 forward bias, whereas in 
.. 

~ 

Se-Aû and Se-Bi di'odes, dips were also observed but near zero 

bias." Dispersion of capacitance a'nd resistan"ce in the diodes 

wi th frequency up to ~out lMHz could be large ly exp la 1ned ~y 

/ ,/ 

• 
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the deple t{on layer, and capaci tance-
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contributions from the selenium ttself. 
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Des dlodes à redressement au sélénl,Llm ont été' fabriquée9-

_, par évaporatIon de métal\:: sur L1ne. couche,~ 'sélén~L1m 

crI staill sé. Ces dIodes aval ent L1ne structllre. Al -81-Se-méttll 

Oll AI-Te-Se-métal, 0'(\ le métal étal t SOI t du Cd, dll Tl. de 

l'Au ·OL\ du BI. Les plus hautes valeLlrs ;e c:ou~t dIrect et' 

1E's pllis faIbles rapports' de redressement 'ont été observés 

avec une contre-él ectrode en or; cel a est du à 1 a hautE' 
~ .. 

fonc!lon de travaIl de l'or. C'est Tl le qlll a f QI.lrn l 1 e 
4Jr 

rapport. de redres:,sement le plus élevé, grac:e à sa fO,nc:tIon de 

trava'll nlOlns élevée. mcu'S les dIodes au Se!..Tl montrent une 

dégradatl on de redressement avec le temps OLl lorsqu'elles 
, 

sont e:: posées à l a chal eur, après fabrl cat 1 on. On a constaté 
" que 1 es haut ellrs de batri èr e, déternH nées par de~ tracés de 

capacIté de ~lott-Schottky, décroissaIent, en fonction de 

l'augmentatloQ de· la fonct1°on de travaIl du métal; à parbr 

de cette variabon, on a estlmé que la densité des états 

d'Interface entre le sélénIum et le .métal était ete l'ordre dé 

S1 1 e métal de la contre-él ectr ode control al t 

surtout les caractérIstiques de courant-ténslon des diodes, 

le contact arrIère avaIt égale.nent un effet détectable: nous 

avons constaté qLle la réSIstance séne était plLls fa1ble 

lorsque l'on ubllsalt du tellure polycrlstallin à la place 

du bIsmuth, comme matérlaLI de c~ntact arrière. Un minImum de 

capaCIté> anorm'al a ét.é obsE'ryé dans les tracés de la capacIté 

par rapport êt la tenslon de polarlsatlon f dans plUSieurs 

diodes. Dan~ les diodes au Se-Tl, ce creu:: de capacIté se 

prodUIsait à· d,e faibles valeurs de le~slon dll'ecte, alors que 

dans 1 es dl odes aU Se-?kl et é'IU Se-Eli. des creu:: ont égal ement 

été observés, malS à urie tenslon prE'sque nulle. 

dIsperSIon de la c;apë'\clté et de la réSistance dan~ les dlodes 

en fonctlon~ de la fréquence, JLlSqu'à enVlron l1"lHz, pourralt 

en grande partle ètre .due à la couche de transltlon, et. 

l 'ef f et que /\ e sél ém um , l III - .. meme ~:cercE' -sur 1 a capac i té et , <. 
la réSIstance. 
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CHAPTElt 1 

, 'f 
INTROPUCTION 

y' 
r-

• 

Selenium is a. very impor.tant photoreceptor mater:ial used 

extensively in the .dry photocopying indust.ry. 
1 

For these 

a pop lie a t ion s, the mat e ria lis used in the amorphous form. 

The ~pplieatiorr of selenium in 
. \.. . \ 

the trigonal oerystaillne form 

is mueh' yess extensive., but thisD> form fs" very' interestïng 

sci'entifically becaus~ it is always p-type and lt has él:he 

highest repor'ted wrork function among aIl the èl"êments (see 

'> 
Fig. [-1].. This means, '1 n p r 1 n e i p 1 e , th a t 'S c hot t k Y 

j unetions with varying barrler helghts 
/ 

can easlly be 

fabri'cated by' deposition of metals on crystaillne selenium 

beeause aIl metals have a smaller work funetion than , 

selenium. 

Arising from previous work do ne 

1 
Labora~Qry at MeGi1l University [2] [3], 

" 

in the Solid State 
ù 

-! 
" 

the present rese~rch 

program was .und~rtaken. This has eonsisted of fabricatlng 

diodes and' investigating the i r electrical 

cha'racteris tics, invo1vin.g measurements of current as 

4 function of voltage and capacitance and reslstanee as ~, 

function of voltage and frequency on the diodes. Cadmium was 

011 e' off the cou nt e rel e c t r 0 de' mat e ria 1 sus e d i n the ~ t ru c tu r; A s 

studied, si.nce this metal was, employed as the _!Ilajor 

ft 
constituent in the countere1ectrodes of commercial selenium 

rectifiers. DiQdes with bismuth, gold and thallium were a1so 

.. 

- , ,. 
r / 

~ " ./ 

= 



ft 
,"' 

c 
.. 

\ 

2 

investigated. Gold has a rèlatively· high work function, 

w1111e thallium has a relatively low value, so that these 

metals would be expected ideally to yield Schottky junctions 

with a 10107 and a high barrier height! respectlvely, which 

turl;1s out" to be the case. As will be seen, Se-Tl diodes are 

excellenS: rectifiers and even bett.er than Se-Cd diodes. 

Ho w e ver:, t'h e 1 r p e r for man ce f a Il S 0 f f ra pi d 1 Y ~ i th t i me. Some 

results were obtained on a few" diodes using monocrystalline 

sèlenlum. 
" \ . 

The structure of the thesls ls as follows. In cbapter 

2, a brlef review ls giv?n of th.e theory Q"f the Schottky 

junction and of the effect' on barrier height of interface 

states. Chapters 3 and 4 describe ,respectively the 

preparation of the samples and the. methods of measur·ement. , 
o 

The experlmental results 
, 0 

obtained on the diodes are given in 

chapters 5, 6 and 7. ...Iliese results are comprehensively . 
discussed ln chapter. 8 and the over-all conchlsions are given 

1n ,chapter 9. 

o 

r 

.. 

o 
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/ CHAPTER 2 

THEORETIÇAL CONSIDERATIONS 

2,1 Introduct1on 

• 
This chapter brh~ly review's the bas{c theory of metal-

s emiconduc to r contac ts re 1 evan t: to J::his proj ec t . A simple 
. ~ 

band .diagram is presented, to illustrate a Schottky b~l;'rier.' 
c 

The curren t transport mechanisms, capacitance-voltage 

characteristics and the effect of surface states 'are a1so 

treated brief1y. More ~tai1ed treatments of the Schottky 

junction are. how.f'ver, 'given in various texts [4] -[5] [6]. 

2.2 Schottky &arrier for a P-type Semiconductor 

t 
When a metai and a p-type semiconductor are brought into 

'contact ,(Fig. 2.1), a redistrib"ution of charge occurs. lf 
f 

the worK function 'of t~e metai (,;m)' is, sma1Ier than that of . 
the semi'Conductor (;s). then",~.lectrons f10w from the metal 

• 'l -. 
into the semiconductor. A final equilibr.ium condition is 

reached when the Fermi lev~1s of the two sUbstancVre lined 

up (Fig. 2.2). Under the a~sumpt(on of ,th~ absence of-an 

interfacial layer and 'surface states, a potential batrier for 
o. 19> 

hores i,s forme(~ witl} a height (;bp). as seen from the metal 

side of the contact, given by : 

EG 0+" - "'m 
- - rXS '1' 

• 0 
(2.1) 

q . 

o , 

o 

--' 
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~ .' 

1 

1 
1 
1 

1 

. . , 

where, EG is the energy b~nd gap of the semlconductor, 

the magnitude of a untt electron charge and >fs i, 

'" electron affinity of the semiconductor. 

./ i 
2.3 Current Transport Mechanlsms 

, , 

5 

q il 

the 

Current transport in metal-semiconductor contacts i8 

"" ~ainly due to majority" carriers, i.e., electrons for an 

n-type and holes for a-p-type semiconductor. Theoretlcally, 

there are four basic transport mechanisms under forward bia8 

[4 J • Jhey are 

(1) transport or majority carriers from the 

semico~uctor over the potent1al barrier into the 

metal (the dominant process for Schottky diodes with 

r moderately doped semico ductors), 

(2) quantum-mechanical tun holes through 

the barrier (especially for a heavily doped 

semiconductor) , 

(3 ) recomb inati? in the space -charge ragion,and 

(4) minority carrier injec~ion from the metal to tha 

î 
) 

semiconductor. '~, 

project, 
<t 

In this selenium was used, which i8 always p-type 

and mode.rately dOpèd, so that the Sctlottky diode was a 

majorlty-~arrier device unde~ low-injection condition (small 
-

bias) . Therefore, only the firs t procass Is concerned here. 

There are essentially two theories c.oncerning the 

transport of boles over the barrier~ namely, the - ther~onie 



( 
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,-~---

(J 

\ 

6 -.. 
emission theory and the diffusion theory. The diffusion and 

'" thermionic 
, 

emission processes- akt in ser"ies and the 
, 
one, 

. 
which create~the greater resi~tance, controls the current. 

(a) Thermionic Emission Thêory 

For high mobi li ty semiconductors. t,he t:ansport ls 

dominated by the thermionic emlssion theory. J1nder the 
,It 

assumptions [5] that 

(1) the b\rrier height ;bp ls much l~r.ger than kT,~ where 

k i8 Boltzmann's constant and T is temperature, 

(2) thermal equilibrlum iS'established at the plane that . 
determines emission and 

(3) the existence of a net current flow does not 4ffect 

/ , th is equi1 ibriuJll, 

the current denslty jth as a functlon of fdrwa~d potentlal V 

1&: 
) 

jth - A* 

~ - jST 

1< 

T2 exp ( -q;bp ) { exp ( qV ) 1 . ) 
kT kT 

qV 
( exp ( ) . 1 } - , , 

kT 

( -q;bp ) is the saturation current 
kT 

whera jST - ~* T2 exp 

denslty, A* _ 4Kqm*k2 

h 3 
is the effective, Richardson constant 

- for thermlonic emlsslon, h 18 P1anék's constant and ~* fs the 

effective mass of hales. 
o 

(b) Diffusion Theory 

The diffusion theory can adequately descrlbe the qurrent 
1 

"transport for low mobir~ty . ~emiconductors under the 

assumptions {5] that 

(1) the barrler 18 much larger than kT, 

... 

'1 
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~ 

(2) the effect of hole collisions within the depl.tion 

region ls Include~L 

(3) the current concentrations at the contact interface 

in th~ depletiori r~gion are/unaffected by current 

flow. 

The c,urrent density equation ls then given by 

2 
1.. 

jd (q DpNV [q(Vo -V) 2 NA ] 2 exp ( - q?bp ), }[ exp ( qV ) -11 -kT (5 kT kT 

j SD [ exp ( qV ) - 1 ] 
kT 

where Dp Is the diffusion ceofficient of holes, NV la the 

effective densiiY of states at the valence band, giveu by 

211'mpkT ) 2 • -
NV .. ( Vo 18 the diffusion potent1al, NA i8 the 

h 3 

accep tO'I' impuri ty dens 1 ty (as sumed to be unif orm) an-d Il sis. 
" 

the semiconductor permlttivity~ 

The current dens i ty express ions of' the 
. 

d1ffusi.on and 

th~rmionlc emission theories are baslcally of the same form, 
- , 

except that j SD varies specifically wlth voltage, while j ST 

is more sensitive. to temperature~ 
~-

2,4 Evaluation of Barrier Heiiht trom Capacltanç.-yoltaio 
1 

Measurement s , 

Accordlng to JlSze [5], 
.. 
there are b~slcally four methods 

,used to measure barrier height, n~~ly, current.vol~age 

, 
char,ac teris t ~,cs, activafion energy moasuremon t 8 • 

photoelectrlc measurements capacitance-voltage (C -V) 
~ . , 

.' 

\ 

, , 
v 



c 

p 
8 

ç. 
measurements. The C-V method was used in thia project and ~s 

br1.fl~ described as folIo" •.. 
" 

\ 

The deplet10n region of a S~ottky b.arr1er acts like a 

capacitor especially in reverse bias. The differential 

cap'acttance can be then expresaed as [4] 
l 

kT 
l 

c A, ( q~sNA )2 ( Vo + Va ) 
2 - .. 

• 2 q 

where Va ia the reverse voltage and A ia the area o.f the 

j unction. This formula assumes a uniform concentration NA of 

shallow . acceptors in the semiconductor. which are fully 

lonized at room temperature t i.e. p-NAt where p Is the hole 

concentration. 

• 
Rearranging the above equation and neglecting the, kT 

q 
term 

gives 

2 
( A ) _ ! 2 (Vo + Va) 

c q ~ sNA 

Thuit a plot of (A/C)2 versus Va will give a straight line 

with,an intercept ori the voltage axis of VR ~ .. V~. 

slope, the acceptor concentration is giv~n by : 

2 

From the 

(2.2) 

Hence) bath the diffu~iotl poten'tial Vo a.nd NA can be obtained 

from the plo t. . ..., The Fe rmi level EFp - EF ", EV, above the 

valence band ls given by : 

EFp' - kT ln ( NV ) 
NA 

.. 

since p - NA 

The barrier height can then be obtained according to Fig. 2.2 . 

from : 



.' 

o 

~bp IVoi + I!FPI 
q' 

. , 

9 ,. 

(2.4) 

2.5 The Effect of IntetfÎc:l,l States 

AlI of the above theories are based Qn the assumption 

that there are no surface stf.tes. However, :ln reallty. 

surface states ~arise beeause 
-
of a crystal the surface 

interrupts the perfect periodicity of the crystal latt:lce and 

because impurities and imperfections may be present. ln 
\ 

general, the barrie'r height ls determined not only by thè 

• 
metal, work function alone. but also by the surface states, 

any thin intérfacial oxide layer between the metal and the , 

seD.liconductor. and the electric fiéld applied across this 

layer. Arising from a treatment of assumed surface states. 

Cowley, and Sze [7] have shown that the barrler height can be 

expressed ,as 

~bp - '1 ~ 
EG + Xs - ~m ) + ( 1 - '1 )~o - Q Emax (2.5) - • 
q q 

-1 
where '1 - ( 1 + q6~s ) a -

Ô4 S ~o 1s the neutral • 
41 4i + qôD s 

level of the interface states (see F,ig. 2.3) aboye the 
,. 

valence ba~d edge, Ds is the density of interface states per 

unit area p-er' eV of band gap. 4 i i8 the dielectric constant 

of the oxide layer_of thickness 6 and Emax is the maximum 

-e-lectric field across this layer. For small bias voltages, 

thin interfacial layer and moderate doping, the contribution 

of the last term of the above equation is SOI small that 1e 
\ 
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10-

can be neglected [4]. Therefore 1 equa~lon (2.5) la reduced 

c· • 
ta 

• 
~bp - 1( Eq + Xs - ~m ) + ( 1 - ~~)~o (2.6) . 

q . 
If the denalty of states 1& negllglble 1 i. e. Ds .. 0 , J- ~bp 

tends to the result of eqn. (2.1) (EG/,) + Xs - ~ml whlch ls 

ca11ed the Mott limlt. However 1 if Ds ~ co 1 ~bp approaches 
~ 

~o 1 whl~h ls called the Bardeert llmi t. In this case the 

barrier helght 15 tota11y dependent on -interface states. 

" 

\ . 

.. 

- \ 

:, 1 

'\ 
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,Fig. 2.1 

1"" 

J' 

r 
q~ 

qtQs 
E' G 

11 

C. b. 

~. 1 • 

• 
\ Band diagram of a metal,and A p-type sem1conductor 

when neutral and iso1ated from aach othar. 
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CHAPTER 3 

TECHNIOUES OF SAHPLE FABRICATION 

'.l-introduction 

... 
The proce dures for fabrica ting se leRi um- me tal Schot tky 

di~des in the present studies are described in this chapte~. . , 
The preparation of polycrystalline samples is first 

described, 'followed by the preparation of' single crystal 

, samp1es. Table 3.1 summarizés the fabrication detai1s ,of ail 

,the st.ructures prepared for study i.n this thesls. 

• 1 

3~2 Polycrysta1line Structures 

Fig. 3.1 sho~s a cross sectiona1 view of a multl-layered 

-
polycrystalline structure, consisting of a contact material 

'of either bismuth or polycrystalline tellurium, a selenium 
~ 

layer and a metallic counterelectrode material of either Cd, 

Tl. Bio rJ Au. These layers were all'deposited in order on a Q 

, 
poli6hed cylindrical aluminum stud by evaporation in vacuum. 

Fine copper wires were finally soldered to ,the 

counterelectrodes to form the electrieal contacts for 

measurement. Details of these processes are now given. 

:~.2.l Substrate Polishing 
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The flat surface of a eylindrica1 aluminum stud was 

pollshed uslng 0.3 micron Emery paper (number 600) and then 

clèaned ln a1cohol. The stud was afterwards air-dr1ed and 

loaded into a vacuum coater for the deposit~on of the back 

contact mater!al. 

3.2.2 Baek Conta~t Material Deposition 
u 
« 

Following the p'Olishing of the a1uminum stud, either 

bismuth or polycrystalline tellurlulO was d~posited by 

evaporation. 

(a> Bismuth 

In th!s case, the stud was ,lo">ded intD an Edwards Model 

6E4 6-ineh v~cuum coater, which was pumped down to a pressure 

of about 10 - 4 torr. 

surface of the stud by passing a current of 30-35 amperes 

through a molybdenum boat containing three pellets of bismuth 
1 

for about 5-7 minutes. After-this, the stud was allowed to 

cool down in vacuum for about 30 min':1tes and then removed 

from the system. 

(b) Polyerystalline Tellurium Film 

" In the case where Te was required- for the back 

~ 

c?ntact,the polished aluminum itud was mounted ln a 12-fnch 

Edwards Model E12E3 vacuum sys tem, 1 which _was subsequently 

pumped down to la pressure of 10- 5 -10- 6 torr. The tellurium 

source, which was located about 10 cm below aluminum 

substrate and covered by a shutter, was heated to about 4250C~ 

and stabllzed at this tempe rature for 5 minutes. Then the 

" 
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15 , 
temperature was raised to about 450°C and the shutter opened, 

so that deposition could take place. After evaporating for 5 

minutes, the shutter 'was clO'sed. The substrate was allowed 

to cool down for about 1 ho ur and removed f'rom the vacuum , 

system for further prepar~tion. 
'i' 

\ 

~ 

3.2.3 Selenium Deposition 

The s·ubs tra te, 
\' i, \ 

coated with either bismuth or ,tellurium, 

was next mounted in a (12-inch Edwards evaporation system 

Model E12E3. The selenium source was located 10 cm below the 
j! 

sample, covered by a shutter and the system was pumped down 

to a pressure of 10- 5 -10- 6 torr.~The sa~ple was then ·heated 
" 

to 100 -130 oC us ing a tempe ra ture contro llè.,d '{lpbs t ra t e he a tè r 
;]" . 

and stab1ized at this temperature for two hours.' After this, 

the selenium source was heated to 200 0 C and st4blized at this 

temperature for 15 to 20 minutes to prevent the ini tial 

vapour arising from the bubbling of the mel te~eni"u'm from 

affec ting the depos i ted fi lm. The s ource ~empe'ra ture was 

then raised to 225-250 o C and the shutter opened so that 

deposition eou1d take place. After the required ~vaporatlon 

~ . 
time, tJe shutter was closed and the power of the c.f>ntroller 

to the( sou'ree was switched off, The s~bstrate temper-ature 

was decreased gradually at a contr:~d'rate of O.SoC/min, ~o 
avo id 4the se lenium fi lm from pee Ving 0 ff the sub s tr a te~e 

• to the difference in expansion coefficients, Finally, the 
. . 

'subS'trate was coolèd, down to , room tempera ture and 

next J" ' removed 

from the vacuum system for the 

___ !IIilœIll!21'1il<é"L~ __ 

1 
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. ' 
3.2.4 Deposition of Counterelectrode Materials-

(a) Cadmium, Thallium and Bi~muth 

.4 • 
For the depos'ition of cadmium, thallium or bismuth as 

countere lec trode, a me tal mask wi th foùr circular apertures 

of diameter 0.42 cm was used (FJ.g'. 3.2). The substrate,-with 

its already dèposited selenium film, was loaded, with Elie . 
\ 

mask on the top of the film, into an Edwards Model 6E4 6-inch 

'" vacuum system. lt was then pumped down for two hours and the 

metal was evapora_ted on to the selenium film by applying a 

cut;rent of 30 to 35, ,amperes for 5 minutes through a 

Q molybden~ boat containing 3 pellets of the required metal. 

The depo s ~ t ion t ime was contro lIed rby' an. ex ternally ope ra ted 

shutter ~et,een the source and the substrate . After the 

evaporation, ~he system was allow~d to cool down for at least 
1 

two hou~s befo~eC)the sample was removed. 

(b) Gold Del?osition J 
~ 

For the deposi.tion of gold, the setup was the same as " 

described above, exeep't th'at. a tungsten filament was us-ed . . 
instead of the molybqenum boat. Gold wire was eut into small 

1 

pleces, each of which was bent into a V-.... shape and suspended 
( 

on the tun~ten,filamenx. After the system had been pumped 

do'wn fot two hours, the gold was evaporated on to thoa 

selenium film bJ 
o G-~ l' 

applying ,a eu~rent of 70 amperes for 

5 m~nutes thrôugh the tungsten filament. Following the 

evaporation, the system was allowed to côol down for two' 

hours, after which the sample was, 'removed. 

( 
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3.2.5 Electricai Contacts 

The sampIe, with its successively deposited back contact, 

materiall, Se and counterelectrode mat~rial,_yds_mounted in a 

Teflon .block with terminaIs in it. In most cases, fine 

} 
copper wires were directly connected to the counterelectrode 

areas using Wood's metal as the solder, while the other ends 

of the wires were a t'tache d to the terminaIs 
, 

in the Teflon 

block using normal electric solder. In som e cas es, W 00 d ) s· 

" met a 1 wa s a 1 s 0 e va po rat e d w i th a mas k con t a i n in gap e r tu r es, i n_J 

J 
cr 

desired shapes (stripes or circles) on each counter'electr de 

area. The procedure of evaporation was the same as described 

in the bismuth evapora tion, &XC ep t tha t the evapo ra t ion t ime 

was onlY'3 minutes. Follo~ing ~his, copper wires were 

soldered to the Wood's metai areas using Wood's metal itse1f, 
> , 

wi th the other ends attach~d to the termina1s in the Teflon 

b1ock. After soldering the wtres, the sample was ready for 

measurement. 

. ' 
3,3 Sin,le Crystal Structures 

y As indicated in Table 3.1, four samp1es were 'prepared 

-
with a monocrystalline selenium film gr<?,wn epitaxially on- a 

monocrystallin'e substrate of tellurium. \ Details of this 

process are given in reference [8]. Briefly, however, the 

procedure used here was as follows.~ slice of single 

cry~tal tel1urium from a Czochralski-grown monocrysta1 was 

1 0 

o Q 

o 
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eut 1 perpendicular 
" 

to the e~x1s and attaehed to the flat 
1 

surface of an alum1nuv stud using si1ve.r 

reButtant' (0001) surface of the tellurium 

, 
epoxy res in. The '. '" 1 

.' 
substrate was th~n 

polishèd chemicaily using a mixture of Cr03. HN03 and 

H2 0 [Sr .. This was continued until a shiny surface was .. 
obtained. The sample was then loaded into a l2-ineh 

evaporation system for selenium deposltion, following th~ 

. sa·me procedure descrlbed for the polyerystalline selenium 

samples :'. This was followed .by the deposition of 

\ 
counterelectrode material and the soldering of electrical 

contacts, as describ~d above. The monocryst~llinity of the 

sel~nium film was checked by observation of characteristic 

microcrack patterns [8]. 

o 

o 

o 

!!' \-
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Table 3.1 
o 

Fabrication Details of the Se-Metal St::l:U:bJres 

Seleniun Depositioo1,2 
Structure Sqle 

No. Scmœ 

1 
Tmp.(OC) 

! Bi-SeS1Cd C20 220 
1 
1 0 _0 

0 , 

C24 240 

1 C25 245 

C27 0 240 . 

1 
< 

C29 
1 

245 

C30 245 
, 

C33 240 
,;; Cl . 

Poly Te-Se-Cd C42 250 
~ 

Morocrystalline ., CSO 250 
Te-Se-Cd .. 

i CSl 250 

Bi-Se-Au i .C26 j 240 

Pol ycryst:a.l.lirie ,. CAS .. ,i 250 
l , 

Te-Se-Au 

1 CSS 
1 

255 

1 C59 255 . 1 

1 
1 C62 

1 

, 255 

Au-Se-Au 

j 
1--

1C64 

C65 

f , C35 
1 
1 

1 

( 
1 

1 
1 

, , .-
1 240 
1" 

Slbstrate Evaporation 
TEq>. (oc) TiIœ (min.) 

c..... 
110 20 , , 

110 20 

"'-

110 1 20 

1 . 
110 .. 30 

140 30 

90 25 

80 25 

120 30 

150 30 

tsr 35 

110 20 

"120 30 

115 
1 

4() 

115 !o 45 , 
1 i 1 125 45 

120 

120 45 

115 30 

1 
" 

REsnarks 1 
1 

; 
l 

1 
3 Cd areas. Poor VBClI..III <itring Se 

1 
depositica. 

4 Cd areas. Poor vacu.rn ~ Cd 1 

deposition. 
1 

4 Cd areas. Se film heat-treated at 195°C 1 

for 24 hrs. in wet ~ before Cd depositioo 

3 evap. ,Cd areas. 1 ~t. Cd area for 20 
min. 1 sput.area for 10 m:f,n. 0 

-
4 Cd areas. 

4 Cd areas. 

4 Cd arèas. 

4 Cd areas. ,. 
Dots of Cd araas '4th d.faœter of 2 mn. 

Dots of Cd areas with d1.aœter of 2 mn. 
, 

1 
'4 Iw. areas. 

1 4 Au areas. ~ l 
" . 

of.,. ....... 
" 

4Au~. 

4 Au areas. 
, 

<1 ' 
4 Au aress. 1 

1 4 different size Au aress. , 
1 1 

! 4 Au areas. 4 different size \o1Qod' 5 JJetal i 
1 elettode contact. _. 
" 

• 1 

1 1 4 Au araas. Heat-treated st ,1200C in air , 
for 2 hrs am 4 hrs. Again heat-treated 1 l ,at l6O"c an:i 19CPC respect1vely for 2 HrS.j . .... 
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Structure 

f 

1 
Bi-Se-TI 

1 
1 

1 
1 

1 
1 
1 

t 
1 

! 
. 

1 , 
1 
1 
; 
1 

j 
1 

1 
l 
1 
1 

1 
. 

1 

1 
!, 

! 

t ) 
t 
1 , , 
1 

1 
1 
1 

1 
1 

1 
1 
1 

Polycrystalline 1 
Te-Se-TI 

1 

c tbDcrystalline 1 
Te-Se-TI t 

J 
') 

, . 

20 
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Table 3.1 cont. 1 

J l
i Seleniun Depositim1•2 j 

Saiple P--__ -_~-
1 No ~ 1 Slbstt te f Evapo tien 

0' 

ce a ra . 1 

Teop.(OC) Teup. (oc) . 
C21 225 140 

C22 225 90 
.~~- - --

C31 240 70 

1 

C34 240 110 
v 

C36 1 ·240 110 . -

m7 240 110 
. 

CAO 240 110 

CAl 240 110 1 

. 
CA4 240 - 110 

('A6 240 110 

CS2 
1 

240 110 
~ 

1 

1 
C54 245 115 

1 

CSS 250 

1 
125 

1 1 , 
C45 240 120 

C49 245 1 120 1 

, 1 

CS3 250 125 

C47 250 150 
~ 

C:;7 250 150 
" 

TiJœ (min.) 

20' 

20 

_25J .. . 
30 

30 

30 

, 
35 

35 
. 

30 

35 

~3O 

35 

30 

-H 

35 

35 

40 

30 

40 

i , 
3 n aress .. ,/ . i 
4 n areas. 

t 

j 

3 n areas. Hea.t-treated at l6QOc in dty, 
~ for 2Chrs. 1 

4 n areas. Hea.ted geliberate1y by 1 

soWering irm for" in1efinite t:iJœ. 
i . t . " 1 

t 

4 n areas. Teat-treated at 1950C in dry 1 
~ for 2 hrs. l 

4 n areBS. lleat-_ al: 17O"c in dry 1 
~ for 2 hrs . 

4 n areas' Heat-t:reated at 1400<;: in dry 1 
~ for 2 hrs. f 

j 

4 TI areas. Heat- t:reated at 15SOC in dry : 
~ for 2 hrs . 

4 TI areas. Heat-trea~ at lm in dry 
~ for 2 hrs . 

4 TI areas. Heac-treated at 13O<>c in dry 1 
~ for 2 hrs. 1 , 

4 TI areas. Heat-treated in l4O<>c in dry: 
~ for 2 hrs. : 
4 TI areas. Se film heat-treated in ~t ! 
0:2 for 24 hrs. before deposition of TI. 1 

i 

4 TI areas. Se film heat-treated in dry : 
1 ~ for 24 hrs. before deposition of TI. ~ 

1 4 TI areas. 

4 TI areas. 
! 

llX>ts of TI area with diaœter of 2mIi._ 

i lX>ts of TI area with diaœte~, of 2mn. 
\ 

/ 
1 
) 

i 
1 
~ 
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'-'fable 3.1 cont. 

1 

Seleniun ~itiool,2 
StrlCture ~le 

No. 1 Source Slbstrate Evaporation 

1 
Teup.(OC) TeoP.(OC) Time (min.) 

1 1 
Bi-Se-Bi 1 C28 240 , 110 1 30 , 1 

Po1ycrystal1ine CS6 250 110 40 
Te-Se-Bi 

C6! 255 130 45 
-~ 

C63 250 125 45 

. Notes: (1) Se sourœ contained rx:minally 60 l'PD Cl. 

(2) ~ to Slbstrate diStaœe is 10 an. 

. \ 

\ \ 
\ , 

-v \ " \ 
\ 

\ 
.,.. ~ , 

" 

, \ 

( 
1 .' 

\ . 
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Rsmarks 1) r 
, 

:î," • . - 1 

3 Bi """"". IIoat·txeated at UOOc for 2 1 
hrs. in dry ~ 

4 Bi areas. 
1 . , 

4 Bi areas. . 
4 Bi areas. 2 Wood' S l'œta! strlpes 
deposited CD each Bi area. 

., 

.•.. 
, 

o 

0 

l. 

~ :. 1~ 

f' 

" 
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, 
~i Cd Tl 1 1 1 

1 l --Se 
-Bi 1 Te 

, 

Al 
, 

'" -
\ 

(( 

~ - g. )3.1, A cross-sectid'nal view of the Se-metai diode 
\ ~ structure studi~d. ' 

-tl--of---Thinn er m etat 
" 

Fig. 3.2 

'. 
Mask used for counterele~trode material 
deposition . 

o • 
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CHAPTER' 4 
-. 

HEASuREMENT TECHNIQUES 

, 
4.1 Introduction 

The methods of measurement made to' characterize the 

e1ectrical behavior of each selenium-xnètal, structu,f8 af,ter 

" ~ 
fabrication are described in this' chapter. -T};le actual 

results of these measure~ents, however, will be presented in 

detail in later chapters. 

The ~ea~urements were 

(1) Dar~ current density (j) as a function of voltage (V). 

(2) Para1le1 incremental capacitance (Cp) and resistance (Rp ) 

versus frequency (f) at zero bia$. 

(3)- Parallel incremental capacitance versus bias voltage i~n 

the reverse (VR) and forward (V) directions at a fixed 

frequency . . 

4.2 Dark Cur~ent Densit! Cj) - V~ltaie CV) Characteristics 
) 

The, setup' for measurement of cutrent -vol tage 

characteristics- over a range of V--l. 2 to 1.2 vol t is shown' 

in Fig. 4.~. 
f' 

Keasurements were t.a.ken in a point-to-point 

manner in both forward and reverse directions. The current 

was .measured over 
~ 

several decades with a Keit~ley 610B 

.., 
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electrometer and the ~oltage with a Keithley 169 mUIt~meter. 
The device wa\s covered with a piece of black cloth during the 

measurements to avoid the ~nfluence a~ Iight. 

1 

4.3 Par411el IncrementaI Capacitance and .esistance versus 

,r.eqUency 

Measuremen ts- of paraI le l inc remen tal capac i tance (Cp ~ 

and resistance (Rp > were made at zera bias over the frequency 
~ . 

range from 100Hz ta 4MHz. For frequencies be10w 100kHz, a 

Hewlett·packard Madel 4274A multi-frequency LCR meter was 

used. For the higher frequency range above 100kHz. a Wayne 

Rerr type B601 bridge was used together with a General Radio 

t1pe 100lA oscil1ator. A Tektronics Model 7403N oscilloscope 
\ 

was used as the bridge detector, which enabled the nul1 of 

the fundamental frequency, ta be separated from that of 

harmonies generated by the sample. The arrangement of t~ 
measuring syst~~ is shown scbematical1y in Fig. 4.2. ~ 

, )' 

4.4 Paral1.1 Capacitance versus' Bias Voltage at a Fixed 

Freguency 1 

Paraii e 1 capac i tance versus bias voltage was measured .. 
u~ng a Hewlett-Packard Mo~el 4274A Multi-Frequency LCR 

tter. The reverse bias voltage was varied fram VR--l.O ta 

1.2 volt applied internalt'y from the tCR meter and the a. c-:' 

signal level' was kept at 20 mV. A Keithley 169 multimeter 
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. 
w~s attached t~ t_he LeR. metell' to monitor t)\e applied __ ~1a. volta,_. 

o 
. '-, 

( 

o 

, . 
) 

) 
, ' 

, , 

) ~ 

-
If 

~ 

0 
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\ 
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Rs 

Sample 

Keithley 6109 
Electromet er . _, 

( 
l' 

'. , 

Keithley 169 
Multimeter 

\ . 

Fig. 4.1 E~perimenta1 circuit arrangement used for 
measurement of currant,voltage charac~eristics. 

General Radio Wayne Kerr 
-

Tektronics 
type 1001A type 8601 model7403N 
Oscillator Bridge ' Oscilloscope 

, 

-\ 

. r Samplel 

26 

, 

Fig. 4.2 
~ 

Exverimental arr,ngement usad f~r ~easurement 
of incremental ca~acitance and resistan~~ as a 
function of' frequeney in the- range abova 100kHz. 
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CHAP-TER 5 
. 

BASIC DIODE CHARACTEBISTles AND BARRIER HEIGHT pETERMINAtIOU 
1 1 . 

\ 

5.1 Introduction 

In this chapter, the resu1ts of electrical measurements 
! 

of m~ny of the various structures 1isted in Table 3. l'are 

presented. The first section of the" ohapter givas the 

resul~s of~tatic dark current-voltage characteristics of the 

-
different samples, categorlzed' according to the different 

• counterelectrode metals employed. This is principa11y to 

illustrate the differences in the rectifying characteristicl 

of the various d'iodes. . , Then, the results of capacitance-
Q 

vo l tage measurements are pre'sented as p lots of (Ale) 2 against· 

reverse vol tage . Only resul ts obtainèd at a frequency of , 

1 kHz are shown, since variation at other frequencies i8 
? 

reported in chapter 7~ Furthermore, comment on certain 
e 1 

, 
, c ~ p a c 1 t an ces in guI a rit i e s will aIs 0 b e po s t P'o n è d e 0 a lat e r 

chapter. In the final section, values of barrier height are 

deduced from the experimental resu1ts and compared with 

corresponding metai work functions. 

d 

5.2 Dark j-V Static Characte;istics 

5.2.1 Se-Cd Structures . . 

/ 
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, Fig. 5.1 shows a seml~ogar!thmic plot of current density 

1 

, 
1 

against voltage of four Se-Cd samples with different back 

contact materials between the selenium layer and the aluminum 

s;tud surface. These diodes consist of one sample (C29) with 

bismuth, ~ne (C42) with poJycrystalllne tellurium and two 

(C50 & CSl) with single crystal tellurium ai back contact 

materials. As indicatlfd.!, aIl four samples show prominent 

forward-to-reverse rectification. S,ample C42. w1th a 

polycrysta~line Te back contact, exhibits th~ghest current 

density at 1 volt in the forward direction, whereas CSI shows 
, . 

tne lowest value. Since series resistance ls dominant at, 

thls forward voltage, the resul ts suggest that 

polycrystalline tellurium Dray give the lowe$t .resls1:ance at . 
,the back contact. lt 1s noted that the two samples (C50 & 

CSl), where epi taxial selenium on single crystal tellurium \ 

was used, s~ow:~- the largest rectific~~n ratio of about S 

decades between forward and reverse current at l volt, while 

the other two samples, C29 and C42. showed ratio of about 4 

and 3 1/2 decades respectively. 

Between a forward volta'ge of 0.1 to 0.4 volt, ,aIl the 

samples gave approximately the same slope, with an ideality 

factor of n-2, assuming a variation in this range pf the form 

The two sam~les with monocrystalline 

selenium a1so show a somewhat smaller extrapolated 

intercept on the vertical axis of current density (jo ). 

Fig. 5.2 'shows the results of three Bi-Se-Cd samples 

C29, C30 and C33, for which the substrate temper~tures during 

) 
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" the selenium film- Idepositlon ' were 140', 90 and .. 
respectlvely. This re sul t c learly 111 us tra tes tha t h 1 gher 

selenium deposition temperature giv~s higher forward current, 

which Is presumably dUEl to an increase of elactrical 
~ 

conductivity of , ,. the selenium wi~h increase of substrate ,.. 

temperature. 

" r\ 
, .. 

5.2.2 Se-Bi Stru~tures 

F'ig.,,5 .3 'pre sents current -vo 1 tage charac te r 18 tics of two 

• 
Te(poly)-Se-Bl samples (C56 & C63) and one Bi-Se-Bl ,ample 

(C28). Sample C63 was fabricated wlth Wood' s matal contact 

stripes evaporated on the top of the Bi coun~erelectrode. 

while the other two were wi thou t evapo ra ted tJod"d' s • me ta 1. 

However, aIl wlres were soldered to the counterelectrode with 

tJood's metal. 

lt is apparent that all three samples showed rectifying 

charaeteristlcs. The rectification ratio amounted to some 3 

or more deeades for samples C56 and C63 at l volt but for the 

B i - S e - B 1 s ~ pl e C 2 8 , th i s rat '10 wa s m 0 r eth an 4 de c a des ./ 

1 This c learly conf irms the low res is tanse and ohm19 charae ter 

of the back contact, desplte the fact that lt was made wlth 

the same metal as used for the counterelectrode. 

At smaller forward voltage, samples Ç63 and' C28 showed 

approxlmately the same slope with an ldeality factor n 
- \ 

between 1 and 2. 

5.2.3 Se-Au Structures 
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Fig. 5.4 depicts" the results of five Se-Au samples. 

Three samp les (C48, C62 & C65) were fabricated wi th 

poly~rystailine tellurium back contacts, while sample C26 and 

C35 w(e -made with bismutfand goid respectiveiy. Sampie C65 

was f a~tca t'ed wi th four diffa rent a raas 0 f evaporated Wood' s 

metai on the top'9 o f tha gold counterelectrodes. In the case 

of the other four samHes, the contact 

'~l 
directly to the gold with Wood's metai. 

wires were soldered 

1 t ,'is seen that the overa11 rectification ratio, lies 

between 1 and 2 decades. Samp-Ie C48 showed a ratio of almost 

2 dec ades, whi1e s amp te C65 sho'iied a ratio 0 f less than l 

decade. , , . 
At small forward bias voltage for aIl the samp"1es, a 

constant slope Is not apparent, suggestlng an almost ohmie 
, 

charac~er. However, the average slope in thls region appeats 

to correspond to approx .. imately n-2. 

5.2.4 Se-Tl Strùctures 
, 

Figs. 5.5 (a) anq (b) sho~curr'ent-voltage 
, 

resul ts of 

sixteen Se-Tl samples. ~welve of these (C21, C22, C31q C34, 

C 3 6 , C 3 7 , C 4 0 " C 4 3 , C 4 4 " C 4 6 , 0' C S 2 & CSS) we r e B i - Se - T l 

structures. Three samples (C4S, C49 & C53) were 

Te(poly)-Se-TI structures and one (CS7) was a 
\ 

Te(single crystal)-Se-Tl structure. As will be reported 

specifically in ehapter 6, the characteristics on these 

samples change considerably with storage in air and with 
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subsequent heating. For this reason, the measurements vere 

a1ways made immediate1y after fabrication. 

As seen from Figs. 5.5 (a~ and (b), the Se-Tl .tructures 

showed a strong forwar~-- to~verse rectification ratio 

amounting to about four d~cades at 1 volt. This ratio varies 

from more than 5 decades (sample C49) to 1ess than 3 dlcades 

(C40) . 

~'t'f" 
.- ; Apart from' two samples (045 & CSS), al1 the curves in 

Fig. 5.5 (a) and (b) merge essent...i.ally into one straight lin. 

\.,. 
at low forward voltage; the slope in this region corresponds 

to an idea1Lty 'factor of n-1.1. 
" 

1 

5.2.5 Comparison of j -v CharacteristicliJ of the Four-

--, 
Countere1ectrode Materia1s 

A comparison Qf the diodes wi th the four diffe\,lnt 

counterelectode materials\ Cd", Bi, Au and Tl i5 now made. 1 The 

specifie samples for this comparison were chosen on the ~asi. 

that a11 o.f them -- were fabricated with '4 .,.polycrysta11ine< 

tel1urium back contact, since this appeared to give the 

lowest series resis~~nce. Fig. 5.6 shows the current-voltage 

variation of four such sampI'es. lt can be seen that at 

1 volt the Se-Au structure (C48) gave the highest forward 

current density, fo11owed by the Se-Bi' (C56), Se-Tl (C49) land 

Se-Cd (C42) structures. However, at a forward potential of 

0.1 volt, the order, in decreasing current, 1s sean to be Au, 

Bi, Cd and Tl,d. Values of ourrent de~sity extrapo1ated from 

the straight 1ine regions to ·zero vo~tage (in the same 
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o 
.s e quence) are as fo llows : 7xlO· S , 

, 5 1.3x10· , SxlO -7 - -and 

1. 4xlO - 7 amp/cm 2 . ' In respect of the forward-to-reverse 
.,) 

Ç.urrent rectification ratio measured at 1 volt, the Se-Tl ~ 
,;, Q 

structure has a value of about 105, the Se-Cd structure has 

At small forward voltage, the Se-Tl structure gave the 

steepest slope with n-l.2, while tije other three structures 

gave no· values varying betwe~n 1 and 2. 
D 

5.3 Results of Capacitance-Voltage Measurements 

In this section, the results of capacitance measurements 

as a function of bia~ are presented as plots of (A/C) 2 

aga.inst ·reverse bias VR at a test frequency of 1kHz. T~S 
Q 

to avold capacitance SingU~es frequency was chosen 

observed - at lower frequencies and bias - independent 

" contributions at higher frequency. The samples were the same 

as those in section 5.2. 

5.3.1 Se-Cd Structures 

Fig. 5.7 shows a plot of (A/C)2 against reverse voltage 

of four Se-Cd structures. For reverse voltages, aIl -four 

exper1me,ntal lines have a slight curvature but with very 

different average slop~s. 

Extrapolated intercepts to t~2 voltage axis from Ihè VR 

range of 0 to about 0.2 volt vary from -0.3 to -0.5 volt for 
. 

sa-mples C29, C50 and C42. For samRle CS1, the extrapolated 

Q 



o 

intercept 18 -.anomalously la ge. In the forward direction (Va 

'negative) minima are obse~ve for all samplea. 

A/plot of (A/C)2 versus for the three Se -Cd sample. 

(C29, C30 and C33) fabricated with different substrate 

tempera'tut!-es during. ,the selenium deposition, Is shown in 
'. 

Fig. 5.8. l t is' no ted tha t the ex tr apo la ted inte rcep t on' the 
~ 

~oltage axis is much larger numerica1~y for the samp1e 

prepared at SOoC,. 

5.3.2 Se-Bi Structures 

The re~lts of (A/C)2 versus VR of three Se-Bi sam
o
P1es 

~ 

are shown in Fig. ? 9. The average slope ranged over almost 

an order of magnitude, desplte the fact that nomina1ly 60 ppm 

chyorine dop ing in the 'se1enium was used" for all three 

samples,. The extrapolated voltag~ intercepts of C28 and C56 

from the low VR regions are -0.42 and -0.6 volt respectlvely, 

while that of C63 is less th an -0.1 volt. Samples C28 and 

C63 show minima in (A/C)2 in the forward direction . 

• 5.3,3 Se-Au Structures 
" 

Fig. 5.10 shows the experimental capacitance results of 

five Se:Au samples, A minimum in (A/C)2 1s seen to occur for 

sample C62 at a reverse volt~ear vR-a, 

sa~ple C35 near VR-O.l volt. A minimum a 

observed in the reverse direction in 
1 

/ 

volt and for 

maximum we re 

meas\.!rements 

made Just after fabrication on sample C26 bud which are not 

shown here. More recent measurements on sample are 

o 

" ' 0 

J, 
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plotted in Fig. 5.10 showing a monotonie increasE7 of (A/C)2 

with reverse voltage, as obs,erved also on samples C48 and 

C65. Extrapolated intercepts on the voltage axis from the 

low vol tage reverse regions of C26, C48 and C62 are - O. l, 

-0.12 and -0.17 volt respectively. 

~5.3.4 s.-~~ Structures 

Fi$s. 5.11 (a) and (b) exhibit the capac,itance resu1ts 

of sixteen'Se-Tl structures. Almos~ll of" the experimental 

lines on the (A/C)2 versup Va plots are straight lines for' , 

the reverse direction and with slopes varying over a smal1~~ 

range than for the other structures. Furthermore, the 

extrapolated voltage ;intercepts converge to a relatively 

small ,range between ·0.55 and - 0.6 vol t. Thus, the 

consistency observed for ~he j-V characteristics of the Se-Tl 
)"'.I4J} 

,s truc ture s al,o occurs for. the capaci tance charac teris tics. 

In the forward direction (negative Va), (AjC)2 shows a 

minimum and then a maximum for aIL the measured samples. 

5.3.5 Comparison of Capacitance Results for the Four 

Counterelectrode Materials' _ 

In Fig. 5.12, (A/C)2 ver~us VR is replotted for the same 

four samples shown in Fig. 5.6, wh~re, it is recat'led, aIL 

diodes had the same back ~ontact material of polycrystalline 

tellurium. Extrapolation from the low zeverse voltage 

regions yields the values given as Vo in Table 5.1. This 
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table ·also lists the initial slopes, namely A[(A/C)2) for 

the four structures. 

~4 Evaluatio~of ~rrier Héilhts from Experimtntal R.sult. 

',.o.l-.. 

From tlle (Ale) 2 versus VR slopes in Table 5.1, carrier 

concentrations a,re calculated using eqn. (2.2) of chapter 2 

and, the values are given in column 4. Here, it i8 aS8umed 

that the concentrations, so-~btained, represent mobile holes. 
~ . 

From these concentratiolls (p-NA), the location of the F.rmi 
~~(i. 
, , 

level above the ovalenceob~nd EF-EV is gi-ven by ,(eqn.(2.3»: 

EF-EV- kT ln( NV ) 
q P 

Assuming the effective mass ratio for the holes to be unit y, 

values of EF-EV were calculate4 are listed in columh 5 of 

Table 5.1. . Finally, usin,g the ) extrapolated interc.pt 

voltages Vo (column 6) and the Fermi energies EF-EV' values 
t 

of Sch«tky barrier height ;bp were obtained, in c,olumn 7 
o 

using eqn.(2.4), namely: 

(2.4) 
q 

Fig. 5.13 a plot of : these 
1 

calcu1ated barrie.r shows 

heights' plotted aga1h'st work functlon' values (;m) obtained 

from the liteiatures [9] [10] [11]. lt ls noted that 

although there are only four point~, plus another point from 

selenium itself (assuming a Se:.Se contact to have zero 
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barrier height) , ther~ - i. a sy.tematic 
1 

seen corre lation 

between ;bp and ; •. 

5.4.1 Estimate of Density of Surface S~ates 

According to simple Schottky junction theory, the slope 

plo t of ;bp against tPm shou1d be -1 wi th an intercept on 

tbe ordinate axis (chapter Z). However, 

q 
because of surface states, the slope is ~ctua1ly given by -7, 

8.S discussed in sec. 2.5. The slope of the line drawn , 

through the points in Fig.5.13 is -0.34 with an intercept on 

the ';bp axis of 2.0 vol t. From eqn. (2.5), the density of 

interface states 1s thus given by 

Ds" _ fo-cri 1-7 

q6 7 

If the interfacial layer is taken to have a thickness of 10A 

and a relative dielectric constant fri of 10 is assumed, th~n 

substitution of these numbers and the measured 7-va1ue of 

O. 34, yit;lds a Ds value of about 1014 per cm2 per eV of 
~ 

enargy ga'p'. :The inte rcep t as gi ven by (eqn. 2.6) is :' 

q 

Substituting the values EG-l.85 eV and Xs·4.2 V for Se gives 

a calculated Intercept_of 2.06+0.66;0' whlc~ when,equated to 
- . 

the observed value of 2.0 volt, y!aIds ;0--0.1 volt. Thus, 

witn this interpretation, th~fe a~e some 1014/cm2 interfacial­

statês located close to the valence band edge. 

.. 



o 

l 

Ccull7erelect:rode 
Hal7erial 

TI 

Cd 

Bi 

Au 
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~ 

Report:ed 
lbrlc F\n::t:i.on 

fi .. 

(volt) 

3.8 

4.2 

4.3 

5.1 

f'-~ 

"Ir 

Table 5.1 
Barrier Hei!llt fixa ~ts 

4HAfti) 2) 
4V

R 

( 4 -~ -1 
ouf-V ) 

1. 78xl.014 

6.34x1013 

1. 62xlO14 

4. 33x1014 

~ 

( -3 
cm) 

7.9xlO
16 

2.2x1D17 

8. MOl6 

3.2xl0
16 

~-Fv 
]g 19 

- 1n(~)' 
g NA 

(eV) 

0.14 E> 

0.12 

0.14 

,0.17 

EIrt:roplated 
Int:ercept 
Voltage V 

o 

(volt) 

0.6 

0.44 

0.34 

_0.12 

,/ 

~----~-~ " 

'1. 

Barrier 
Hei3lt 

4aq, 

-. 

-~ q 0 
(volt) 

0.74 

0.56 

0.48 

0.29 

Ct 

1 

.' 

w 
/-a 

/ 
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Fig-; 5.4 Plot of the logarïtnm of current dens i ty' aga ins t 
voltage for 5 Se-Au structures w~th different back 
contact materials. , 
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Fig," 5.9 Plot of (A/C)2 versus VR for 3 Se-Bi structures 
w1th different back contact materials.· 
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CHAPTER 6, 

POST· FABRICATION HEATING ,OF Se-Tl DIOpES 

6.1 Introduction 
; 
r _ 

\ , 

The results on Se-Tl structureS described in !~aPter 5 

were for samples immediately afte~ fabricat~o'~, _. How~ver, 

the electrical characteristics of these samples changed with 

time ,when stored in air. 
• 0 

Fur;hermore, it was found that 

during the soldering stage of attachlng fine copper wires to 

tne thallium areas with Wood's metal, if the heating action 

wa. too long, or the soldering iron tempe rature too high, the 
, 

results of measurement showed that the forward c~rrent 

.{ 

dens 1 ty was reduced and the, general slope of the current 

d.nalty-voltage curve was also 
1 

decreased. lt was thus 

apparent that post-fabrication heat treatment adversely 

affect.d at l.ast the forward characterlstics of these 
( 

diod.s. Acc,ordingly, a study was made to feature the 

ch~nges in elect~ical characteristics with heat treatment of 
1 

samples in nitrogen. The present chapter describes these 

studies. 

1 

6i2 Experimental proeedyrJ 

SIee trical me~surements o( curretit density versus 

voltage and capacitanc. versus voltage were first taken 

,-
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immediately after the fabrication of the Al-B'l-Se -Tl 

o structure. Then, the e1ectrica1 vlre. ~nd Wood'. metal vere 

'l'emoved from the samp le, which, was placed ln a Pyrex tube 
, 

located within an oven (Fig. 6.1). Nitrogen gas (indu.tria1 

grade purity)t was passed through. the tube and a thermometer, 

p1aced near the sample, was used to moni tor the anneal ing 

temp~rat,ure . After maintaining the temperature at a fixed 

~a1ue for 2 hours, the samp1e was taken out and the same set 

of measurements was repeated. A total of • ix samples vere 

heat-treated ~at temperaturea of' 130, 140, 155, 170, 180 _and 

1.3 Park Current Penslty-Yolta,e Chatacterla~lc. 

Fig. 6.2 shows a comparlson of current den.ity versus 

voltage plots for the Se-Tl structures before and after the 

heat treatments. lt is apparent that a,fter ann,ea1.ing, th. 

current density decreases considera~ly and that th. amount of 

the decrease Increases with increase of anne.ling 

temperature. The slopes at low forward bias vo1,tage are 

appreciably 
, iJ 
reduced, corresponding to a change in Ideal i ty 

factor from n-l.2 , before annealing, to a value of 2 or more 
1 

aftet'wards . The ratio of current density at 1 V forw~rd, 
• 

measured after heat treatment to that measured before, la 

p10tted against temperature in Fig. 6.3, where it i. ,een 
1 

that the decrease amounts to some three orders 'of magnitude 

o for the heat tr~atment at 195 0 e. 
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6.4 C,pAcltance-YoltAle Heasurements 

Fig. 6.4 '\. shows fhe results of measurements of 

capacltance versus reverse bias voltage. lt is seen that the 

capacltance was slgnlflcantly reduced after the heat 
..,., 

tre a tment a t a11 values of revers e vol tage. This Is brought 

out more easily in the plot of the ratio of the eapacitance, 

mtasured after annealing at zero bias to that before. against 
cl 

Annealing temperature ln Fig. 6.5. which shows a decrease of 

more than an order of -magnitude for the 195°C case. 

The oapaei tance resul ts are re -p 10 tted in Fig. 6.6 as 

(A/C)2 versus reverse bias voltage Va. The measurements 

before heat treatment are approximately straight lines, which 

converge to an extrapolated intercept on the voltage axis 

neAr Va--O.6 volt. The slopes correspond to a ho1e 

. ,concentration ~f about 5x10f'6 cm - 3 in the selenium. The 

r.su1ts of on1y four samples after annealing are shown 

beeause of the very large (A/C)2 values of the other two 

samp1es. All of these lines for the annea1ed samples are 

non-linear curves and sh~w much steeper slopes than those for 

the samples before annealing. The latter fact suggests that 

the carrier Goncentration is reduced by the heat treatment. 

1. 

, 
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6: 5 ),~s t - Fabrication ~.atln& of Se - B i and Se .'Au Structur .. 

·0 

1 h h h ~ s tudy olf he a t f d A t oug t &'pr.sent tr.atment va. OCU" 

on Se-Tl structures, some preliminary relults were' allo 

obtiined from heat treatment of Se-Bi and S.-Au samples. 
~ 

F1-g. 6. 7 'shows res,ul ts 0 f j - V charac ter il tics of a 

Bi-Se-Bi structure before and a;~.er heat', treatment at 1100e 
i .~ 

for '2 hours in ni trogen. lt is noted that ev.en though the 

back contact and the counterelectrode were of the .ame 

material. the sample gave a large rectification ratio of 4 

decades at 1 volt before heat treatment. The results after 

heat show a much smal1er rectification ratio, a 
o 

10wer forwârd curr.nt d.nsity at 1 volt and, from a 11n,ar 

current -vol tage plot (not shown) , àn almost ohmic 

current-vo1tage dependence. 

F1g. 6.8 presents the mea.urements of j -V 

characteristics of a Au-Se-Au structure (C35) before and 

after heat treatment in nitrogen at 3 different t~mperature. 
Il" ' , 

of 120. 160 and 190°C. A11 the meast:ltements show a sma11 
, -

rectification ratio of around one decade at 1 volt, together 

with an increase of forward curr.nt density with increasi of 

annealing temperature. The results at 120°C (2 hrs.) are an 

exception to this. The trend thus shows that heat treatment 

enhanced the conductivity of the Au-S. contact.' A plot of 

(A/O) 2 versus VR for this samp le in Fig. 6.9 shows that, 

whi1e the heat . treattent the slope, the 

e~trâ.polated intercept on the voltage axis was not alter.d. 

\ 
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Sine. ehe .lop. increase suggests a decrease of carrier 

concentration. the increase of conduct1.vi ty wi th annealing 

must aris. from increasad carrier' mobility. 

6,6 Discussion of Heat-tteatment Results 

", r The changes observed after heat treatment in the Se-Tl 

structures could be -attributed to the formation - of an 

interfac ial layer, presumed to be thallium s'elenide, at the 

Se-Tl interface (Fig. 6.10). Thallium se lenide (TISe) i8 a 

semiconductor with an energy gap of about 0.7eV [12] [13].' 

Thus, the heat treatment process would change the structure 

from a Schottky junction to a heterojunction. 

/ The current density-voltage characteristics show a 

drasti.c change of ideali ty factor before and after annealing. 
\ 

T,his trend could be explained by the formation of a 

heterojunction after heat treatment. d Becaus .. of differences 

in latt1ce parameters between Se and TlSe, energy traps would 

be produced at the interface [14]. These interface states 

make carrier reèombination a dominant current transport 

process. ,which in turn alters the value of n. 
i 

The transition from a Se-Tl Schottky junction to Se-TISe 

heterojunction would cause the depletion region to extend 

from the Se film into the TISe lay~r and, therefore, decrease 

th,. capac i tance at a g1 ven vo 1 tage. 

1 
capacitance-voltage characteristics 

decrease. The (Ale) 2 versus VR plots 

The resul ts from the 

clear~~ _ show this 

after heat treataent 
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show much which sugges t tha t th. ,carrier o concentration was decreased. . If this concentration 

corresponds to the T1Se, i t is much less th an that irv the S •. 

The carrier concentration Jor th~ samples heat treated at 170 

and has a value comparad wi th 

- 5xl0 16 cm- 3 .for selenium before, heat treatment. The small.st 

measured value 
, & 

of capac i tan~e" corre sponding to th. 1 ar ge st 
, 

~epleti~n width, occurs at 1.2 volt on the sample annealed at 

19S o C'. ·The estimated dep1~tion width according to this valu. 

is 3 microns. Since the capacitance seems to decreaae with 

further increase of forward voltage, thè thickness of the 

T1Se layer must be 1arger than 3 microns, which, therefore, 

j 

could be observed under th,e microscope. An alternative 

interpretat'ion for the increase of the slope. of th0 (A/C)2 

plots, is a decrease of· acceptor conce,ntration in the 

selenium; due to out-diffusion. 

In the case of the Se-Bi structure, it i. pos.ible that 

the heating caused formation of B12Se3, which ia a low gap 

semiconductor, whose presence would reduce the rectification. 

In the case of the Se-Au structure-, lt ls possible that a. 

selenide was also formed. 

o • 

J 

J 
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o~~~~~~o~. ~o~~~~oa~~~ 
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F~g. 6.~ 

o 

Plot of (A/C)2 versus reverse bias voltage on 
Au-Se-Au sample (C35) before and aftet heat 
treatments. 

. 
c 

Se 

,.:' Fig. 6.10 Cro,sa. sectlonal vlew of the interf aC,e be tweeri· Tl 
and Se after heat treatment, showing a possible 
T1Se layer. 
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CHAPTER. 7 

RIAS AND FREQUENCY DEPENpENCE OF CAPACITANCI . 

7,1 Introduction 
o 

Tliis chapter p~esents the dependence of capacitanca of 

the diode structures on biaa and frequency and that of 

res istancè on frequency as weIl, Whi1e Mott-Schottky plots 

were shown in chapter 5 to obtain da ta for barr ier height 

determination, the data in the present chapter ia disp1ayed ~ 

simp1y as capacitance versus bias voltage at fixed 

fre quenc ies or capacia tnce (or re sis tance) aga ins t fraquency 

at zero bias. The capacitance resu1ts givan for forward bias 

in this chapter shou1d be regarded as somew,hat pre1iminary, 

since su'ch measurements in this high conductance r.g~on are 

re1atively inaccurat~. 
~ 

~7.2 i V l Vif. ___ Capac tance- 0 taie' ar at on 

.i-
7.2.1 Se-Cd Structures 

Fig. 7. 1 shows plots of capac i tance agains t reve r sa , 
voltage of a po1ycrysta11ine Te-Se-Cd structure (C42), 

. 
measured at four different frequencies (100Hz, 1kHz, 10kHz .. , 
and 100kHz). At a11 frequencies, the capaci tance decreaaes 

...,\, \ 

with increasing rever~e vo1,tage',\st~rting froll a maximull in 

the forward direction. 'i' The,' capaci tance decreases wi th 
, t 

. , 

• 
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frequency at all voltages. 
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Fig. 7.2 shows 

capacitance-voltage plots fo~ a single crystal Te-Se-Cd 

.ample (C50). The reBults are somewhat simi1ar to those of 

the po1ycrysta1line samp1e shown in Fig. 7.1, except. first1y 

that the capacitane~ values in the reverse direction are 1ess 

than ha1f those for sample C42 and seeondly that the 
, 

variation at 100Hz ls much 1arger for forward bias. ... ' , 

7.2.2 Se-Au Structures 

Fig. 7.3 shows plots of capaeitance-voltage 

characterlstles measured at four different frequencies 

(100Hz, 1kHz, 10kHz and 100kHz) for a po1yerystal1ine 

Te-Se-Au structure (C48). Yhi1e a t the higher frequencie s, 

capacitanee decreases with inereasing reverse bias VR' at 

100Hz it firat deereases to a minimum near VR-O.2 volt and 

then inoreases. In the forward direct;ion (negative VR'), 

there 18 a maximum for the 100Hz and 1kHz resul ts near 

VR--O.2 volt. 

Plots are shown in rig. 7.4 of capacitance versus 

reverse voltage, measured at four different frequeneles 

(100Hz, 1kHz, 10kHz and 100kHz) on another polycrys ta111ne 
, ~ '" 

Te-Se-Au structure (C62). The results here were taken about 

a year after fabrication. At higher frequencies, the 

'capacitanee for the most part decreases with increasing 

rellerse voltage. However, it is noted'that a minimum oeeurs 

near VR-O.1 volt at freque~cies of 10kHz or less. ' This 

. " 
\ 
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minimum i9 partieularly pronouneed at 100Hz, At ~hieh 

frequency there is a,seeond minimum around Va-O.6 volt. 

In Fig. 7.5. capac i tance .vol tage resul ts are shown for 

~et another polycrystalllne Te-Sw-Au sample (C65), which was 

fabricated with different areas of Yood's metal (see inset to 

Fig: 7.5), deposit:=ed on the top of the gold counterelectrode 

arefls. The results of both areas Al (0.14 cm 2 ) and 
1 

A2 (0.06 cm 2 ) were measured a t LOOHz and lkH~. lt can be 

seen that at 100Hz, the ~~~aeitance of Al 19 lower than that 
~ 

of A2 in the reverse direction, but the broad minima for both 

the 100Hz curves occur over the same range of voltage, near 

0.6 volt. lt ls noted that this sample, in contrast to 

samples C48 and C62, shows no minimum at small Va for 100Hz. 

At all frequencies, however, there is a maximum of 

capacitance for forward bias. 

A comparison of the results on the three samplles C48, 

C62 and C~5 i5 given in Fig. :'.6 for a frequency of 100Hz. 

As mentioned previously, two of the diodes show minima near 

VR-O.2 volt and ~ all three show a ma~imum 'in the forward 

direction. 

Earlier ,in 

shown (Fig. 6 ... 9) 

chapter 6, 
~ 

a plot of versus , 

for a Au-Se-Au sample,after heat treatment. 
\>ll 

Fig. 7~shows capacitance against reverse voltage for the 

same sample (C35) at 1kHz before and after the haat 

trea tment. 0# It is noted that the 
% 

capaeitance generally 

decreased with annealing and, the voltage of the maximum 

shifted from reverse to forwar~ bias. Furthermore, no 

, , 
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ainlmum of capacitance vas observed at any voltage for this 

sample. 

co) 

.. 
or. 

7.2.3 Se-Tl Structures 

Fig. 7.8 exhibits plots of, capacitance versus reverse 

voltage for a fairly typical freshly-made Bi~Se-Tl sample 

(C43>', measured at four different frequencies (100Hz, 1kHz, 

10kHz and 100kHz). At a11 frequencies, the capacitanca 

decreases from a maximum in the forward direction with 

increasing reverse voltage. With 1ncreasing -forward voltage, 

following the maximum, there is a minimum, which occ,~rs at, 

.' 
al1 frequencies. This minimum is more pronounced at 10wer 

frequencies but hard1y exists at 100kHz. 

In Fig. 7.9, capaci tance resul ts measured a t 100Hz on 

,.i,ht Se-Tl samples are compared. In .the reverse direction, 

J. l1 show a gradual decrease of capacitance as reverse voltage 

i Increases. In the forward direction, maxima occur near 
1 

1 Va--0.1.volt for all samp1es, followed by a sharp decrease 
1 l 
1 

/ around Va--0.2 volt' to -0.3 volt. At least three samples 

, (C43. C54 and CSS) a1so show minima around Va--O.3 volt. lt , 

may be noted 'from Fig. 7.9 that the highest values of 
1 
1 

i \ capacitance w:ere observed using polycrys~al1ine tellutium as 

the back contact material. 

-
Fig. 7.10 shows a _~milar plot of capaci t,ance against 

révers~ voltage for elev,en Se -Tl structures J;Deasured at 1kHz. 

As indicatëd,'" all samples show in the forward direction 

" 
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maxima near Va--0.l5 volt and ainima between -0.3 and 

-0.45 volt. 

Fig. 7.11 is a comparison of capacitance measurements at 

1kHz for three Se -Tl samples- wi th differant back contact 

materials betwee'n the selenium layer and the aluminum stud 

surface. These consist of samples C49 with po1ycrystal1ine 

tellurium as the back. conta~t material, C37 with bismuth and 

C57 with single crystal tellurium. Although the magniFude of 

capaci tance is different from one sample to another, th. 

maximum for a11 three samples occurs at about the same , 

voltage of VR--0.l5 v~lt. Samples C49 and C37 a1so show a 

~" \-"1 prominent minimum at about -0.4, volt. As ln Fig. 7.10, the 

sample with polycrystal1ine tellurium as the back contact 

shows the highest capacitance. 

Fig. 7.12 shows plots of capacitance-,voltage measurement. 

for two polycrystalline Te-Se-Tl samples (C45 and C49). Th. 

inset depicts the correspondlng plota of current denaity 
. 

against voltage. Sample C49 shows a r.ctif~catlon ratl0 of 5 

_ decades at 1 volt, compared wlt~ about 2.5 decades !or sampl. 

C45. Their maximum capacitanee values both occur at about 

VR--O.l5 volt. However, samp1e C49, a re1atively better 

rectl'fier, shows a ,somewhat more pronounced minimum than that 

of sample C45, a1though the effect Is not strong. 

o Fig. '7.13 displays capacitance-voltage plots at 1kHz on 

two Bi-Se-Tl samples (C43 and C31), which were heat-ttreated 

at 155 and l70 0C respectively. Both samples show prominent, 

capaè~tance variation before heat treatment, wheraa. th!s and 
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-the magnitude of capacitance both decrease substantially 

.fterwards. Furthermore, after annealing the mlni~um in the 

forward direction has disappear~d. 

7.3 Capacitance-Freg~ency Variation 

7.3.1 Se-Cd Structures 

Fig. 7.14 is a plot of incremental capaeitanee and 

\ ' ineremental resistance versus frequeney for a Bi-Se-Cd sampll 

(C27). At low frequeDcy, the capacitance decreases only 
li 

.lightly with increasing frequency but beyond about 100kHz, 
. 

the decrease becomes grea~ter. The total capacitance decrease 

ls more than one deeade up to a frequency of a megahertz. 

The deerease of resistance is very mueh larger, amounting to 

more th an four deeades over the same frequeney range. 

Flg. 7.15 shows eapacitance and resistance versus 

fre queney resul ts for three Bi-sé-Cd samples (C29, C30 and 
, 

C33), which were fabricated with the selenium deposited with 

different substrate temperatures of 140, 90 and 80 0 C. The 

samples prepared at 90 and 140°C show a similar ini tial 

variation with frequency. However i sample C33, fabrieated at 

80°C shows an initial decrease of eapaeitance to a plateau 

betweèn about 1kHz and 10kHz, beyond whieh it deereases like 

sample C30, prepared at 900~. The resistance of sample C33 

a1so deereases with a tendeney to a plateau around 1kHz and 

thereaiter deereases rapidly with inereasing frequeney . 

. Apart from these differenee~) the eapaeitance and resistance 

f 
/ 

( / 
'-----. -~~ 
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values have much the saJie " order 
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of magnitude. .ap1te the 
./ 

fa"ct that selenium depo'sited 
,Q. 

at 1400 C ls polycrysçaillne. 

7.3.2 Se-Bt Structures 

at 80 0 e ls amorpho sand that 

Plots. of capacitanee and resistance versus frequency for 

two Se-Bi sampl ... s (C28 and C56) are shown in Fig. 7.16. 
("" 

Sample C56 was prepared with polycrystalline tellurium as the 

back contae't material, whil.é samp1e C28 used bismuth. Both 

eapacitance curves show ini tially a 811p'f decrease to about 

100kHz. At Iow frequency, sample C56 shows a capaei tanee 

about twice that of sample C28 and a resistance almost an 

• 
order of magnitude sma11er. As in the case 'of the Se-Cd 

diodes, the decrease of resistance over the frequeney range 

is mueh larger than that for the capacitanee. ,. 

. 
7.3.3 Se-Au Struetures 

" Plots of capacitanee and resistance ver.sus frequency are 

shown in Fig~ 7.17 for 
, 

a Bi-Se-Au strueture (C26) and a 

Au-Se-Au structure (C35). Sample C26 shows a decrease ,of 

eapacitance 
~ 

witti frequency around Ik.Hz to a p1ate'au between 

about 4kHz and 100kHz, with a slow decrease beyond., The 

capacitance of sample C35 on tne other hand decreases only 

slowly at 10w frequeney but shows a 1arger decrease beyond 

10kHz. The resistance curves of both samples show little 

variation with frequeney at Iow frequeney, wlth a larger 
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~~e beyond 10kHz for sample C35 and 100kHz for sample 

7.18 show capacitance-frequency plots of a 
,1 T,... .... ;: / 

polycrystalline Te-Se-Au sample (C64) with 3 differe'nt gold 

areas, and A4 (0.015 cm 2 ) (see 

diagram in inset). All three cu~ves show 'an initial"decrease 

of capacitance at low frequency, with the two sma11er areas 

A3 ~n4 A4 showing the more pronounced decrease. With further 

increase of frequency, the capacitance decreases ,more slowly 

in • p~ateau- region and then shows a larg(decreas~ beyond 

100kHz. lt ia noted that area Al g~ves the smallest value 'of 
fi 

capacitance at low frequency but the la~gest value at higher 

frequency. At the highest frequency of 1KHz, the capacitance 

of aIl three areas seem to converge together. 

Fig. 7.1,9 shows capacitance and resistancé versus 

frequency for a polycrys talline Te~se -Au sample (C65) with",-' 

.. 2 
four differen t Yood' s me tal éon tac t are as, Al (0.1,4 cm ), 

A2 (0.06 cm 2), A3 (0.03 cm~) and A4 (0.015,,·cm2), but the same 

area of gold (0.14 cm2 ), as indicated in the inset. A~l four 

areas show a decrease of capacitance at low fre9uency, with a 

plate'au between about 2kHz and 100kHz, beyond which th.e 
, 

capacitance decre'a!tes more rapid1y, with convergence towards' 

the highest frequency of 1KHz. lt is' noted that at higher 
L 

frequency; Al gives the largest capacitanca as expected, 
, 

fol1owed by A2, A3 and A4 in that order. The values of 

resistance for al~ four areas are seen to show little c~ange 

at low\frequency and on1Y 1 begin to decrease near 100kHz with 
~ 

/ 
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conyergence ,near lMHz. The resistance .is highest for' area A4 . 
as might be expacte~. 

J 

Fig. 7.20 shows plots of capacitance measured at 10kHz 

and' 100kHz versus area fox: the samp1es C64 and C65. lt 

shou1d be noted that th, areas 'Corresponded to the gold 0 

countere1ectlodes for sa~ple C64 but to the , "' Wood'. metal' 
c 

contact areas for samp1e-q65. lt is observed that there.is .. a 

linear r~lationship be~ween capacitance and ~h~ size of the 
. 

gold area for samp1e C64_ at bot~ frequenci.es. For sample 

,C65, the capacitance increases with area of the Wood's,metal 
1 1 f' 

• 
contac't but, in this case,' the, curves' are non-1inear. 

7.3.4 Se~T1 Structures' 

. Cap.acitance and resistanee ver,sus fre"quericy plots for a 

tYi!iical po1yerys~al1in~ Te~Se-T1 s.amp1e (C48) ar~ shown ~n 
.. ~ 

Fig. 7.21. It 15 qbserved' that 'the capacitance deereases .. 
s low1y at low frequ~ncy but shows a larger dec .... reasé" of more.' 

,) 

tha!1 one decade beyond 100kHz. As for the Se-Cd and .se-Bi 

diodes, thé 
) 

decrease . ot , . ' 
resistance with frequency i5 mucb 

greater, amounting tO.more than four déca~es. 
" 

7,4 Sy,mmary of Results of
l 

Variation with 'Bias and Freguency . 
r. 

, ' 

In respect of the plots of variati9n with. bias, it i5 

c~ear t~at generally speaking the capacitance at ~lgher 

fr.equencies in a regular way, wi th inc re as ing VR" 
o 

decreased . 
This fact vas al readly used ln c.~apte r 5, in ,the plots. 0 f, 

• n, 

... , 



( 

.. 

14 

versus However, at low 
~ , 

frequencies '. anomalous 

capac 1 tance dips were olhe rved for the Se - Tl, _ Se - Bi (no t . 

shown) and S~-Au diodes. These anomalous minima occurred at 

a forward bias for the Se-Tl samples and at a reverse bias 

for two of~e-Au samples. For the Se-Cd diodes, however, 

no anomalfus minima were obs~ed. 

The data for the se-T, ~iode.s, which were measûréd' on 

freshly made sampIes, showed higher capacitance for samples 

made using polycrystalline tellurium as the back contact 

materiai. This resùlt would seem to be generally consistent 

witq the fact (indicated in Fig. 5.5(b» that the lowest 

series resistance occurred in these same samples. 

In respect of variation with frequency, the decrease of 

incrementai capac 1 tance over the ;t'ange 100Hz to 1MHz was 

generally much'less than that for incrementai resistance, at 

Ieallç f~r the Se-Cd, 'Se-Bi and Se-Tl samples. The resistance 

decrease can generally be understood" in terms of a junction 

shunt resistance, which ioS by-pa55~d at higher frequency by , 

h j i . i \. h hi h f t e unct on capac tance, 50 t at at g er requency a 

series resistanoe of lower value becomes important. 

c~rcuit model for this is considered ,in Chapter 8, 

~he C-f and R-f results on the Se-Cd samples, wheri the 

se len1 um was depo site<\. a t di fferen t subs tra te" tempe ra ture s, 

indicate.not onlr a relatively small differençe between the 

devices with amorphous and crystalline se~enium but also that 

. the cry-stalline sample gave the highest shunt resistance 
1 

value at 100Hz and not the amorphous sample, as one might 

" 
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have expec ted. 
"'\'.:­

Furthermore, the resistance of the. samples at 
1 • 

high frequency, which may be taken as s,ries resistance 

value~, were of similar magnitude for a11 th~ee. 

The C-f and R- f data for the Se -Au sampies ,were rather 

cl. 
different from those for the Se-Cd, Se-Bi and Se-Tl samp1es. 

First1y, the 'variation of resistancOe with frequency was much 

less, amounting to on1y about a decade' over the frequency 
" ' 

range, rather th an the approximate four decades observed for 

the, other samples. 'Second1y, the cÂpacitance at 100Hz ~as' 

much 1arger and showed an initial dacrease' with incraasing . , 

frequency. ThirdIy, this larger v.alue of capacitance at 10'" 

frequency was more pronounced for the smal1er gold areas. \At 

higher frequencies, however, the capacitance sca1ad çorrectly 

with the gold areas. 

! 
, . 

, . 

1 
,1 

. . 
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-08 "04 0 04 0·8 11 
Reverse Bias Voltage, ~J(Volt) 

Fig." 7.1' Plot of capacit'ance against J;ever~e voltage for 
polycrystalline Te-Se-Cd sample (C42) at four 
different frequencies. 

1kHz .... ·f\ , , 

<, 5 ingle Crystal Te-5e-Cd 
C50 

, \ '~ , ~ , , , , . 
~ , , , 
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1 
1 
:j 
1 
1 

o~~--~--~~~--~~~~~~~~ 

~ « a ~ -œ u 
Reverse Bias Voltage, ~J (VoLt) 

Fig. 7.2 Plot of capacit~nce against reverse voltag .. ' for 
single crystal Te-Se-Cd sample (CSO) àt four 
different frequencies. 
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Reverse Bias Voltage, VR , (Volt ) 

Fig. 7.3 Pl~t of capacitance against reversa voltage for 
polycrystalline Te-Se-Au sample ,(C~8) at four 
different frequencies. 
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Fig. 7.5 Plot of capac~tance ag~ins 
polycrystal11ne re-S -Au s 
1kHz on two of the Y od's 

uf and A2. 

~everse voleage for 
mple (C6S) at 100Hz and 
eta1 contact are~s Al 

~ Te-SeAU, 

, , 

o -10 -08 -06 -04 -02 0, 02 04 OS 08 
Reverse Bias Vottage, ~,(Volt) 

Fig. 7.6 Plot of capacitance as a funct10n of b1as at 100Hz 
for threa polycrystalline Te-Se-Au sampl.s. 
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Fig. 7.7 Ploc of capacitance versus reverse voltage Va At 
1kHz for Au-Se-Au sample (C3S), before and after 
heac çreatment at l20 0 C and 160°C in air. 

1 -'lJ.. 
c: -

Fig. 1.8 ,Plot of capacitance against reverse voltage 
for Bi-Se-Tl sample (~43) ~t four differ,nt 
frequencies. 
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Plot of capacitance as a function of bias'at 100Ht 
/'"'" . 

fo~ 8 Se-Tl samp1es with different pack contact 
lIaterials. 

Se;.rt 
1kHz 

Ba:k Contact Matenai 
: C4;9} Poty T. 
v t 
• ~ 
• C43 S' o C44 1 

~~ 
~ ·c 
A CS7 SingteCrystal T. 
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U 2 O" .. O' .. fl P 
00-0-V-O--<>-~' 

a ," 
-tO -oB -06 -04 -02 0 02 04 06 08 1{) 1·2 

Raverse Bias VottageJ ~.,(Volt) 

F1g. 7.10 Plot of capacitanee as a funcc10n of bias at 1kHz 
for 11 Se-Tl samples wich differenc back contact 
matarials. 
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different In(j)-V characteristics, as shown in 
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resistance (R) against frequency (f) for Bi-Se-Cd 
sample (C27). 
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Plot of C-f and R-f- for 3 Bi-Se-Cd samples 
prepared at different substrate temperatures 
during Se deposition. 
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Fig. 7.16 Plot of C-f and R-f for 2 Se-Bi samples ~ith 
different back contact materials. 
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Fig. 7.17 . Plot of C-f and R-f for 2 Se-Au samples w1th 
different back contact materials. 
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At Oot4CrrK
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Plot of C-f for polycryscal1ine Te-S.-Au .ample 
(C64) on three goid areas Al, A3 and A4. 
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CHA~ 8 

DISCUSSION OF RESULTS 

;J ----

, 1 

, The experlmental resul ts pr~sented 1n chapters 5.6 ,and 7 

are now discus',ed toge the'f" in a comprehenS'ive manner. 

lt Is rclear thaç ln the ca-se of selenium-metal contacts. 

the wo~k function (9m) of the 'metal plays an important role 

in de t8rmini~g the curren t - vo 1 tage charac te ris tic s . The J 

proof of this 1s the plot of Fig. 5.13. showing that the . , 
b,arrier height 9bp is' indeed' related t'O 9m. despite the 

~ ---,---

/ , 

( 

presence of interface 
/ 

states. This' plot suggesès a 

concentration of around 1014 of such states per cm 2 , assuming 
( 

an interfacla1 layer thlckness of '10 À [15]. lt should be 

po'inted out khat t~e <Pbp-va~ues ~btalned in thls thesis may 

be underestlmates of the work functlon values beeause tqe' 

,hole coneentrations dèduced from the slop.es,. of the (A/C)2 

versus Va plots represent, not just the free carriers, but 

also Any charged trap centers. Howev:er, whi1e the absoluteo 

magnitudes of the 4>bp values may be larger, the slope in 

F1&:_ 5.13 should not be greatly affect~d. leaving the 
d 

estimat8" of the interface state density ~t about the same 

magnitude. lt; shou1d als'o be' po-inted out thaJ the resul ts 
, 

apply ta ap, interface JI! th polycrysta111ne selenium. 
, , 

EXReriments should tlie,refore be carried out wi th slpgle 
. ., '" 

crystal selenium to see if orientation effects existe 

., 
1 
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The .pl'ots of current dènsity agàinst voltage rafl.ct 
.. 

"qua~itatively the diffefant barrier heights of the metal. Au, 
( 

Bi, Cd and Tl in ~e-metal S7hottky .)unctions. Thus J the 
~ 

Se-Au diodes gave the highest value, of current density at low 

forward voltage and the Se-Tl diodes the smallest value, . . 
However, an attempt at obtaining barrier heights from the 

1 

extrapolated intercept;s of the j:,V curves was quantitatlvely 

not successful. 

Detailed studies on the aging of the selenium Schottky 

diodes were not don~ in work for this thesis but'rapld aging 

was very ml!cb apparent for the Se -Tl diodes. A study was 

made; ,however, of post- fabrication -heating of these diodes. 

l t was found (chap ter 6) that the forward curren t dens i ty (a t 

1 volt for example) was greatly reduced .. after heating in 
, ' 

,:nitrogen,dwith resultant decrease of the rectification ratio. 
, 1 

This was attributed to an- increase of series resistance, 

:t:.esulting from the formatio'n of thallium selenide at the 

Se/Tl interface [16]: The capac i tance decreases observed 
'. . " 

were consistent with this explanation but experiments to 

detect the TISe chemically have not been carried out. AlI 

other studies on the Se-Tl diodes in th1s thesis were 

therefore performed w1th freshly-made samples. 

Some smaller(lchanges were obse,rved- in post-fabrication 

héating of Se-Au diodes but these effects could be due to 

change's at the , back contact. In comparing back contact 
" 

mater!als, it would seem that" the hlghe~t j -values at l volt 

forward and the h!ghest zero-bias capacltance values were 

( \ 
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ob •• rved on S'e-Tl structures with polyc~ystalline tellurium 

as '~he back contact ma.r'ial, instead of bismuth. If, this is 

confirmed for other Se-metal structures, it 'suggests that; , 

._poly~rystalline te11urium would Qe preferable to bismuth as 

the ohm~"c contact to the diode base, 

In chapter 7, some anoma1ous capaci tance resul ts were 

reported, These be re-garded as tentative, 

partlcularly in the case of the Se-Bi and S~-~u diodes, since 

not many of these samples were prepa~ed, In the case of the 

• ,Se -Tl diodes, a minimum of capacitance. was observed for-- a 
" 

small forward vol tage at lower frequencies. l t was 

jartieularly marked at}lOOHz. ~no~alou. mini'. were ob.erved 

in Se-Au structures for a small reverse blas and also in 
,-

Se - Bi' diode s near zero bias (no resul ts shown) a t low 

frequencies. ' A possible exp1anation of these capacitance 

anomalies is an effect predieted by Roberts and Crowell [17] 

arising f;om a deep level in the semicon~uctor. Another 

explanatiôn is that it arises from a partially blocking back 

contaèt. 1 t 'is i n'tere s ting to no te' tha t no dips were 

observed for the Se-Cd diodes. The present results, however, 

are too prelimh,ary to determlne the caus'e of the effects, 

whlc~ will be examined further in future investigations. 

" .. '. T~e main part of the variation of incremental 
> .\ 

• ' b _ 

: c apfl~l'cance and resistance with frequency can be explained 

ass'ùmlng the simple equivaletlt circuit model shown in the 
r~\, 

in set ,t 0 Fig. 8" t-t . arising from an analysis 
~ 

given in 

. refèr'ence [18], As seen. this cons is ts of two capaci tors in' 

... • 
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series, Cj and Co, shunted by resistors Rj and R.o : thora, i.a 
l, 

1 

also an a&'q.itional series resistor R. Using the formula.. 

from refe'rence (18) for the eqUi~ent paralle l capaci tance C 

and res is tance R. ~ approximat"e values of the paramete,ra Cj. 

Co. Rj' Ro and R. can be obtained by curve fitting. This waa 

90ne for the C-f and R-f results for the Se-Tl sample C49, 

- shown in Fig. 8.1, where the broken lines represent the 

calculate4 curves . It i~ .. seen that. while the fit ia lar 

from perfect, the ca\culated' curves do explain the main 

over-all variation of, the measured 'parallel capa.citance and 

resistance for this sample with frequen~y for the values 

Cj-13.5 nF, Co -1 nF, Rj-5x10 5 ohms, Ro·75 oh~s and R-20 ohm •. :' 

According to relerence [18). Cj ànd Rj are th~ parall.l 

capacitance and resistancè values for t'he Schottky junction 
, , 

\ 

depletion layer, while ~o and R. o are respectively th • 
. ~ 

corresponding quantities for a postulated' laye~, depopulated 

of acceptors in the selenium adj acent to th. 

countereleètrode; R is interpreted as the series resistance 

of the con tac ts a,nd leads. 

It would,seem likely that a similar fit could be made to 

the results for the Se-éd and Se-Bi diodes. - In the case of , . 
the Se-Au sampIes, however, the re,9istance variation with 

frequency was much less and a1so anomalously high capa~itance 
1" --.,J 

values were observed at low frequency, particu1arly for the ._-

smal! go-ad· s me tal can~act are.. . Th~. • the) .1~Plo 
equivalent circuit may not be sufficient to explain these result •. 
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-CHAPTER 9 

OyER-ALL CONCLpSlONS 

.. 
.. 

From the present resul t~ , it 1& clear tha.t " . selenium-

metal eontact-s are very convenient- ~t_ructures for studying 

Schottky junctions for a -'low mobility semiconductor, since 

the' work functions qf the metals do indeed play a declsive 

ro1e in determining the ba:rrier heights, despite a higlh 

concentration of )nterface states. This would seem to be due 

to the very high work function of selenium itself. The 
. 

density of interface states for an assumed interfacial layer 

thickness of 10A. was estimated at about 10 14 cm- 2 . The 

Schottky junctions are easily made by evaporation of the 
IY 

metal on to a crysta1lized selenium film. without tlle need 

~r ultra high vacuum techniques. It is important, however, 

to do the counte re lec t rode deposition at a low (t..emperature 
" 

, 
and also to avoid heating the structure after fabrication, 

otherwise a sel en ide dt a y b e for m e d a t· t'~ e met a 1 / sel e n 1 C 
in,terface, resulting in ~ heterojunction, rather than a 

S'chottky junction. This was very evident in the work on 

Se-Tl structures. Th~ ,anomalous capacltance effects should 

be further studied, sJnce if the Roberts-Crowell [17] 

explanation applie~, these 'could yi,eld the energy posit,ion of 

a deep 1e,vel (or 1eve1s) in the selenium. The resu'lts with 

- /~ ....\. 
different back contadt materials suggest that polycrystalllne '. 
te11urium may give t lower series reslstance than bismuth. 

\'.,: 
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and 

appears to be due to resistanee' 
1 

itself ext.ernal ;to th .. depletlon 

a smaller e q ulvalent eapaci tor in 

• eries· with that arising from the ~epletion layer was' 0 also , 
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