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I Rectifying selenium diode structures have been made by
evagsrating ;:tals'on Qo‘a layer’ of crystallized selenium.
These diodes were Al-Bi-Se-metal or Al-Te-Se-metal

/;érgctures, where the metal washeithe¥ cd, Tl, Au or Bi. Thﬁ
highest forward .current and lowest rectification ratio ware
observed Jwi‘th a Auw,,counter_?_].ect<i'2de, arising from its high
work functi®n. -The highest rectification ratio was observed
with Tl due to its low work function but Se-T1l diode;‘showed
a degradation of rectificatYon with time and posc-fabfication
'heatiﬁET"‘ Barrier heigﬁts, obtaine? from capacitance

r-Mott-Schot}ky plots, were found to decrease consistéﬁtly with

3

increase of metal work function hng from this variation ;he
@

density of interface states between the selenium and metal
‘was eséimated to be of the order of 1014 cm-2, While the
counterelectrode metal mainly, controlled the current-voltage

, characteristics o{ the diodes, the back+ contact also had =&
detectable influence, in that a lower series resistance was
found using polycrystalline tellurium as the back contact .
material in the place of bismuth. An anomalous capacitance
pinimum was oéserved in plots of capacitanc? against bias

voltiage in several diodes. In Se-Tl diodes, this anomalous

caﬁacitance dip occdurred at a small forward bias, whereas in

Y
L

Se-Au and Se-Bi diﬁdes, dips were also observed but near zero
bias. 6 Dispersion of capacitance and resistance in the diodes

with freguency up to/égoht 1MHz could be largely explained My
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C L R RESUME ‘ i1

s - -
Des onqes a redressement au sélémum ont été fabri qudes

par evaporation de métaux sur une. couche',dg "sélenium
cristallisé. Ces diodes avaient une structure Al ~B1-Se-métal

ou Al-Te-Se—métal, ol le métal eétait 501% du Cd, du T1l, de
1 'Au’ou du Bi. Les plus hautes valeurs de courant direct et’
les plus faibles rapports” de redressement -opnt été observeés
avec uhe contre-electrode .en or; cela est du ad la haute
fonction de t;ava11 de 1 'or. C’est le Tl qQui a” fourm le
rapport de redressement le plus eélevée, graée a sa fonct?on de
travail moins édlevée: mais les diodes au Se=Tl montrent une
degradation de redredssement avec le temps ou lorsqu‘ellés

sont exposées a la chaleur, aprés fabrication. On a constatq‘
que lés hauteurs de bafriere, détermineées pa; des hracéé—de
capacité de Mott—Schottky, deécroissaient . en foqction de
1 'augmentation de’ 15 fonction de travail du métal; & partir
de cette variation, on a estimé que la densité des états
d'interface entre le sélénium et le métal était de l'ordre de
10** cm™=, S1 le métal de 1la contre-électrode controlait
surtout les caractéristiques de courant~téﬁsxon des diodes,
le contact arriére avait égalenent un effet détectable: nous
avons constaté gque la résistance série etait plus faible
lorsque 1'on utxlisalt du tellure polycristallin A la place
du bismuth, comme matériau de cgntact arrxége. Un minimum de
capacité anormal a éte observe aans les traceés de la capaciteé
par .rabport a la tension de polarisation, dans plusieurs
diodes. Dane lecs diodes au‘ Se~-Tl, ce creuw: de capacite se
produlsait & de faibles valeurs de tension directe, alors que
dans les diodes au Se-Au et au Se-BFi1, des creux ont égeal ement
tté observés, mai1s A une tension presque nulle, L.a
dispersion de la capaciteé et de la résistance dans les diodes
en fonction de la fréquence, Jusqu A environ IMHz, pourrait
erf grande partie étre .due & 1la couche de transition, et A

1 effet que’f%e selémum ¢ lul—meme ehkcerce =sur la capacité et

‘e * .
la résistance. . .

¢ ¢ .
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Selenium is a;very important photoreceptor material used
extensively in éhe dr& photocopying industry,. For thesaea
applications, the material is used in the amorphous form.
The apflicaéion of selenium in th; trigonalo?rystallfn; form
is much' less extensive, but thi%bform fs very interesting
scientifically because it 1s always p-type and it has Chhe
highest reported work function among all the elements (seé
Fig. 1.1) [1}. This means, in principle, that &'Schott:ky
Jjunctions with va{y%ng barrier helights can easily be

fabricated by deposition of metals on crystalline selenium

becauqe all metals have a smaller work function than

1} ‘e

selenium.

Arising from previous work done in the Sol%g State
4
\ -
Laboratory at McGill University (2] [3], the present research

program was undertaken. This has consisted of fabricating
Se-metal diodes and ~ investigating their electrical
characteristics, involving measurements of current as

s

function of voltage and frequency on the diodes. Cadmium was
one’ of the counterelectrode materials used in the étructunés
_studied, since this metal was ‘empléyed ;s 4}he _major
con;tiFuent in the counterelectrodes of commercigl seleniun

rectifiers. Diodes with bismuth, gold and thallium were also

function of voltage and capacitance and resistance as ﬁ“
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investigated. Gold has a relatively’ high work function,
while thallium has arrelatively low value, so that these

,metals would be exp\ected ideally to yield Schottky junctions

* ’with a low and a high barrier height respectiw'rely, which
turns out’ to be the case. sAs will be seen, Se-Tl diodes are
- excellent rectifiers and even better than Se-Cd diodes.
b However, their performance fallls of £ rapdidly with time. Some

results were obtained on a few diodes using monocrystalline

seélenium. ) a ‘ '\.
The structure of the thesis is as follow;:. In c'hajpter
2, a brief revview 1:3 given of the theory «of the Schottléy
Junction and of the effect’' on barrier Height of interface .
states. Chapters 3 and 4 describe .respectively the

preparation of the samples and the . methodsg of measurement .
~ A}

o

The experimental results obtained on the diode's are give'n in’

chapters 5, 6 and 7. Xhese results are comprehensively

L

discussed in chapter, 8 and the over-all conclusions are given .

in chapter 9.
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CHAPTER 2 -

THEQORETICAL CONSIDERATIONS

L
v
1

This chapter briefly reviews the basic theory of metal-

semiconductor contacts relevant to this project. A simple

<
[

L ; 1
band diagram 1is presented  .to illustrate a Schottky barrier.
The current transport mechanisms, capacitance-voltage

characteristics and the effect of surface states "are also

“a

treated briefly. More détailed treatments of the Schottky

junction are, however, given in various texts [4]+[5] [6].

When a metal and a p-type semiconductor are brought into

.
. ~

"contact (Fig. 2.1), a redistribution of charge occurs. If .

>

the work function of the metal (#m) 1s smaller than that of

the semiconductor (¢g), thenﬁplectrohs flow from the metal

-

into the semiconductor. A final equilibrium condition is
reached when the Fermi levels of the two substancégJére lined
up (Fig. 2.2). Under the agsumptibn oé the absence of .an
intarfa;ial layer and surface states, Q potentiai Sirrier for

. - o
holes is formed with a height (¢bp), as seen from the metal

’

side of the contact, given by : o
| EG « . .o '
¢bp = — * Xs - bn . o | (2.1)
q )

1

[}

-’



oLr

where, Eg is the energy bgnd gap of the semiconductor, q il
the magnitude of a wunit electron charge and xg 1is the

. N
electron affinity of the semiconductor.

| \\>
| / .

Current transport in metal-semiconductor contacts is
mainly due to majority carriers, ;.e.,b electrons for an
n-type and holes for a p-type semicoﬁductor. Theoretically,
there are four basic transport mechqnisms under forward blas .
(4] . hey are '

(1) transport of majority carriers from the .
semiconductor over the potential barrier into the

,metal (the dominant process for Schottky diodes with
moderately doped semiconductors),

(2) quantum—mechanic;l tun ling of .holes through'
the barrier (especially for\a heavily doéed
semiconductor),

(3) recombinat139 in the space-charge region and

(4) minority carrier injection from the metal to the
semiconductor. —"

In tﬁi; project, selenium wafgused, which is always p-type
and moderately doped,' so that the Schottky diode was a
majority-carrier dev;ce under low-injection condition (small
bias). Therefore, Pnly the first process is concerne& here.

There are essentially two theories <concerning the

transport of holes over the barrier® namely, the thermfonic

]
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emission theory and the diffus%:ﬁ theory. The diffusion and

1

thermionic emission processes akt Iin series and the one,
which createsithe greater resistance, controls the current.

(a) Thermionic Emission Theory- \

For high mobility semiconductors, the transport is

dominated by éhe thermiénic emission theory.  Under the
N .

assumptions [5] that ' o ) .
(1) the bgrrier height ¢pp is much larger than\kT,“where‘
k is Boltzmann's constant and T is temperature, ‘

(2) thermal equilibrium is established at the plape that

~

determines emission and

~

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

7 this equilibrium,

the current density je¢h as a function of forward potential V

is : ',

) B
Sen = A" T2 exp ( Z9%5R ) (exp ( V) - 1)
_,j kT kT -
- jgT ( exp ( Ty .1y, - .
. kT

where jgr = A* T2 exp ( ;iiBB ) is the saturation current

kT
densitcy, AY « Awqm*kz is the effective Richardson constant
) h3

for thermionic emission, h is Planck’s constant and n* {s the

¢

effective mass of holes.

o

(b) Diffusion Theory . .-

-

The diffusion theory can adequately describe the cgurrent
§ . '

‘“transport for low mobildity semiconductors under the

assumptions [5] that

(1) the barrier is much larger than kT, | R
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(2) the effect of hole collisions within the depletion

v
-2,

region is included,_

, (3) the current concentrations at the contact interface

/

in the depletion région are’ unaffected by current

flow.
The current density equation is then given by
. 1
2 . . i .
- ga = (3202 (30 V) 2 WA 32 oxp29%0p y)[ exp ( IV )-1)
kT : €g kT kT
v .
. - dsp [ exp ¢ 1) - 1] .o .
' kT - . ¢t -

where Dp is the diffusion ceofficient of holes, Ny is the

effective densiiy of states at the valence band, given by

i 2xm kT |2 p
Ny = P s, Vo is the diffusion potential, Ny {s the
v <_€3__‘) o P A
acceptor impurity density (assumed to be uniform) and e¢g is.
the semiconductor permittivity. o

The current density expressions of the diffusion and

thprmionic emission theories are basically of the same form,
‘ - ¥

except that jgp varies specifically with voltage, while jgr

is more senslitive to temperature.
.

&
A

[

Measurements

\ . .
According to ,Sze [5], there are basically four methods

, used to measure barrier heighf, namely, current-voltage

characteristics, activation enérgy measurements,
photoelectric measurements nd capacitance-voltage (C-V)

b - ~
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measurements. The C-V method was used in this project and 1s %

briefly described as follows.

The depletion region of a S:Bottky barrier acts like a
-

capacitor especially In reverse bias. The differential

capacitance can be then expressed as [4]
1 N 1
C = 4. ( qegNp )2 ( Vo + VR - ES ) 2 . )
- ~2 q M
where VR is the reverse voltage and A is the area of the

junction. This formula assumes a uniform concentration Np of

shallow.<acceptors in the semiconductor, which are fully

ionized at room temﬁerature, i.e. p=Np, vhere p 1is the hole

concentration. o
Rearranging the above equation and neglecting the,EE term
q
gives p
2
- A 2 y
() = ( Vo + VR)
C q€sNA
Thus, a plot of (A/C)2 versus Vp will give a straight line

withﬁin intercept on the voltage axis of Vg "= -V,. From the

slope, the acceptor concentration is given by
2 . ‘?VRZ : (2.2)
s apdh

Nao =

Hence, both the diffusion potential V, and Ny can be obtained

from the ﬁlot; The Fermi level Epp = Ep -. Ey. above the

he -

valence band is given by

Epp«- kT 1In ( E!_) , since p = Na . (Ei@)
Na .
The barrier height can then be obtained according to Fig. 2.2

from

-

@



All of the above theories are based on the assumption
that there are no surface states. However, 1in reality,
surface states ‘arise because the surface of a cry;tal \
interrupts the perfect periodicity of the ctystal lattice and
pecause impurities and imperfections may be present, In\
general, the ?arrief height is determined not.only b; the
metal. work function alone, but also by the surface states,
any thin interfacial ox{de‘layer betweeﬁ the metal a;d the
semiconductor, and the eaelectric fiéid applied across this .
layer. Arising from a treatment of assumed surface states,
Cowley‘and Sze [7] have shown that the barrier height can be

expressed as

¢bp'7(gﬁ+§i-¢m)+(1-1)¢°-aemax,(2.5) -

' q q
-1
where vy = ( 1 + 46D ) , a = Seg , §o 1s the neutral
€q €y + q6Dg ’

level of the 1interface states (see Filg. 2.3) above the

valence band edge, Dg is the density of interface states per

unit area per eV of band gap, ¢4 is the dielectric constant

of the oxide layer_of thickness 6§ and €p,x 1is the maximum

-electric field across this layer. For small bilas voltages,

thin interfacial layer and moderate doping, the contribution

of the last term of the above equation is so, small that it

-
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&

can be neglected [4]. Therefore, equation (2.5) 1is reduced

*

-

to
1 EG .
¢bp - y( 2 + xg * ¢m )""' (1- %“)¢o .t (2.6).
) q L} N

. If the density of states 1is negligible, 1i.e. f)s - 0, 4pp

tends to the result of eqn. (2.1) (Eg/q) + xg - épm, which is
called the Mott limit. However, 1if Dg ~ =, ¢bp approaches
o, whi¥h 1s called the Barde;n limict. In this case the

barrier height is totally dependent on interface states.

£

\
' .
- ° [ '
Al -

L

.
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CHAPTER 3

\

.

' > ! '
The procedures for fabricating selenium-metal Schottky

diodes in the present studies are described in this chapter.

v

The preparation of polycrystalline samples is first

*

described, followed by the preparation of single crystal
. samples. Table 3.1 summarizes the fabrication details of all

- the structures prepared for study in this thesis,.

»

* G

3.2 Polycrystalline Structures
Fig. 3.1 shows a cross sectional view of a multi-layered
poiycrystalline structure, consisting of a contact material
‘of either bismuth or polycrystalline tellurium, a selenium

) layer and a metallic counterelectrode material of either Cd,

Tl, Bi or Au. These layers were all deposited in order on a -

polished cylindrical aluminum stud by evaporation in vacuum.
Fine copﬁer wvires  were finally soldered to . the
counterelectrodes to form the electrical contacts for
measurement., Detalls of these processes are now given,

¥

<: .3.2.1 Substrate Polishing .
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The flat surface of a cylindrical aluminum stud was

poliﬁhed using 0.3 micron Emery paper (number 600) and then

n

cléaned in alcohol. The stud was afterwards air-dried and

loaded into a vacuum coater for the deposition of the back

contact material. \\\/\\\v’

- 14
.« %

3.2.2 Back Contact Material Deposition

4

Following the polishing of the gluminum stud, elther

bismuth or ;;lycfystalline tellurium was deposited “by

'

o b

evaporation,

(a) Bismuth

In this case, the stud was.}o&éed into an Edwards Model
6E4 6-inch vacuum coater, which was pumped down to a pressure
of about 10°% torr. Bismu;h was tﬂen evapofated on to the
surface of the stud by passing a current of 30-35 amperes
through a molybdenum boat containing three pellets of bis?uth
for about 5-7 minutes, After-this, the stud was allowed to
cool down in vacuum for ab?ut 30 minutes and then removed
from the system. I
(b) Polycrystalline Tellurium Film

In "the case where fe was required- for the back
cpntacc,the polished aluminum stud was mou%ted in a 12-{nch
Edwards Model E12E3 vacuum system, ' which .was subsequently
pumped down to 'a pressure of 10'5-10°6‘torr. The tellurium
source, which was located about 10 cm below tbp aluminum

substrate and covered by a shutter, was heated to about 425°¢"

and stablized at this temperature for 5 minutes. Then the
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20

L7

»
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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 closed. The substrate was allowed

to cool down for about 1 hour and removed from the wvacuum

¢

system for further preparation. '

A
*

3.2.3 Selenium Deposition ~
‘The substrate, coated with either ﬁismugh'ar,tellurium,
was next mounted in a 12-inch Edwards evaporation system

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

~

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

to & pressure of 10-°-10-6 torr;\\The sample was then heated

r

to 100-130°C using a temperature controlléd‘bestr;te heatbr
) .

and stablized at this temperature for two hours.- After this,

&
- 4

the selenium source was heated to 200°C aﬁd stablized at this
temperature for 15 to 20 minutes to prevent the initial

vapour arising from the bubbling of the melted elenLdﬁ from

affecting the deposited film. The source empe}ature vas

~

then raised to 225-250°C and the shutter opened so that
deposition could take place. After the required gvaporation
time, thHe shutter was closed and the power of the cdontroller
to the/ source was switched off. The substrate temperature

o

was decreased gradually at a controll d rate of 0.5°C/min.§¥o

avoid the selenium film from peelling off the substrate, e

to the difference in expansion coefficients. Finally, the
’ ’
‘substrate was cooled, down to room temperature and removed
' [

‘>

from the vacuum system for the next step

<

R A
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3.2.4 Deposition of Counterelectrode Materials-

(a) Cadmium, Thallium and Bismuth
For the dé%osﬁéion of cadmium, thallium or bismuth as

\
counterelectrode, a metal mask with four circular apertures

.

. of diameter 0.42 cm was used (Fdg. 3.2). The substrate, with

its already déposited selenium filh, was loaded, with Eﬁe
]

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

%
vacuum system, It was then pumped down for two hours and the

metal was evaporated on to the selenium film by applying a

current of 30 to 35+ amperes for 5 minutes through a

molybdenzz\boat containing 3 pellets of the required metal,
The deposition time was controlled 'by‘ an, externally operated
shutter betgeen the source and the substrate. After the

evaporation, "the system was allowed to cool down for at least
) , v

two hougs befor%<§he sample was removed. ) .

(b) Gold Deposition . ’ .)
. - s

For the depos;tion of gold, the setup was the same as
~ described above, except that, a tungsten filament was used
instead of the molybdenﬁm boat. Gold wire was cut into small
pieces, each of wﬂich was bent inte a V:shape and suspended

¢

on the tuné%ten\filamenx. After the system had been pumped

-

I

down for two hours, the gold was evaporated on to the

selenium film by applying a”Tcuﬁrenp of 70 amperes for

. 3
¢ g

5 minutes thr&ugh the tungsten filament. Following the

evaporation, the system 'was allowed to cool down for two’

hours, after which the sample was removed.

- . 1
&

u
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. 3.2.5 Electrical Contacts

The sample, with its successively deposited back contact.

»

materiall, Se and counﬁ%relectro&e matgrial,ﬂwas\mounted in a

Teflon .,block with terminals in 1{t. In most cases, finé

‘copper wires were directly connected to the counterelectrode -

areas using Wood’'s metal as the solder, while the other ends
of the wires were attached to the terminals in the Teflon
block using normal electric solder. In some cases, Wood's
metal was also ev;porated with a mask containing apertures;i?g
d;;ired shapes (stripes or circles) on each counterelectrode
area. The procedure of evaporation was the same as described
in the bismuth evaporation, e&xcept that the evaporation time
was only -3 minutes. Following vghis, copper wires were
soldered to the Wood's metalfareas using Wood's metaf itself,
with the other ends attached to the terminals in the Teflon

block. After soldering the wires, the sample was ready for

measurement.

-

LWL‘&BLL@.&

ETJAs-indicated in Table 3.1, four samples were ptépared
with a monocfystalline selenium film grown epitaxially on a
monocrystalline substrate of tellurium. ' Details of this
process(are given in reference [8]. Briefly, however, the

procedure used here was as follows”,/fﬁ slice of single

crystal tellurium from a Czochralski-grown monocrystal was

2

a
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cutpperpendiculﬁr to the c-gxis and attached to the flat
' I

surface of an aluminu]) stud using silver epoxy resin.  The
- ' >

o

resultant (0001) surface of the tellurium substrate was then

polished chemicaily using a mixture of Cr03, HNO3 and

HoO [8F, - This was continued until a shiny’surface was
obtained. The sample was then loaded into a 12-inch
evaporation system for selenium deposition, following the

.same procedure described for the polycrystalline selenium

oy

samples.” This was followed by the deposition of

"
.

counterelecérode material and the soldering of electrical
contacts, as described above, The monocrystallinity of the

selenium film was checked by observation of characteristic

microcrack patterns [8].

5



g

Table 3 1

|
|
|
|

Fabrication Details of the Se-Metal Structures

! )
[ Selenium Depositionts2 r
! Structure Sanple Remarks |
) No. | Source |Substrate |Evaporation |
! Temp. (°C) | Temp.(°C) |Time (min.) J
P @ R
i Bi-Se2Cd4 Cc20 220 110 20 3 Cd areas. Poor vacum duing Se
| ‘ o ' deposition.
' G2t | 240 110 20 4 Cd areas. Poor vacum during Cd
: . deposition.
| 3
- C25 245 110 20 4 Cd areas. Se film heat-treated at 195°C
; for 2 hrs. in wet O before Cd deposition
| - . '
‘ C27 | 240 110 .. 30 3 evap, Cd areas, 1 sput, Cd area for 20
i ’ min. 1 sput.area for 10 min. -
i < -
[ C29 245 140 30 4 Cd areas.
i 0 | 25 % 25 4 Cd areas.
, c33 | 20 80 25 4 Cd aréas.
i (]
| PolyTe-Se-cd | c&2 | 250 120 30 4 Cd aress.
Monocrystalline | CS0 250 10 30 Dots of Cd areas with diameter of 2 mm,
Te-Se-Cd . i
§ P C5L | 20 150° 35 Dots of Cd aress with diaweter of 2 mn.
i Bi-Se-Au | C26 260 110 20 "4 Ay areas.
| Polycrystallire ®c48. | 250 "120 30 4 Au areas. -
Te-Se-Au ' : - = :
i | cs8 255 S 115 40 4 Au areas.
b ! cs9 | 255 15 o 45 4 A areas.
o ; ? ) -~
‘ b C62 i 255 125 L 45 4 Au areas. & . e !
| ces | 250 120 ! 40 4 different size Au areas. :
; L i ,
' {ces | 250 | 10 . 45 4 Au areas. 4 different size Wood's metal |
, { | : ‘ eletrode contact. " |
i 1 - Iy - !
| Au-Se-Au | €35 I 240 s, 0 4 Au areas. Heat-treated at 120°C in air |
: ! : ' for 2 hrs and 4 hrs, Again heat-treated |
| L i 1 | ,at 160°%C and 190°C respectively for 2 Hrs.|

"
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1;’ Structure Sample Remarks o !
: No. Sovrce I Substrate, | Evaporation :
| Teap. (%C) | Temp. (%C) | Time (min.) \ ‘
;( Bi-Se-Tl ca 225 140 20! 3 T1 areas, /’?‘ i
5 ’ 2 | 25 9% 20 4 T1 areas. !
‘ — J
l oL |20 70 25 3T aress. Heat-treated at 160°C in dry -
i Ny for 20hrs. !
C% | 20 110 30 4 Tl areas. Heated _deliberately by :
soldering iron for indefinite time. i
i c36 <260 110 30 4 Tl areas. Teat-treated at 195°C in dry
- N for 2 hrs. ,
| 37 240 110 30 4 TL areas. Heat-treated at 1709 in dry|
N, for 2 hrs.
cu0 240 110 35 . 4 Tl areas. Heat-treated at 140°C in dry
Ny for 2 hrs. _
]
X 240 110 35 4 TL aveas. Heat-treated at 155% in dry'
No for 2 hrs,
Cl w0 |- 10 30 4 Tl areas. Heat-treated at 180°C in dry
Ny for 2 hus.
I v/ 200 110 35 4 Tl areas. Heat-treated at 130°C in dry
¢ N for 2 hrs. ‘
; J e | o 110 .30 4 T1 aress, Heat-treated in 160°C in dry"
: . Ny for 2 hrs.
‘ :
i Cs4 245 115 35 4 TL areas. Se £ilm heat-treated in wet '
| : 0y for 24 hrs. before deposition of T1. |
- |
' CS5 250 125 30 4 T areas. Se £ilm heat-treated in dry *
‘ N for 24 hrs. before deposition of TL. ,
\  Polycrystalline | G5 | 240 20 | . 35 4T aress. ;
' Te-Se-T1 ‘ —
. o9 45 120 035 4 Tl areas. '
\ - 4 .
cs3 250 1 15 40 4Tl areas. |
i ' N .
Monocrystalline % Ca7 » 250 | 150 30 Dots of Tl area with diameter of 2mm.
Te-Se-T1 + ' -
67 | 20 | 10 | 40 Dots of Tl srea with diameter of 2mn. |

»

\

/ )
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Seleniun Depositionl:2 7
Structure Sample
No. Source |Substrate | Evaporation e
Temp. (°C) |Temp.(°C) | Time (min.) a |
Bi-Se-Bi c28 240 10 30° 3 Bi areas. Heat-treated at 110°C for 2
hrs. in dry Ny
. Polycrystalline| (C56 250 110 40 4 Bi areas.
Te-Se-Bi -
C6l 255 130 45 4 Bi areas.
c63 250 125 45 4 Bi areas. 2 Wood's metal stripes
deposited orveach Bi area,

Notes :

Q) Sesmrcecmta.inedrmﬂzﬁllySOppnCl.

(2) Source to substrate distance 1s 10 .

*ﬂ

]
e e

Mg,
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t  AGBI,Cd, Tl

— l 1

—Se
—Bi, Te

YT)Y;,;S.l A cross-sectiomal view of the Se-metal diode
. gstructure studied. ) .

Thinner Enetul

Fig. 3.2 Mask used for counterelectrode material
deposition. :
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The methods of measurement made to' characterize the

electrical behavior of e;ch selenium-hétal‘structuge after
fabrication are described in ghis‘ ;hapter. "The Qactual
results of these measur;meﬂts, however, will be presented in
detail in later chapters.
The measurements were :
(1) D;rk current density (j) as a function of voltage (V).
(2) Parallel incremental capacitance (Cp) and resistance (Rp)
versus frequency (f) at zero bias.

(3) Parallel incremental capacitance versus bias voltage in

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

frequency.
4.2 Dark GCurrent Density () - Voltage (V) Characteristics
The . setup for measurement of current-voltage

characteristics- over a range of V=-1.2 to 1.2 volt is shown

in Fig. 4.1. Measurements were taken in a polnt-to-point

manner in both forward and reverse directions. The current

was .measured over several decades with a Keithley 6108
1A

-
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f 4 S/
electrometer and the ﬁoltage vith a Keithley 169 multimeter.

The device was covered with a piece of black cloth during the

measurements to avoid the influence of light.

Measurements of parallel incremental capacitance (Cp?
and resistance (Rp) were made at zer; bias over'the freg&ency
range from 100Hz to 4MHz. For féequencies below 100kHz, a
Hewlett-Packard Modél__4274A multi-frequency LCR meter was
used. For the higher frequency range above 100kHz, a Wayne
Kerr type B601 bridge was used together with a General Radio
the 1001A oscillator. A Tektronics Model 7403N oscilloscope

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

the fundamental frequency to be separated from that of

Y

harmonics generated by the sample. The arrangement of the
measuring sysg;q is shown schematically in Fig. 4.2. g‘
- ) ‘fll
4.4 Parallel Capacitance versus Bias Voltage at a Fixed
‘ Frequency ' ‘

Parallel capacitance versus bias voltage was measured
ug{ng a Hewlett-Packard Model 4274A Multi-Frequency LCR
lter. The reverse bias voléage was varied from Vp=-1.0 ¢to

1.2 volt applied internally from the LCR meter and the a.c’

signal level was kept at 20 mV. A Keithley 169 multimeter
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Sample? Keithley 169 “
Multimeter

Keithley 610B
Electrometer

- -4

~7

Fig. 4.1 Experimental circuit arrangement used for
measurement of current voltage characteristics.

e

3 J |
General Radio Wayne Kerrl | Tektronics
type 1001A type BGO1 model 7'203N
Oscillator Bridge . Oscilloscope
Y |
Sample

’__—’///“ - ‘ ‘ \
C | — ‘
Fig. 4.2 Experimental arrgggemenc used for measurement

a

of incremental capPacitance and resistange as a
function of frequency in the range above 100kHz.

-

-
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' . CHAPTER 5 .
BASIC DIODE CHARACTERISTICS AND BARRIER HEIGHT DETERMINATION
. . . |
\
2.d. Introduction .

4
1

In thié chapter, the results of electrical ﬁeasur;ments
; : ) ¢ )
of many of the various structures listed in Table 3.1" are

presented. The first section of the’ chapter gives the
results of/é;atic dark current-voltage characteristics of the
different samples, c;tékorized’ accgrding to the different
counterelectrode metals employed. This 1is principally to
1llustrate the differences in the rectifying characteristics
of thelva;ious d;odes. Then, the results of capacitance-
voltage measurements are presented as plots of (A/C)2 ag;lnst
reverse valtage. Only results obtained at a frequency of
1 kHz ar? shown, since variation at other grequencias‘ is
reported 1in .chapter 7. Furthermore, comment on certain
cgpécitance singularities will also be postponed to a later
bhapte{. In the final section, values of barrier height are
deduced froﬁ the experim;ntal results and compared with

¢

corresponding metal work functions.

N

5.2.1 Se-Cd Structures . /
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Fig. 5.1 shows a semi}ogarfthmic plot of current deﬁsity
against voltage of four Se-Cd samples with different back
contact materials between the selenium layer and the aluminum
stud surface. These diodes consist of one sample (C29) with
bismuth, one (C42) with polycrystalline tel%urium and two
(C50 & C€51) with single crystal tellurium qéjback contact
materials. As 1indicated, all four *samples " show prominent
forward-to-reverse rectification. Sample C42, with a
polycryst;iline Te back contact, exhibits the ghest current

density at 1 volt in the forward direction, whereas C5l shows

the lowest value, Since series resistance 1is dominant at.

}his forward voltage, the results suggest that
;olycryscalline tellurium may give the lowest ;esist;nce a;
the back contacé. It 1is noted that the é@o samples (C50 &
C51), where epitaxial selenium on single crystal tellurium
wag used, sbow;;;the largest rectificéi%ﬁn ratio of about 5
decades between forward and reverse current at 1 volt, while
the other two samples, C29 and C42, showed ratio of about &
and 3 1/2 decades respectively.

Between a forward voltége of 0.1 to 0.4 volt, all the
samples gave approximately the same slope, with an ideality
factor of n=2, assuming a variation in this range of the form
j o= {P exp(n§¥). The two samﬂles with monocrystalline
selenium also show a somewvhat L smaller extrapolated
intercept on the vertical axis of current density (j, ).

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

€29, C30 and C33, for which the substrate temperatures during

’

|
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\ ?

~_tﬁe selenium film. 'deposition - were 140 90 and 80°C

AN

respectively. This result clearly illustrates that higher

selenium deposition temperature gives higher forward current,
which is presumably due to an ihgrease of electrical

conductivity of the selenium with increase of substrate
v * . "

-,

temperature. " 1

v1

[y

ex

5.2.2 Se-Bi Strukttures

Eigh,S.S'presents'current-voltage characteristics of two

-~

Te(poly)-Se-Bi samples (C56 & C63) and one Bi-Se-Bi sample ’

(C28). Sample C63 was fabricated with Wood’s metal contact

- stripes évaporated on the top of the Bi counterelectrodes,

while the other two were without evaporated Wodd’s metal.

However, all wires were soldered to the counterelectrode with

Wood's metal. ' : ’ ~
It is apparent that all three samples showed rectifying
characteristics. The rectification ratioiamounted to some 3

or more decades for samples C56 and C63 at 1 volt but for the

Bi-Se-Bi sgmple C28, this ratio was more than 4 decadegy

This clearly confirms the low resistance and ohmi? character

of the back contact, despite the fact that {t was made with
. |

the same metal as used for the counterelectrode.

At smaller forward voltage, samples C63 and C28 showed

approximately the same slope with an 1ideality factor n

l v

A

between 1 and 2.

L - .

5.2.3 Se-Au Structures

*
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| Fig. 5.4 depicts. the results of five Se-A& samples.
Three samples (C48, c62 & C65) were fabricated wi;h
polycrystalline tellurium back contacts, while sample €26 and
C35 wefe made with bismuth| and gold respectively. Sample C65
was fa r{cated with four different areas of evaporated Wood's
metal on the top’gof the gold counterelectrodes. In the case ‘

of the other four samgles the contact wires were soldered

directly to the gold with Wood's metal

-

It ;is seen that the overall rectification ratio lies
between 1 and 2 decades. Sample C48 showed a ratio of almost o

2 decades, while sample C65 showed a ratio of less than 1

decade. W

At small forward bias voltage for all the samples, a
congtant slope is not apparent, suggesting an almost ohmic

¥

character. However, the average slope in this region ﬁppeais

to correspond to approximately n=2,

/,. . - «
: & P
.

¥

L 5.2.4 Se-Tl Structures

-

o Figs, 5.5 (a) and (b) show&xpurrént-voltage resulés of
sixteen Se-T1 samples, ;yelve of these (C21, €22, €31, C34, .
‘\

C36, C37, C&4O, C43, Ci44," C46,~CS2 & C55) were Bi-Se-T1

structures. Three samples (C45, c49 & C53) vere

Te(poly)-Se-T1l structures and one (C57) was a
A\

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

specifically in chapter 6, the characteristics on these

samples change considerably with storage in air and with

(/
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) subsequent heating. For this reason, the measursments were

i

always made immediately after fabrication.
° ,’ As seen from Figs. 5.5 (a) and (b), the Se-Tl structures

| " ‘showed a stron forward-to-reverse rectification facio
g J \\ -

o

amounting to about four dgcades at 1 volt. This ratio varies

from more than 5 decades (samﬁle C49) to less than 3 decades

(C40) . ‘

s Apart from two samples (C45 & CS55), all the curves in

.

fig. 5.5 (a) and (b) merge essentially into one straight line
at low forward voltage; th;kslope in this region corresponds .

to an ideality factor of n=1.2.

y >

- ' - 3

5.2.5 Comparison of j-V Characteristics of the Four
Counterelectrode Materials

A comparfson of the diodes with the four different
counterelectode materials Cd, Bi, Au and Tl is now made. )The
. specific samples for this compari;on were chosen on the basis
that all of them were fabricated with a polycrystalline"
;ellurium back contact, since this appeared to give the
lowest series resistance. Fig. 5.6 shows the current-voltage

>

varfation of four such samples. It can be seen that at

-]

1 vglt'the Se-Au structure (C48) gave the highest forward
current density, followed by the Se-Bi (C56), Se-Tl (C49) fand
Se-Cd (C42) structures. However, a; a forward potential of
9.1 yolt, the order, in decreasing current, 1is seen to be Au;

[

Bi, Cd and TI& Values of current deﬁsity extrapolated from

-

a ‘the straight 1line regions to "zero voltage (in the same

N\
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sSequence) are as follows: 7x10-3, 1.3x10°9, sx10-7 --and

1.4x10"7 amp/cmz.“ In respect of the forward-to-reverse
o

gurrent rectificatfion ratio measured at 1 wvolt, the Se-T1l

e 0

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

nearly 104, Se-Bi more than 103 and Se-AuQIO2 to 103, .
At small forward voltage, the Se-Tl structure gave the
steepest slope with n=1.2, while the other three structures

gave n-values varying between 1 and 2.

t -Vo e easureme

. )
In this section, the results of capacitance measurements

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

against reverse bias Vg at a test frequency of 1kHz. Thils
frequency was chosen to avoid capacitance singu ties
observed - at lower frequencies and bias-independent

o

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, all -four

experimental 1lines have a slight curvature but with véry

~ [

different average slopes.

2

Extrapolated intercepts to the voltage axis from éne VR
range of 0 to about 0.2 volt vary from -0.3 to -0.5 volt for

samples C29, C50 and C42. for sample CS51, the extrapolated

°

]
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intercept is -anomalously layge. In the forward direction (Vg

z& ‘'negative) minima are observed for all samples.

A'plot of (A/C)2 versus for the three Se-Cd samples

e (C29, €30 and C33) fabricated with different substrate
temperatures during .the selenium deposition, 1is shown in
Fig. 5.?. It is'n?ted that the extrapolated intercept on the
Voltagevwaxis is much larger numerically for the sample
prepared at 80°C. - Q

-
5.3.2 Se-Bi Structures
)

The refsults of (4/C)2 versus VR of three Se-Bi samples

& are shown in Fig. 5.9. The average slope r;nged over almost
an oraer of magnitude, despite the fact that nominally 60 ppm
chlorine doping in the selenium was used “for all three
samples. The extrapolated voltague intercepts of C28 and C56
Ufrom the low VR regions are -0.42 and -0.6 volt respectively,

while that of C63 is less tha; -0.1 volt, Sﬁmples 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 is seen to occur for
sample C62 at a reverse \;oltwear VR=0.3 volt and for
sample C35 near Vg=0.1 volt. A minimum and maximum were
observed in the reverse direetign» in 3rgin 1 measurements

made just after fabrication on sample €26 but which are not

‘m shown here. More recent measurements on thHis sample are
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plotted in Fig. 5.10 showing a monotonic increase of (A/C)2
with reve;se voltage, as observed also on samples C48 and
C65. Extrapolated intercepts on the voltage axis from the
low voltage reverse reéions of C26, C48 and C62 are -0.1,

-0.12 and -0.17 volt respectively.

\\‘—’/;.3.4 Se-?l Structures ‘

Figs. 5.11 (a) and (b) exhibit the capacitance results
of sixteen'Se-Tl structures. Almosgrill ofpthe experimental
lines on the (A/C)2 versug VR plots are straight lines for

the reverse direction and with slopes varying—over a smaller

LY

range than for the other structures. Furthermore, the
o

extrapolated voltage {1qtercépts converge to a relatively
small .range between -0.55 and -0.6 volt. PThus, the
consiste;ey observed for the j-V characteristics of the Se;Tl
"
structures also occurs for. the capacitance characteristic:?
. In ’the forward direction (negative Vp), (A/C)2 shows a

minimum and then a maximum for all the measured samples.

5.3.5 Comparison of Capacitance Results for the Four
. Counterelectrode Materials’ _
In Fig. 5.12, (A/C)2 versus VR is replotted for the same

<

four samples shown in Fig. 5.6, where, it is recalled, all
diodes had the same back contact material of polycrystalline
tellurium. Extrapolation from the 1low .reverse voltage

regions yields the values gi¥en as V, in Table 5.1. This

v
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T ‘ 2
table ralso lists the initial slopes, namely al(a/6)%) for
- 7 AVp

- the four structures. : \

e
%‘ﬁ

1

From the (A/C)2 versus VR slopes in Table 5.1, carrier
concentrations are calcﬁlated using eqn.(2.2) of chapter 2
and .the values are given in column 4. ‘Here, it 158 assumed
that the concentrations, SOathained.'represeﬁt mobile holes,
From these concentratiqfs (p=Np), the location of the Fermi

N

level above the valence band Ep-Ey is given by (eqn.(2.3)):

.

Ep-Ey= 5% 1n( W) . ‘(2.9
q p
# Assuming the effective mass ratio for the holes to be unity,

values of Ep-Ey were calculate%ﬁfﬁiﬂare listed in column 5 of

i Table 5.1.  Finally, wusing the 'extrapolated intercept

voltages V, (column 6) and the Fermi energies Ep-Ey, values

4
of Schottky barrier helight ¢y, were obtained . in column 7

o

using eqn. (2.4), namely:

v

bop= SEEV 4y, . (2.4
q 1)

Fig. 5.13 shows a plot of} these calculated barrier
heighté plotted agafﬁ%c work funétibw values (¢p) obtained
from the litefatures [9] [10] ([11]. It 1is noted that
although there are only four p;intg, plus anocper point from

selenium itself (assuming a Se-S5e contact to have =zero

.
@ -

-
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barrier height), there ~is a systematic correlation seen,
»

between ¢pp and ¢y.

d

5.4.1 Estimate of Density of Surface States il

Y

According to simple Schottky junction theory, the slope
of<a plot of ¢yup agéinst P sh&uld be -1 with an intercept on

»

the ordinate axis of ( ES + xs ) (chapter 2). However,

because of surface states, thz slope is actually given by -v,
as discussed %n sec. 2.5. The slope of the line drawn
through the points in Fig.5.13 1is -0.34 with an intercept on
the ¢bp axis of 2.0 wvolt. From eqn.(2.5), the density of

interface states is thus given by

Dsf' €o-€ry 1l-v
q6 v

If the interfacial layer is taken to have a ;hickness of 10A
and a relative dielectric constant ep4y of 10 is assumed, then
substitutién of these numbers and the measured vy-value of
lobaa; yields a Dg value of about 1014 per cm? per eV of

energy gap. ‘The intercept as given by (eqn. 2.6) 1is

1 (B xg )+ (1v ) 4
q
¥
Substituting the values Eg=1.85 eV and xg=4.2 V for Se-gives
a calculated intercept of 2.06+0.664,, which when,equated to
'the observed value Bf 2.0 volt, yields'¢o--0.1 volt. Thus,
with this interpretation, tha&e are some lola/cm2 interfacial.

N
>

states located close to the valence band edge.

-
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Table 5.1

Barrier Height from 6-¥fpsults

Counterelectrode | Reported Al (A/Q)zl ' N, E-E, Extroplated | Barrier ‘
Material Work Function av 19 Intexcept Height
m q NA e Yo ¢bp
h : ] - 5"% A
(volt) (anl‘F'zv'l) (an'3) (eV) (volt) {volt)
m 1.8 178ad% | 7.9x0% 0.14 0.6 0.7
P 4.2 6.3%a08 | 2.2q0! 0.12 0.44 0.56
Bi 4.3 1.62a0™ 8.7x101° 0.14 - 0.% 0.48
Au 5.1 4.3%a0™ 3.20'® 0.17 0.12 0.29
\ : ’

Lt
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CHAPTER 6,

b
> "tfg,n .

The results on Se-Tl strﬁctures described in hapteg 5

N were for samples immediately after fabrication : However,
N - > oe -, J

the electrical characteristics of these samples changed with
timejwhen stored in air. Furthermore, it was found that
during the soldering stage of attaching fine copper wires to
the thallium areas with Wood's metal, 1if ;he heating action

was too long, or the soldering iron tempe;ature too high, the

bl
results of measurement showed that the forward current

- 4
density was reduced and the. general slope of the current

density-voltage curve was also decreased. It was thus
apparent that post-fabrication heaé treatment adversely
affected at least the forward characteristics of thes;
diodes. Accordingly, a study was made to feature the
ghhngea in electrical characteristics with hgat treatment of
saﬁples in nitrogen. The present chapter describes these

studies. ‘ i

Electrical medsurements of  current density versus

‘? voltage and capacitance versus voltage were first taken

!

%
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; immediately after the fabrication of the Al-Bi-Se-Tl

@ structure. Then, the electrical wires and Wood's metal vere
‘removed from the sample, which. was placed in a Pyrex tube

located within an oven (Fig. 6.1). Nitrogen gaQ (indultrial

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

placed near the sample, was used to monitor the annealing
temperature. After maintaining the temperature at a fixed

value for 2 hours, the sample was taken out and the same set

t
i

« of measurements was repeated. A total of six samples were
heat-treated at temperatures of 130, 140, 155, 170, 180 and

[

195.°¢.

§.3 Dark Current Depnsity-Voltage Characteristica
Fig. 6.2 shows a comparison of current density versus
voltage plots for the Se-Tl structures before and after the
Aheat treatments. It 1is apparent that a,ftef annealing, the
curre'nt density decreases considerably and that the amount of
the decrease increases with increase of annealing
A temperature. The slopes at low forward bias Yolltage are
appreciably feduééed, corresponding to a change in ideality
factor from n=1.2 , before annealing, to a valug of 2 or more
aft:er:wards. The ratio of current density at 1 V forward,
measured after 'heat \treatment to that measured before, 1is
plotted against t‘emperature in 'Fig. 6.3, where {1t 1is seen

that the decrease amounts to some three orders of magnitude

° for the heat treatment at 195°C.
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6.4 Capacitance-Voltage Meagurements

Fig. 6.4 | shows the results of measurements of
capacitance versus reverse bilas voltage. It is seen that the
capacitance was significantly radchd after the heat
treatment at all valdés of reverse voltage. This is brought
out more easily in the plot of the ratio of the capacitance,
mgasured after annealing aé zero blas to that before, against
annealing temperature in Fig. 6.5,Qwhich shows a decrease of
more than an order of magnitude for the 195°C case.

The capacitance results are re-plotted in Fig. 6.6 as
(A/C)2 versus reverse bilas voltage Vg. The megsurements
bef;re heat treatment are approximately straight lines, which
convefge to an extrapolated intercept on the voltage axis
near Vp=-0.6 volt. The slopes correspond to a hole
".concentration of about 5:(10:?6 em~3 in the selenium. The
results of only four samples after annealing' are shown
bec;use of the very 1large (A/C)2 values of the other two
samples,. All of these lines for the annealed samples are
non-linear curves and show much sgeeper slopes than‘those for

the samples before annealing. The latter fact suggests that

the carrier concentration is reduced by the heat treatment.
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Altﬁough the/presegt study of heat treatment was focused
on Se-fl Qtructures, some preliminary results were  also
obtained from heat treatment of Se-§1 and Se-Au sa;ples.

Fig. 6.7 -shows results of j-V characteristics of a
Bi-Se-Bi structure before and after heat treatment aé 110°C
for 2 hours in nitrogen. It is noted that even though the
back contact and the counterelectrode were of the same
material, the sample gave a large rectification ratio of 4
decades at 1 volt before heat tr?atment. The fesults after
heat treaupf\nt show a much smaller rectification ratio, a
lower forward current density at 1 vo{t and, from a linear
current-;oltage plot (not shown) , an ’ almost ohmic
current-voltage dependence.

Fig. 6.8 presents the measurements of  §-V
characteristics of a Au-Se-Au structure (C35) before and
after heat treatment in nitrogen atr3 different temperatures
of 120, 160 and 190°cC. All the mea;urements show a small
rectification ratio of around one decade at 1l volt, éogcthé;
with an increase of forward current density with increase of
annealing temperature. The results at 120°C (2 hrs.)lare an
exception to this., The trend thus shows that heat treatment
enhanced the conductivity of the Au-Se contact. A plot of
(A/G)2 versus Vg for this sample in Fig. 6.9 shows that,

while the heat treatfent increased the slope, the

extrapolated intercept on the voltage axis was not altered.

\

%
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Since the slope 1increase suggests a decrease of carrier

concentration, the increase of conductivity with annealing

must arise from increased carrier mobility.

i

/ The changes observed Lfter heat_treatment in tbe Se-TL
structures could be "attributed to the formation of an
intarfaciaf layer, presumed to be thallium §e{enide, at the
Se-Tl interface (Fig. 6.10). Thallium selenide (TlSe) 1is a
semiconductor with an energy gap of gbo;t 0.7eV [12] ([13]).
Thus, the heat treatment process wéuld change the structure
from a Schottky junction to a hetefoﬁunction.

// The current density-voltage characteristics show a
drastic change of ideality factor before and after annealing.
This trend could be explained b& the formation of a
heteroju?ction after heat éreacmenc.; Because of differences
in laéticé parameters between Se and TlSe, energy traps would
be produced at the interface [14]. These interface states
' make carrier recomgination a dominant current transport
process,Nyhich in turn alters the v;lue of n.

The ;;ansicion from a Se-T1l Schottky'junction to Se-Tl1Se

heterojunction would cause the depletion region to extend

from the Se film into the TlSe layer and, therefore, decrease

the capacitance at a given voltage, The results from the
x

capacitance-voltage characteristics clearlx ~ show this

decrease, The (A/C)2 versus VR plots after heat treatment

'~4:~,\{u~
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’ et

show much steep t7~:;opes which suggest _Eﬁat the carrier
concentration was decreased. " If this concentration
cofresponds to the TlSe, it is much less than that irn the Se. -
The“carrier concentration for the samples heat treated at 1?0
_and 195°C has a value of .6x101%4 cm-3 _compared with
5x1016 cm'3:for selenium before heat treatment: The smallést
measured value of capacitance, corresponding te the largest
depletion width, occurs at 1.2 volt on the sample annealed at
195°C. .The estimated depletion width according to this value
is 3 microns. Since the capaciténce seens éo-decrease with
further increase of forward voltage, the thickness of the
TlSe layer must be larger than 3 microns, which, therefore,
could be observed under the microscope. An alternative
interpretation for the increase of the slopes of the (A/G)2
plots, is ; decrease of - acceptor concentration in the
selenium, due to out-diffusion.

In the case of the Selni structure, 1t is bossible thatﬂ
the heating caused formation of Bij3Se3, which is a low gap
semiconductor, whos; presence would reduce the rectification.

In the case of the Se-Au strucﬁur&, it 1is possible that a

selenide was also formed.

G,
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CHAPTER 7

RIAaS AND FREOUENCY DEPENDENCE OF CAPACITANCE .

Z.1l Introduction

This chapter éres;;ts the dependence of capacitance of
the diode structures on bias and frequency and that of
resistance on frequency as well, While Mott-Schottky plots
were shown 1In chapter 5 to obtain data for barrier ﬁeight
determination; the data in the present chapter is displayed
simply as capacitance versus blas voltage at fixed
freéuencies or capaciatnce (or resistance) against frequency
at zero bias. The capacitance results given for forward bias
in this chapter should be regarded as somewhat preliminary,

since such measurements in this high conductance region are

relatively inaccurate.

4. ‘

x

e
7.2,1 Se-Cd Structures

Fig. 7.1 shows plots of capacitance against reverse

L3 .
voltage of a polyerystalline Te-Se-Cd structure (C42),

measured at four different frequencies (100Hz, lkﬂi. 10kHz

and 100kﬁz). At all frequencies, the capacitance decreases

Al
A 1

with increasing reverse voltag&fﬂstarting from a maximum in
. ‘ y

the forward direction.,. The 'capacitance decreases with

»

. -
R
/\ .
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. .
increasing frequency at all voltages. Fig. 7.2 shows

capacitance-voltage plots for a single crystal Te-Se-Cd
ganple (CSO).‘ The results are somewhat simii;r t& those of
‘che polycrystalline sample shown in Fig. 7.1: except, firstly
that the capacitance values in the reverse direction are less

than half those for sample C42 and secondly that the

¢
w Y

variation at 100Hz is much larger for forward bias.

7.2.2 Se-Au_Structures

Fig. 7.3 shows plots of capacitance-voltage
characteristics measurgd at four different frequencies
(100Hz, 1kHz, 10kHz and 100kHz) for a polycrystalline
Te-Se-Au structure (C48). While at the higher frequencies,
capacitance decreases with increasing reverse bias Vg, at
100Hz it first decreases to a minimum near Vg=0.2 volt and
then 1increases. In the forward direction (negative Vpg),
there 1is a maximum for the 100Hz and 1kHz results near
VR=-0.2 volt.

Plots are shown in Fig. 7.4 of capacitance versus
reverse voltage, measured at four different frequencies

N

(100Hz, 1kHz, 10kHz and 100kHz) on another polycrystalline

~

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

a year after fabrication. At higher frequencies, the
‘capacitance for the most patﬁ \decreases with 1increasing “&
reverse volt;ge. However, it is noted that a minimum occurs |

near Vp=0.1l volt at frequencies of 10kHz or 1less. - This | \\\

v
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i

’miniﬁum is particularly pronounced at 100Hz, at vhich
frequency there is a second minimum around Vp=0.6 volt.

In Fig. 7.5, capaci£ance-voltage results are shown for
yet another polycrystalline Te-Se-Au sample (C65), which was
fabricated with different"areas of Wood's metal (see inset to
Fig. 7.5), deposited on the top of the gold counterelectrode

r

areés. The results of both areas Al (0.14 cm?) and
A2 kO.b6 cmzi were»measured at 100Hz and 1lkHgz. It can be
seen that at ldez, the gﬁgacitance of Al 1is lower than that
of A2 in the reverse direction, but the bro;d minima for both
the 100Hz curves occur o&er the same range of voltage, near
0.6 vglt. It is noted that this sample, in contrast to
samples C48 and C62, shows no minimum at small Vg for 100Hz.
At all .frequencies, h;wever, there is a maximum of
capacitance for forward bias.

A comparison of the results on the three samples C48,
C62 and C65 1is given i; Fig. 7.6 for a fre;uency of 100Hz.
As mentioned‘pr?viously; two of the diodes show minima near
VR=0.2 volt and.all three show a maximum 4in the forward
direction.

Earlier»iq fhapéer 6, a plot of (A/C)2 versus Vg was
shown (Fig. 6.9) for a Au-S%-Au sample after heat treatment.
Fig. 7.7 shows capacitance against reverse voltage for Fhe
same sample (C35) at 1kHz before and after' the heat
treatment. “It 1is noted  that the capacitance generally

decreased with annealing and. the voltage of the maximum

shifted from reverse to forward) bias. Furthermore, no
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minimum of capacitance was observed at any voltage for this

-
13
\

sample.

[

z

i

< ,
7.2.3 Se-Tl Structures
Fig. 7.8 exhibits plots Qf\capacitance versus reverse

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

frequencies, the

(C43), me@sured at four different frequencies (100Hz, }knz,
capacitance
forward direction with

At all

and 100kHz).
in the

With increasing forward voltage,
which occurs at,

10kHz
maximum

decreases from a

incfaasing reverse voltage.
there is a minimum,

~

following the maximum,
This minimum 1s more pronounced at lower

all frequencies.
frequencles but hardly exists at 100kH=z.
measured at 100Hz on

’ In Fig. 7.9, capacitance results
In the reverse direction,

elght Se-Tl samples are compared.
/111 show a gradual decrease of capacitance as reverse voltage
maxima occur near

L1

/
In the forward direction,

| increases.
/
VR=-0.1.volt for all samples, followed by a sharp decrease
. kY \-.ﬂ -
At least three samples

'0-3 VOlt.

!
| around VR=-0.2 volt " to
' (C43, C54 and C55) also show minima around VR=-0.3 volt. It
values of

9 that the highest

‘from Fig. 7.
yerystalline tellurium as

may be noted

P chptcitance were observed’using‘pol

the back contact material. -
Fig. 7.10 shows a.ggmilar ploﬁ of capacitance against

reverse voltage for eleven Se-Tl structures measured at 1lkHz.
show in the forward direction

all samples

/ As indicated,
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maxima near VR=-0.153 volt and minima between -0.3 and
-0.45 volt. & .

Fig. 7.11 is a comparison of capacitance measurements at
1kHz for three Se-Tl samples- with different back contact
materials betwe;n the selenium layer and the aluminum stud
surface. These consist of samples C49 with polycrystallin;
tellurium as the back, contact material, C37 with bismuth and
. €57 with single crystal tellurium. Alkhough the magnitude of
capacitance 1is different from oﬁe sample to another, the
maximum for all three samples occurs at about the same
voltage of Vg=-0.15 volc. Samples C49 and C37 also show a
prominent minimum at about -0.4. volt. As fn Fig. 7.10, the
sample with polycrystalline tellurium as the back contact
shows the highest capacitance.

Fig. 7.12 shows plots of capacitance-voltage measurements
'for two polycrystalline Te-Se-Tl samples (C45 and C49). The
inset depicts the corresponding plots of current density
against voltage.: Sample C49 shows a rectification ratio of 5
. decades at 1 volt, compared with about 2.5 decades for sample
C45. Their maximum capacitance values both occur at about
Vp~-0.15 volt. e However, sample C49, a relativ;ly Qetter
rectifier, shows a somewhat more pronounced minimum than that
of sample C45, although the effect 1is not strong.

. Fig. 7.13 displays capacitance-voltage plots at 1lkHz on
two Bi-Se-Tl ;amples (C43 and C37), which were heat-treated

at 155 and 170°C respectively. Both samples show prominent.

. capaéitance variation before heat treatment, whereas this and

L
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the magnitude of capﬁbitance both decrease substantially

afterwards. Furthermore, after anneéling the minimum in the

forward direction has disappeared.

’
L] . »

7.3.1 Se-Cd Structures

Fig. 7.14 1is a plot of incremental capacitance and
incremental resistance versus frequency for a Bi-Se-Cd sampld
(C27). At low frequency, :he capacitance decreases only
slightly with increasing frequency bﬁt beyo:d about 100kHz,
the decrease becomes greater. The total capacitance decrﬁase
i3 more than one decade up to a frequency of a megahertz.
The decrease of resistance is very much larger, amounting to
more than four decades over the same frequency range.

Fig. 7.15 shows capacitance and resistance versus
frequency results for three Bi-Se-Cd samples (C29, C30 and
€33), which were fabricated with the selenium deposited with
different substrate temperatures of 140, 90 and 80°C. The

samples prepared at 90 and 140°C show a similar initial

variation wiph frequency. However, bample C33, fabricated at

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

" between about lkHz and 10kHz, beyond which it decreases like

sample C30, prepared at 90°C. The resistance of sample C33
also decreases with a tendency to a plateau around 1lkHz and

thereafter decreases rapidly with increasing £frequency.

=

. Apart from these differenceé} the capacitance and resistance
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values have much the same order of magnitude, despite the
'ﬂ‘ °

fact that selenium deposited at 80°C is amorphous and that

’ _Q. - ! N -

£
L

at 140°C is polycrystalline,

.

+7.3.2 Se-Bt Structures

L]

Plots of capacitaﬁée and resistance §ersus freddency fér
two Se-Bi samples (C28 and C56) are shown in Fig. 7.16.
Sample €56 was preparéz with polycrystafline tellgrium as the
back contact material, whi%é sample C28 used bisHuth. nBoth
cap?citance curves spow initially“a slow decreas: to about
100kHz, At low frequency, sample C56 shows "a capacitance
about twice téat of sample C28 and a resistance almost an
order of magnitude sialler. As in the case 'of the Se-Cd

diodes, the decrease of resistance over the frequency rango‘

is much larger than that for the capacitante,.

LN

7.3.3 Se-Au Structures

. Plots of capacitance and resistance versus frequency are
shown in Fig’. 7.17 for a Bi-Se-Au structure (C26) and a
Au-8Se-Au structure (C35). Sample C26 shows aldectease,of
capacitance with frequency arouﬁd l1kHz to a plateau between
about 4kHz a;d 100kHz, with a slow decrease beyond.: The
capacitance of sample C35 on the other hand decreases only
slowly at low frequency but shows a 'larger decraase beyond
10kHz. The resistance curves of both samples show little

variation with frequency at 1low frequency, with a larger

@
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de e beyond 10kHz for sample C35 and 100kHz for sémple

c26. N\ .

g.‘7.18 show capacitance-frequency plots of a

oy

polycrystalline Te-Se-Au sample (C64) witﬂjs differéhg gold
areas, Al (0.14 cm?), A3 (0.03 cm?) and A4 (0.015 cm?) (see
diagram in 1nset;. All three curves show ‘an initial decrease
of capacitance at low frequency, with the two smaller“areas
A3 ‘and A4 showing the more ;;ronounced ciecrease. With further
increase of frequency, the capacitance éecreases;more slowly
in’ a plateaw r;gion and then shows a larg decreas; beyond
100kHz. It is notea that area Al gives the smallest value of
capacitance at low frJAuency but the largest value at higher
frequency. At the highgst frequency of 1MHz, the capacitance
of all three areas seem to converge together.
Fig. 7.19 shows ca}acitance aqd resistance versus
frequenc‘y fc;r a polycrystalline Tﬁ%e-Au sample (CSSV) 'witha:
four different Wood's\ metal contact areas, Al (0.14'ﬁm2),
A2 (0.06 cm2), A3 (0.03 cm2) and A (0.015 cm?), but the same
area of gold (0.14 cm?), as indicated in the inset. A¥l four
areas show a decrease of capacitance at low frequency, with a’
plateiu between about 2kHz and 100kHz, beyond which the
c#bacitance deéreu{es more ;apidly, with convergence tow&rds’
the highest érequency of 1MHz. It is noted that at higher
frequency; Al gives Lthe largest éapacitance as expected,
‘followed by A2, A3 and A4 in that order. The values of
resistance for all four areas are seen to show little change

ft lowifrequency and only ' begin to decrease near 100kHz with

| ro
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convergence near 1MHz. The resistance is highest for area A4

¥

as might be expected. .
4

Fig. 7.20 shows plots of capacitance measured at 10kHz

-

and 100kHz versus area for the saiples C64 and C65. It
should be noted that the areas <corresponded to the ‘gold ’

counterelectPodes for sample C64 but to the Wood's ‘metal

L d

contact areas for samplea-CiGS. It is observed that there is a

linear relationship between capacitance and the size of the

-

gold area for sample CG}L at botl} frequencies, For s;ample

-C65, the capacitance increases with area of the Wopd';,metal

v B
@
8

contact but, in this case,  the curves are non-linear.

o
-
@ 4

7.3.4 Se-Tl Structures-® .

# °

~Capacitance and resistance versus frequency plots for a
typical polycryst':alliﬁe‘ Te:-Se-T1l sampla[ (C48) are shown in

Fig. 7.21. I;:‘sis qbserved - that the capacitav‘pce deéreases

°

slowly at low frequéncy but shows a larger decrease.of more’

p . _
than one decade beyond 100kHz. As for the Se-Cd and Se-Bi

diodes, thé decrease Jof resistance with frequency 1is much

_. greater, amounting to.more than four decades.

In respect of the plots of variation with bias, 1t {s
clear that generally speaking the capacitance at h'igher
fr‘equenclies decreased in a ;:egular way with increasing Vg.

Q

This fact was alreadly used {n chapter 5 in the pﬂlot:s. of:

e

o

i
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(A/C)2 versus Vp. However, at low ftequ;néiesh anomalous
éapacitance dips were observed for the Se-Tl, Se-Bi (not:

shown) and Se-Au diodes. These anomalous minima occurred at
v -

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

for two of ¢t Se-Au samples. For the Se-Cd diodes, however,

4

no anomalpus minima were obs ed.

The data for the Se-Tk diodes, which were meastured on
freshly made samples, showed higher capacitance for samples
made ﬁsing polycrystalline tellurium as the back contact
m;terial. This result would seem to be gernerally consistentf
with the fact (indicated in Fig. 5.5(b)) that the 1lowest
serles resistance occurred in these-same samples; )

In respect of variation with frequénéy, the decrease of
incremental .capacitance over the range 100Hz to 1MHz was
generally muah'lass than that for incremental resistance, at
least for the Se-Cd, Se-Bi and Se-Tl samples. The resi;tance
decre;se can generally be understood in terms of a 3unction
shunt resistaﬁce, which 1is by-pafsgd at higher frequency by
the junction bapacitance% so that at higher frequency a
series resistance of lower value becomes important. A
c%rcuit model for this is considere&\in Chapter 8.

'The C-f and R-f results on the Se:Cd samples, where the

-

selenium was depositedq at different substrate temperatures,

indicate‘not only a relatively small difference between the

devices with amorphous and crystalline selenium but also that

the crystalline sample gave the highest shunt resistance
& -
value at 100Hz and not the amorphous sample, as one might
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have expected. Furthermore, the resistance of the_aamgies at

[ - o
high frequency, which may be taken as series resistance

values, were of similar magnitude for all three.

The C-f and R-f data for the Se-Au samples :were rather

-

different from those for the Se-Cd, Se-Bl and Se-Tl samples,

Firstly, the ‘variation of resistance with frequency was much

o

less, amounting to only about a decade over the frequency

range, rather than the approximate four decades observed for

the other samples. - Secondly, the capacitance at 100Hz was-

Y

much larger and showed an initial decrease with increasing
frequency. Thirdly, this larger value of capacitance at low
frequency was more pronounced for the smaller gold areas. %At
higher frequencies, however, the capacitance scaled correctly

with the gold areas. - '
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CHAPRER 8 .

S —

The'experiment:al results presented in chaptérs 5,6 and 7
are now discus’s,ed t&geche'r’ ;1 a—c:;nprehens’ive manner.

"It is ,cl:zat that in the case of selenium-metal contacts,
the wol;:'k function (ép) of the ‘me;:aI' plays an imp;artant role
in determining the cpurrent:-volt:age characteristics. The
proof Eof this 1is the plot of Fig. 5.13, showing that the
barrier height ¢pp 1s indeed related to ¢p, despite the
presence of 1nrt:er;face states. This®' plot suggests a
concentr‘ation of around 1014 of such states per cm2, assuiming
anl interfacial layer thickness of '10 & ([15]. It should be
pointed out /l:hat: the ¢pp-values obtained in this thesis may
be underestimates of the work function values because the'
.hole concentrations daduced frox;: the slop.;mw of the (A/C)2
versus Vp plots represent, not just the free carriers,' but
also any charged trap centers. However, while the absolute

magnitudes of the ¢bp values may be larger, the slope in

Fig. 5.13 should not be greatly affected, leaving the

. 4
estimate of the interface state density at about the same

magnitude. I, should also be pointed out tha? the results

w

Qpply to an Interface with polycrystalline s;elenium.
Experiments should therefore be carried out with single

crystal'selenium to see if orientation effects exist.

H
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The .plots of current density against voltage reflect
‘qualitatively the different barrier heights of the metals Au,
Bi, Cd and Tl in Se-metal Schottky Junctions. Thus, the
Se-Au diodes gave the highest value. of current density at low
forward voltaée and the Se-Tl diodes the smallest value.

However, an attempt at obtaining barrier heights from the

extrapolated intercepts of the j:V curves was qu:antitatively
not sulccessful. \ .

Detailed studies on ‘the aging of‘ the selenium Schottky
diodes were not done in work for this thesis but:'rapid aging
was very much apparent for the Se-Tl diocies. A study was
made/ thowever, of post-fabrication--heating of these diodes.
It was t;ound (chapter §6) that-’the fqrward current density (at

<

1 volt for example) was greatly reduced after heating in

-nitrogen,ﬁfﬁith resultant decrease of t:'he rectification ratio.

-y

]
This was attributed to an increase of series resistance,

r_esutting from the formation of thallium selenide at the

LY

Se/Tl interface [16]. The capacitance decreases observed
were consistent with this explanation but experiments to

detect the TlSe chemically have not been carried out. All

-

other studies on the Se-Tl diodes in this thesis were
\ y

therefore performed with freshly-made samples.
Some smallerﬁchanges vere obse‘rved' in post-fabrication
heéating of Se-Au diodes but these effects could be due to
: t .

changes at the back contact. In comparing back contact

materials, it would seem that the highest j-values at 1 volt

1

forward and the hfghest zero-bias capacitance values were

( 'l
h)

\
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observed on Se-Tl structures with polycrystalline tellurium

as the back contact ma@ptial, instead of bismuth. If‘thisris

confirmed for other Se-metal structures, it ‘éuggests that

-

..polycrystalline tellurium would be preferable to bismuth as

the ohmic contact to the diode base. L

In chapter 7, some anomalous capacitance results were

[}

reported. These should be regarded as tentative,

particularly in the case of the Se-Bi and Se-Au diodes, since
not many of these samples were prepaiea. In the case of the

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

U

small forward voltage at 1lower frequencies. It was
Patticularly marked at’ldOHz. lﬁromalous minfﬁa were observed

in Se-Au structures for a small reverse bias and also in

i d
Se-Bi diodes near zero bias‘ (no results shown) at low

frequencies. # A possible explanation of these capacitance

s - i

anomalies is an effect predicted by Roberts and Crowell [17]
arising from a deep level in the semicongductor, Another

explanation is that it arises from a partially blocking back

contact. It s interesting to note- that no dips were
observed for the Se-Cd diodes. The present results, however,

are too preliminary to determine the cause oflthe effects,

which will be examined further in future investigations.

4

." .The main part of the ~variation of 1incremental
L,yR =”J‘ B - -

:capaéfidnce and resistance with frequency can be explained

assuming the simple equivalefit circuit model shown in the

«

. ’ [
inset .to Fig. 8.1, arising from an analysis given 1in
¢

‘refdrence [l8]. As seen, this consists of two capacitors in*

¥ 4
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series, Cy and C,, shunt;d by resistors Ry and Rg; there, is
also ‘;5 additional series resistor R. Using the formulae
fgoh reference [18] for the equi%ZZant parallel capacitance C
and resistance R, ;ﬁproximata values of the parameters Cj,

Co» Ry, Ro and R can be obtained by turve fitting. This was

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

”n

-~ shown in Fig. 8.1, where the broken lines represent the
calculated Eurves. It is,  seen that, while the fit is éar
from perfect, the calculated 'curves do explain the main
over-all variation of. the measured parallel capacitance and

resistance for this sample with freduengy for the wvalues

Cy=13.5 nF, Co=1 nF, Rj=5x10° ohms, Ro=75 ohms and R=20 ohms.

According to reference (18], Cy and Ry are the parallel
capacitance and resistance va%ues for'fhe Schottky junction
dep}etién layer, while to and R, are respectively the
corresponding quantities for a postulated layer depopulated
of acceptors “in the selenium adjacent to the
counferelebtrode; R is interpreted as the seriess resistance
of the contacts and leads.

It would seem likely that a similar fit could be made to
the results for the Se-ddkand Se-pi diodes. -In the case of

the Se-Au samples, However, the resistance variation with

frequency was much less and also anomalously high capacitance
+ - ,

‘values were observed at low frequency, particularly for the’

small Wood*s metal contact areas. Thus, the [simple
™ N

equivalent circuit may not be sufficient toexplain these results,

N

P

!/
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CHAPTER 9

. M .

4’

N L 4
A}

L J

r From the present results, it 1s clear that sele\n'ium-

metal c¢ontacts are very convenient structures for studying
Schottky junctions for a~“low mobility semiconductor, since
the work functions of the metals do indeed play a decigive
role in determining the barrie;:' )heights, despite a high
concentration of Mnterface states. This wouold seem to be due
to the very high work function of selenium itself. The
density of interf;ace_ states for an assumed interfacial layer
thickness of 10& was estimated at about 1014 cp-2, The
Schottky jupctions are easlly made by evaporation of the
metal on to a cryszallized selenium film, without the need .
(for ultra high vacuum techniques. It is important, howeve'r,
to do the counterelectrode deposition at a low temperature

and also to avoid heating the structure after fabricacion,

otherwise a selenide z)lay be formed at- the metal/seleni(x‘n\

interface, resulting 1in 4 heterojunction, rather than a
Schottky junction. This was very evident in the work on
Se-Tl structures. The anomalous capac{tance effects should

be further studied, since 1if the Roberts-Crowell (17]
explanation applies, these could yield the energy position of

a deep level (or levels) in the selenium. The results with

— \A" .
different back contﬁt materials suggest that polycrystalline

"

tellurium may give— & lower series resistance t:ha'n bismuth.
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Most ‘of the variation of increnentalﬁrcapacitance and
\

T

tcs;ztance with fyxequency appears to be iue to resistance:

4

r

y . .

arising from the selenium {itself external ito the depletion
. ) ’ !

;llayer. A contribution by a smaller equiva%ent capacitor in

series with that arising from the @epletioﬁ layer was:also

apparent. o y *
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