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ABSTRACT

It is well known that at room temperature ohmic-
behaving electrical contacts to CdS single crystals can
easily be attained. However, at temperatures greater
than 100°C such contacts exhibit instability (e.g., dif-
fusion of indium into the bulk of the crystal above 100°C
where, acting as a donor, it may dominate crystal behavior).
A multilayer technique has been developed which permits
evaporated electrodes to perform ohmically up to 300°cC.
This technique is characterized by the usage of a pre-
parative metal to "clean" the surface of the crystal to
be electroded, an active metal to serve as the ohmic-
behaving electrical contact, and a covering metal to
carry current and act as a diffusion sink. Although in
half the cases a heat treatment of the multilayer-crystal
system is necessary to create an ohmic-behaving contact,
the results using titanium as the preparative metal and
aluminum as the active metal have been completely

successful.



I. INTRODUCTION

The task of creating an electrical contact on cadmium
sulfide has received much attention. Previous investigations
have shown that at room temperatures indium and gallium serve
as ohmic contacts to CdS and thereby act as a reservoir of
electrons that can be supplied to the bulk crystal as needed.
In a few investigations aluminum has been used successfully
as an ohmic contact - retaining its ohmicity without degrada-
tion at elevated temperatures (up to 35000). Also, metals
such as gold and silver, having work functions greater than
that of CdS, have been made to serve somewhat satisfactorily
as ohmic behaving electrical contacts to CdS under specialized

conditions.

With the exception of aluminum, the above mentioned
metals are not stable as ohmic behaving electrical contacts
to cadmium sulfide. 1In the cases when indium and gallium
are used, elevated temperatures (above 7OOC) result in
massive diffusion of the electrode material into the bulk
where, acting as donors, they may dominate crystal character-
istics. Gold, silver and other metals give ohmic contacts
only after a low pressure gas discharge, but the ohmicity
is usually annealed out at elevated temperatures. The
difficulty of degradation of the ohmic electrodes at
elevated temperatures due to electrode diffusion or dis-
appearance of ohmicity does not occur when aluminum serves
as the ohmic contact. However, since oxygen on the CdS
surface reacts with aluminum forming an insulating layer,
it is difficult to achieve ohmic behaving contacts with this
metal. Thus far the only way to consistently achieve ohmic
contacts using aluminum is by evaporation onto a vacuum

cleaved crystal.
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It is proposed that a multilayer technique (i.e.
coevaporation in vacuum of two or more metals) would enable
both aluminum and indium to act as stable ohmic contacts.
The preparative metal (Au, Pt, Ti) would serve to enhance
impurity desorption, and then an active metal (Al, In, Ga)
would make the ohmic behaving electrical contact, A final
covering metal (Au, Ag, Pt,...) would supply the bulk with
electrons via the active metal contact and also act as a sink
for the diffusion of any excess active metal. When aluminum
is the active metal, it is necessary to use a preparative
metal to ''clean'" the CdS surface. 1In the case of indium
where impurity desorption is not critical, the success of
the multi-layer technique does not depend on a preparative
metal. 1In this case it is reasoned that if the deposit
of the active metal, indium, is thin enough (i.e. a mono-
layer), it will be trapped at the surface and thus will
not readily diffuse into the bulk crystal at elevated
temperatures,



IT. THEORETICAL CONSIDERATIONS

A. Defining terms. In discussing the bringing of a

metal into intimate contact forming a metal-semiconductor
junction, several quantities must be defined. First, a work
function,ém,is defined as the energy necessary to move an
electron from the Fermi level in the metal to the vacuum
level. Second, a work function, és’ is likewise defined as
the energy necessary to move an electron from the Fermi level
in the semiconductor to the vacuum level. However, for a
semiconductor the Fermi level is dependent in any given
semiconductor on concentration and energy of impurity centers.
Also, lying in the forbidden gap, the Fermi level does not
necessarily coincide with a allowed level there. It is thus
convenient to introduce an quantity x, the electron affinity,
and define it as the energy necessary to move an electron
from the lowest energy level in the conduction band of the
semiconductor to the vacuum level. Usage of these terms

will occur in the development of the simplified junction theory.
It is now significant to consider two different cases of

the metal-semiconductor junction: @m > ¢ and és > Qm' For

the sake of simplicity, it is assumed th:t in the semicon-
ductor there: 1) are no surface states, 2) exists one well
defined donor level N at an energy Ej, (such that the semi-
conductor is n-type), and 3) are no effects due to image
forces. These above conditions describe the assumptions for

the simplified theory.

B. The Simplified Junction Theory. First, consider

.the case where the work function, ém, of the metal is greater

than the work function, és’ of the semiconductor. As a

3
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consequence of forming a junction of a metal and a semicon-
ductor, there will be a redistribution of charges at the
interface of the two materials in such a way that at thermal
equilibrium the Fermi level has the same value in the complete
metal-semiconductor system. As a result of this charge exchange

C.LBLLLUllb .LLUlll LIJ.C Db‘llu.L«Ul.lUuL.LUL W.L.L.L L.LUW LL_I.LU Lllc lllCLaJ.

leaving ionized donors in the semiconductor. See Figure (1) and

(2).

Vacuum Cond. Band
4 ¥
* level kS _f_
m ? ¢ E
l C
[ E
Efm ______ 1§\ _____ fs
Ng
AN V
’/f Valendé Band,/yoéx/
/ AV
METAL SEMICONDUCTOR

Figure (1). Energy level diagram of a metal and semiconductor
before contact for case of @m > ¢

s’

//// ////////

METAL SEMICONDUCTOR

Figure (2). Energy level diagram of metal-semiconductor
junction after contact for case of ém > @S
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The quantities defining the character of this simplified
contact junction may be thought of in the following way. First,
far in the bulk of the crystal, the semiconductor system is not
aware that a metal has been placed at the surface; thus at
X = @ the quantity és- X 1s a boundary condition. Second, at

.
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the semiconductor at the lowest state in the conduction band
from the Fermi level in the metal, it must overcome a barrier,
¢ - X(the quantity ® - x from the Simplified Junction Theory
is called the barrier height). 1In the region between the
boundaries ¢ - x and és - X lies a region, for the case where
¢ és’ called the depletion region. For the case where

m
@m > Qs the electrical contact at the junction of the two

systems is considered '"blocking'.

Second, consider the case where @s > ém when the semi-
conductor is n-type as shown in Figures (3) and (4). In this
situation, the difference in the work function gives rise
to a flow of electrons from the metal into the semiconductor.
This time the region between the interface and the bulk semi-
conductor is called the accumulation region. For the

simplified junction case, where @s > ém and for an n-type
semiconductor, the electrical contact is considered '"'inject-

ingrlal.

C. The Blocking Contact. For the case of the blocking

contact (i.e. where ém > @s) two considerations must be made:

one for the barrier layer thickness being small compared
with the mean free path of the electron (diode theory), the
other for the barrier thickness bein? large compared to the

). 1

mean free path (diffusion theory

[a] N.B. Actually, a third purely mathematical case, for
the simplified junction exists. This occurs when ¢n = &g,
There then is no charge exchange and this junction is referred
to as a neutral contact.
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Figure (4). Energy level diagram of a metal-semiconductor
junction after contact for case of @m < @s‘

In the diode theory the particle density from the
junction region in the semiconductor to the metal at the plane
X = o0 1is:

_e(VD + V) /kT

pu 1
S = J6n Vth nge (1



wiere: Vth thermal velocity

equilibrium electron concentration in
bulk semiconductor

V B2 applied voltage at the junction

<
n

D diffusion voltage.

The particle current density in the other direction (metal to

junction region in semiconductor) is given by

2 _ 1
S_Err Vth *fg e (2)

By subtracting equation (1) from (2) and multiplying by e

gives for the non-zero case after extended mathematical

development,
eS = e(5 - 8) = j' =33 (2 VKT Ly (3
. 20U
where: jg = 1 eV, ng . (3a)

e
When V is plus such that the junction is negative with
respect to the metal then,

. k .
vogr (et eVIRT Ly 2 (%)

3
and for all plus values of V the current j is called the

forward current,j%or.

When V is negative such that the junction is positive
with respect to the metal then,

S s -eV /KT .
3= 3 e ) =l (5)

and for all negative values of V the current j' is called
the reverse current. It should be noted that in this case
for values of V > 4 E%, j;ev ~ - jg and the current saturates.
Physically, this saturation corresponds to the maximum amount
of current that the metal electrode can supply to the semi-

conductor.
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For the diffusion theory it is assumed that the
electrons suffer sufficient collisions with phonons and
imperfections while in the barrier layer such that it is
now necessary to incorporate a diffusion term. The calcula-
tion of current flow at the junction proceeds in the same
manner as for the diode theory only with new expressions for
S and S [See Table I]. Here then

e S=¢e (S - §) =j = jg (ei eV/kT_l) (6)
where:
jo* = e n Ej (6a)
where: Moo= mobility of electron.
n, = # electrons existing in the semiconductor
at x = o. (i.e. right at the interface).
EO = is a linearized field in the depletion
region (an approximation).
TABLE 1
metal-semiconductor semiconductor-metal
§ S
. 1 1 V. n, e-e(Vp+V)/kT
diode theory o Vin % 76 th B
. . dn dv
diffusion theory| D Tx e B

A forward and reverse current are again defined as

they were for the diode theory model:

eV/kT_l) (7)

3

j* (e
for. °

VAT, (8)

o s o
Jrev. JO (e

The jé term that appears in equations G)and 6)and the jg



term in equations (7) and (8) represent the emission capacity
of the metal and both depend on the quantity,® - X

. 1
ig = 76m € Ven Do (3a)
j,=eu n E (6a)
where: ;
= -(®_-X)/kT
n, = NC e m . (9)

D. The Injecting Contact. The case of the i?jfcting
2
It

contact (‘1’m > @S) was considered by Mott and Gurney.
is possible now to use both the Poisson and current flow

equation in the same development:

j = n(x)e HE - pe B&) (10)
dE _ n(x)e . (11)
dx Keo

Eliminating n(x),

1%%= ug £ 'D%}Z{%- (12)
Integrating,

&%b + const. = —% HE® - D %g (13)
then substituting D =“§&;3 and assuming that %% = % (where
L is the distance between the electrodes) it is then possible

to neglect the last term (i.e. kT %% <L eEz) which will be

the case if kT<<eFL, or that the potential across the crystal
is large compared with 25mv. Then equation (13) becomes,
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E \/K'eou (x + %) (14)
jKeo

uNZe2 which is evaluated at x = 0, whevre n = ng.
After mathematical manipulation where use is made of the

where x =
o

assumption that x << L,it results that
. _ 9 Kegtv?
=3 —gf——L . (15)

Thus the very interesting result for the injecting junction
is that the current is proportional to the square of the
voltage. This is the solid state analog to space charge
limited currents in vacuum diodes.

E. Junction - bulk crystal I-V Characteristics.
Consider now possible I-V characteristics for a single block-

ing contact junction and the adjacent bulk resistance of
the semiconductor. From equations (3a), (6a) and (9) it
turns out that

(o
o
i
~
A
o
<
(8
=
=
®

S0 g (3b)

. (% -
% = e EN_ e Cp) /g (6b)

Evaluating part of the preceding coefficients in (3b) and
(6b) gives,

30 = 1.2 x 10%1%e G0 kg (16)

S -
j% = 4.0 b E e Coyer (17)

When the values of T, M, and E  are put into equations (16)
and (17), the saturation current of the reverse biased

metal-semiconductor junction may be obtained. It is,for
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“eV/KT 1y (the diode

theory) for various assumed saturation values of jéu Then,

example,worthwhile to plot jfey = jé(e

if one plots the assumed Ohm's Law current, johmic = g

(where Rp = L/nBeLlA2 is the bulk resistance) on the

same graph, it is now possible to discuss the profile of the
metal-semiconductor junction-bulk series resistance circuit.
Graph (1) shows jéev- = j;ev.(V)and johmic - jOhmic (V) for
various values of Rp and jé. For any choice of Rpg and jé the
current will be fixed at a given voltage in such a way as to
allow the proper current to flow through the series resistance
of junction plus bulk. For example, if jé = 10-7amps/cm2 and
RB = 1O7ohms, it can be seen that for this junction in the
reverse biased case (i.e. voltage applied such that bulk is
positive, the metal electrode negative) that at low applied
voltages (below 10O volts) the I-V profile will be linear.

At voltages between 10O volts and 102 volts a transition
occurs in such a way that now the potential distribution
changes, and for voltages greater than 102 volts the satura-
tion limit of the junction dominates. This may be more
quantitatively expressed in the following manner: the

current through the junction-bulk semiconductor series is

"TA
Jrev = TR (18)
rev RB + Rj
where: Vy = applied voltage
RB = bulk resistance
Rj = effective junction resistance
also,
\"
Rg = 7T§
Jrev
Vy = VB + Vj' (19)
V.
R, = —1—
J Jrev

The effective junction resistance is

o
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\ 3
RB=1O ohms

rjé=10-4amps/cm2
v

{jé=10’6am8§/cm2

/
'S

\ 7
RB=10 ohms
7
,'/
4 j'=10-83mps/cm2
/// f— °© /
M L
ohms
1077 1
ey —+— # + +
10 102 107! 10° 10t
In V (volts) —
Graph (1). A family of saturation currents j' - (diode theory)

curves and bulk resistance curves. For any choice
of Rg and j§ the current will be fixed at a given
voltage in such a way as to allow the proper
current to flow through the series resistance

of junction plus bulk.
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V.
R, = J : (20)

J . -eV./kT
J(') (e eVJ/ -1)

Putting equation (20) into (18) gives the current-voltage
expression,

Sley = —2
rev RB + XJ- L
JO ( -er/KT _1)
(21)
= VA
OV A
RB +

j(') (e'efYVA/kT _1)

IA

V.

where: o = Vl such that O
Equation (21) indicaées the jéev. = jéev.(vA) curve will be
dominated by whichever of the two denominator terms is
largest. For low applied voltages and for the proper initial
conditions on Ry and jg, RB>>Rj and the I-V profile is linear;
for high voltages RB<<Rj then the 1-V profile is saturated,

being dominated by the junction. The transition occurs

r =1

when the two terms, RB and Rj’ become approximately equal. A
precise description of the I-V profile in the transition
can be easily evaluated from equation (21), knowing .

Similarly, resistance can be described for the forward
biased junction. Here the current through the junction - bulk
semiconductor system follows from equation (21) with the sign
change in the exponential,

\Y
. A
Jfor = o, . (22)

R, +

B j(')(e+eGVA/kT _1)

Thus in equation (22) for low applied voltages and for the
proper initial conditions on Rp and jé, RB<<Rj and the I-V
profile is determined by the junction. At high applied
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voltages RB>>Rj’ and the bulk resistance dominates the I-V
curve., The transition occurs when Rp :.Rj; again knowing the
value of &, it is easy to evaluate precisely the transition

using equation (22).

Using equations (21) and (22), consider first the
case of the blocking contact 1-V profile as shown in Graph
(2). (Special attention must be paid to the origin of this
graph and the ones to follow since they are log-log plots).
The solid line in the first and third quadrant of Graph (2)
gives the resulting I-V curve profile for jé = 107" amps/cm
and Rp = 107 ohms. Thus for a blocking contact with a high
bulk resistance the I-V profile is linear in the forward
direction, and is also linear in the reverse direction until
saturation is reached.

1] Jpeymig (o™ K1) amps
cm

eV/kT_l)EﬂES

1 [2] jforw=j:)(e
cm

| [3], [4] Ry=10"chms

Graph (2). Solid line indicates I-V profile for Ry=10’ohms
and j(‘)=10'6 amp/cm2,
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For the case of a low bulk resistance (say Rp = 103 ohms)
then the solid line in Graph (3) indicates the resulting
I-V profile. Note that for the low bulk resistance the
junction characteristic dominates in the reverse direction,
and in the forward direction up to about 1071 volts. At

+h 3 =oint +hea T ‘7 -r\v-r\-‘:1 hAanAmAa i1 d

fa) ~
“ill O kl\JJ-l.l. Lt A tl L.L\_ A e LU O I.JUJ_I.\.

(o
-~

particular choice of RB and JO leads to rectifier-like

characteristics of the junction - bulk semiconductor system).
Y

In j

Reverse ‘ 7/ Forward

107t

InV

Graph (3). Solid line 1nd1cate§ I-V profile for RB=103ohms
and ig 1-10-6 amps/cm®,
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Before extending any further this type of graphic
representation of junction characteristics, it is necessary
to include the effect of field breakdown at the cathode
(reverse biased junction). As it turns out, the width of
the depletion layer for the blocking contact can be expressed

using Poisson's equation:

*
ay = °Ng (11)
dkz Keo

where: N§ = number of uncompensated ionized donors
in the depletion region.
Integrating twice and using the boundary conditions that %=0
d .
at x =0, ¢ =2 -? atx=w,and zz =0 at x = w, gives
the depletion layer width,

égg'és/E) + Vj] (23)

W =JhK€Q[
where: Vj = applied voltage at the junction.

Thus depending on the values of Qm’ Qs’ and N*4 the width

of the depletion layer can be (assuming 0.1<% _-% < 1.0 eV.

and 1013< Ng < 1020 cm,"3) from 10~/ to 1074 genii

If now the I-V profile becomes dominated by the blocking

contact such that essentially all the voltage, V,, is applied

at the depletion region, then a field of VA/(10'é to 10'7)

volts per centimeter exists at the barrier layer. Thus any

meters,

time the I-V profile becomes determined by the reverse

biased blocking junction, field breakdown will occur at the
or when V, = vJ./(1o'4 to 1077) >10°
volts/cm. What exactly happens at the junction after break-
down is not known except that the current depends on some

applied voltage Vp = Vbr

fairly large power of the voltage.

The I-V profile in Graph (4) shows that in the case
when RB = 105 ohms there is a definite linear portion followed
by the cathode saturation region. At voltages greater than
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Vbr the steep j“Vn increase begins and continues until once
again the current becomes determined by the ohmic resistance,

RB'

107% Ry=10%0hns
T 10'6..
In j
lo'z.
al/
10 ST.

/ . / . g Pr .

-3 -2 -1 0 1
1n Vv 10 10 10 10 10
Graph (4). 1I-V profile for jé =10-66amps/cm2, assuming that
barrier thickness~is 10-" cm, shown for cases when
bulk resistance is 102ohms and 107chms.

The I-V profile for Ry = 10’ ohms in Graph (4)
shows linearity for all voltages. However, the current
saturation curve is crossed, but in this case the crossover
point is at a voltage 10Vbr’ Thus the barrier would break-
down almost without giving any indications in the I-V

profile.

Solution to the current flow equation and the Poisson
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equation for the casezwhere @s > %m yields, according to
Mott and Gurney, j «V°. 1In their development, however,
the bulk crystal was already incorporated, therefore when
constructing the I-V profile it is not necessary to plot a
bulk resistance. The resulting I-V profile for the idealized
injecting junction is shown in Graph (5).

/
10—4“ In j
| [51]
10-6.-
10784
I
100 1072 ' 102 100
' ) ) L ©  Inv
|
10784

oy

(@)Y

L=
o

10~ 2

[51,[6] I=v

10t

Graph (5). I-V profile for injecting contact, assuming no
trapping effects in the bulk crystal,
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In reality the existence of traps must be accounted
for. Rose[3]took into account shallow traps, finding the
trap-free equation to be reduced by a factor 6, such that
v )

j = Ke 6 = (24

8 o d3
where © represents the fraction of injected charge that
remains free. If the number of traps is Nt at an energy,

Et’ from the conduction band then

0 = —;% e (B Ep) /KT . (25)
Lampert[4]developed a general theory for the inject-
ing contact with traps in the bulk semiconductor. Lampert
concluded that the I-V profile had to lie between three
curves: IQVZ, Is¥, and the trap filled limited curve. See
Graph(6). At low applied voltages injection of excess charge
is negligible, thus I«y.
At increasing voltages In j A
charge is injected but
trapped - hence TV
(1 < n). At a critical
voltage, VTFL’ all traps
are filled; then the I-V
profile raises steeply
and approaches the I«<V™,

In any event due
to the small magnitude of
the quantity (@m -yx), the

injecting contact will

probably not reach satura-

tion - at least not with- In Vv
in the power dissipation Graph (6). Th? "Laqgert
Triangle'.

limits of the bulk
crystal.
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F. Junction -~ bulk crystal - junction I-V Character-
istics. The next step is to consider the more realistic

I-V profile of a junction - bulk - junction series circuit.
Three cases will be considered: same contacts (both block-
ing) plus bulk, different contacts (both blocking) plus
bulk, and one injection and one blocking contact plus bulk.
(The case for two injecting contacts is essentially as was
discussed for one injecting contact. This is so since an
injection contact serving as an anode may be neglected as
far as its significance on the space charge limited currents
is concerned.)

1. For the two dissimilar blocking contacts the

current is given as

V. \Y V. Vv
i &t RS - X - (26)
. o B . .1 B 02
Iy wd5 ] ]
1 LI |
Jrev Jforw
where:
Ri1 VJ;I Vo 7KE '
] jop(e V3175 1) ig1 = 3o
R., = Y32
J . /K
and
i = i
V- *
jl
o' - . kT . . kT
Jol(e eVJl/ -1) + RB + Jél(e+eV32/ -1)

The I-V profile is determined using equation (27). The
case shown is for Ry = 107 ohms, j ; = 10'6amps/cm2. The
profiles as drawn in the first and third quadrants of Graph
(7) are identical. The resulting curve (solid line) gives
a linear I=V Ohm's law type region that saturates at the
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same current level and at the same voltage for either

direction of current flow.

In j /
[2],
T /
/ //
_g /131 y
10 ¢ ST T T T ==
//
-~ /
/

1 I L-l N ]'Qlln v )

-eV, 1/kT

111 3L,=35; (e 1)

KT _
[2] JforW—JOl( +eVJ2/ 1)

131 31.=31; (e~ V52/ K1)

[4] 3% =01 -eVyp /KTy

[5], [6] RB=lOohms

Graph (7). Solid line indicates I-V proflle fo§ "matching'
junctions when jgo1=j52= =10-6 amps/cm? and RB=107ohm.

For the case when j 1= j 9 = 10-6 amps/cm2 and
3 o o
Rp = 10

as indicated by the solid line in Graph (8). It can be seen
that the I-V profile is the same for either direction of

ohms, the I-V profile takes on the character

current flow. Considering for example quadrant I, the I-V

current profile goes from a linear I*V at low voltages

(where [e-ev/kT-l] =1+ —%% + ---—+(-1)Ci%% ), through a
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transistion region, and then to a saturation region,I = I

(a constant) at high voltages. However, it can be noted

that the linear part occurs for a much smaller range when the
bulk resistance is smaller,

In j //
1074 [/
,Y/
-6+ 4
10 // 131~
/// barrier
+ breakdown
1078
1
L 10 19'24.._w4____, 1072 10"
! InV
108
barrier 4
breakdown | [1]) same as
//’ EZ% previous group
3
== 48 (41 ;
/ = [5], [6] Rp=10~ohms
/ 5
/ .
|/
1/
A4
/1
/ /
/

Graph (8). Solid line indicates the I-V profile for "matching"
junction when j51=j52=10-6 amps/cm2 and Rp=103ohms.
Note that barrier breakdown will probably occur

if the barrier thickness is 10-5-10-6cm.
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2. For two dissimilar contacts (i.e. one of say

gold, the other of silver, such that the work functions of

the two are different) equation (26) can be used to give

I-V characteristics. It must be noted that this time

10~

10

Graph (9).

1n \Y
[11 31,731, (e"V31/KT1)
(2] 3k =it (eteV52/ KT )
O LR I FPTCI Lt
// 107° . .y . +eV,. /KT
/s [4] Jfome=igpCe™ 317 77-1)
4}/ [51, [6] Ry=10ohms
/
) Lo-44
/

The dotted curves [1] and [4] represent,
respectively, the_case when the high work function
junction (j§1=10-7amps/cm?) is reverse biased and
the low work function (j&2=10-Jamps/cm2) junction
forward biased. Dotted curves [2? and [31 repre-
sent, respectively the high work function forward
biased and the low work function junction reverse
biased. The solid line represents the I-V pro-
file when the bulk resistance is 107chms.



24

Jo1 Ao (i.e. @mZ—T/@ml) such that

j - Va (28)
Vil TR T T
KT KT
PG -V, /KT qy ity €™V 2/KT_1y
and J02 > J01 or §m2 < §ml .

Graph (9) shows, using equation (28), the case for jOl =
10-7amps/cm2, Jo2 = 10-5amps/cm2 and Ry = 1O7ohms. Note
that the resulting I-V profile is linear for awhile in
both directions. For one direction the saturation occurs
at a higher current value than for the other direction;
this is because of the difference of the work functions of

the metals at the two junctions.

Graph (10) describes the case of low bulk resistance
(RB = 103 ohms) and dissimilar junctions. Note that the
resulting I-V profile shows rectification effects; the
rectification ratio at high voltages (above 1 volt for
the case described) being that of the two saturation

currents jol and on' Greater rectification ratios can
005

the such that

be obtained by ch ing elec
the work functions are quite different. Also for this
case, the resultant profile is almost the same as a

single junction and bulk in series. In the reverse biased
case (i.e. low work function metal positive) the current
saturates almost immediately. 1In the forward case (i.e.
low work function metal negative) the current increases
exponentially with the applied voltage at the high work
function junction. At higher voltages (>10-1 volts in
this particular example) the lower work function junction

saturates and in so doing dominates the I-V profile.
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ma

In V

[1]-[4] same as in graph
9).

[51, 6] Ry=10%chnms

Graph (10). Solid 11ne 1nd1cates the 1-V profile for case
when 301 =10-7 amps/cm?, j42=10-5 amps/cm? and

Rp=1020hms. (Note the deviation from current

saturatlon when barrier breakdown occurs).

3. The case of one injecting and one blocking
contact plus bulk (see Graph 11) yields the rectification
effect as described previously. In the reverse biased
orientation (blocking contact metal negative, injecting
contact metal positive) the current saturates as determined
by the blocking contact junction. In the forward biased
orientation (blocking contact metal positive, injecting
contact metal negative) the curve at low voltages may (depend-
ing on the trapping that occurs) increase exponentially as
the voltage at the blocking contact. At higher voltages the
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theoretical Mott and Gurney square law dependence is expect-
ed.

In vV

— e . e e | v

Graph (11). Solid line represents I-V profile for case one
blocking junction (jl=10- amps/cmz) as done in
junction contact. e series of IoVZ2 curves
represents SCLC for different values of 6.

In conclusion it can be seen that a high resist-
ance bulk (107 ohms in the examples cited above) effects
the junction - bulk and junction - bulk - junction circuits
in such a way as to permit the I-V profile to have a linear
region at low applied voltages which extends above the
linear kT equivalent voltage range (i.e. where e_ev/kT—Lg
E%—). When in the same circuit the bulk resistance is

small (10~ ohms in the examples cited above), the I-V
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profile is almost fully determined by the junction up until
the time when the breakdown voltage at the barrier is

reached.

In the CdS-metal junction,the CdS, which is the
bulk resistance, can experimentally be varied since it is
photosensitive. Thus it should be possible to observe both
linear and bulk determined I-V curves as well as junction
determined curves by changing the light intensity. This is
indeed the case as was demonstrated by Ruppel[s]. His
family of curves, however, also tended to saturate at
higher current levels for high light intensities. This
would correspond to a lowering of the barrier or resistance
at the junction which could quite conceivably also be light

dependent.



III. EXPERIMENTAL CONSIDERATIONS

A. Previous Work. Ln trying to experimentally achieve

an ohmic contact to CdS (i.e. a low electrical resistance con-
tact which acts as a reservoir for electrons) there has been
done an extensive amount of work. From considering the simpli-
fied junction model, the obvious choice would be metals which
have a lower work function than the work function that would
reasonably exist on cadmium sulfide.[b] For CdS this kind of
approach leads to a choice of In, Ga and possibly Al as having
the property of %n<@s‘ This approach, it must Le emphasized,
can only serve to indicate possible choices of a metal to serve
as efficiently performing electrical contacts. The factors of
surface states, surface contamination, and change in properties
of the two systems when they are brought into intimate contact,
all play a crucial part in the experimentally observed contact.

Initial attempts to create ohmic contacts include the
approach of Butler and uuscheid[6]wuo found that treatment

of the CdS crystals with a low pressure gas discharge before
application of the contact yielded ohmic behaving electrodes-
even for metals for which by work function considerations
should not have worked. However, the ohmic behavior effects
disappeared with heat treatment at 200°C or for extended
periods of time. This occurence was explained by Fassbender[7]
who reasoned that the initial gas discharge created donor

levels on the surface of the crystal. However, with time-or

[b] It must be remembered that the work function 1in a
semiconductor, because of its definition in teims of the Fermi
level, varies significantly with degree of impurity concentra-
tion and temperature.

28
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heating-the donor levels would anneal out and what had been

ohmic contacts became current-determining-blocking contacts.

Smith[S]demonstrated by various measuring techniques
that In and Ga did make ohmic behaving contacts to CdS as was

pi nct

Also, in agreement with the 51mp11f1ed theory, it was found
that such metals as Au, Cu, Ag, and Pt, which have larger
work functions than the work function for strongly n-type CdS,

exhibited blocking contact behavior. [9, 10]

ql11]

tics for ten metals which work function-wise bracketed cadmium

Sihvonen and Boy investigated contact characteris-
sulfide. They used one evaporated In plate contact and one
point contact, being made of the particular metal being
investigated. They found that by passing a moderately

intense electric current pulse, the point contact, which was
previously characterized by blocking behavior and exhibiting
diodic performance, became ohmic. They reasoned that the
current pulse punctured the depletion barrier, which permitted
electrons to tunnel more freely and in greater numbers.

N1

The work done by Bder and Lubitz{léjsubstantiated
earlier findings concerning the behavior of various metals
as contacts using the method of evaporation. They found that
heating the CdS crystal before evaporating on the electrode
increased the chances for attaining ohmic behaving electrodes.
Heating of the CdS crystal while in the vacuum desorbed some
of the physically adsorbed impurity layers (oxygen, nitrogen,
etc.) that existed on the CdS surface. They cited the
difficulty of using indium as electrodes to CdS at high
temperature (>100°C), since at these temperatures, massive
diffusion of the indium occurs. The diffused indium acts
as a donor[l3]which, of course, may mask the other character-

istics of the crystal.

Boer and Lubitz felt Al would serve ohmically on CdS,The
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subsequent experiments showed that this indeed was true, in
about 50% of the investigations, but only if the CdS crystals
were heat treated in a very high vacuum before the aluminum
electrode was deposited. It was also determined that further
heat treatment of the aluminum on the CdS cxystal did not
result in any detectable diffusion of aluminum into the crystal
up to 350°¢C.

[14]

Spitzer and Mead studied contact behavior in terms
of barrier heights. Generally, they found that metals having
work functions greater than CdS were blocking, while those
with work function less than CdS were injecting or neutral.
They prepared their contacts by 'vacuum cleaving' the CdS
crystal before depositing by evaporation the metal to be used
as the electrode. This procedure enabled studies to be made
for metal-semiconductor junctions which were as intimate

as possible, in that by cleaving the crystal, a relatively
pure CdS surface would exist for the deposition of the

electrode film,

B. A New Approach. Unfortunately, none of the above

procedures (with the possible exception of Boer and Lubitz's
partial success with aluminum) permit treatment of the entire
junction system at temperatures >100°C without there being
significant electrode diffusion into the CdS or destruction

of the ohmicity of the contact. The method of Boyd and
Sihvonen permit use of other metals besides In to be used

as ohmic contacts, but the electrode configuration (one point
contact, one plate contact) is unwieldly. It becomes difficult
to interpret data with any accuracy because of the complicated
electric field that would exist between a point and a plate.
Thus, further investigation into the problem of creating

[c]

"heat resistent ohmic contacts' (HROC) to cadmium sulfide

seems desirable.

[c] The expression heat resistant ohmic contact (HROC) is
used to denote a contact which remains ohmic when heated up
to at least 3000C.
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As indicated by Boer and Lubitz and substantiated by

[ls]the difficulty with using aluminum is the existence

Goodman
of an interfacial layer between the aluminum and the cadmium
sulfide. It is a fair assumption to say that the component

of the interfacial which causes the problems is oxygen.

Because aluminum has sucih @ high affinity for oxygen, it will
react with any oxygen impurities present on the CdS surface.

It is well known that aluminum oxide is an excellent insulator,
thus its presence on the surface of CdS will create non-ohmic
behavior. However, the fact that aluminum can serve as a

good ohmic contact was effectively demonstrated by Spitzer

and Mead[14]

crystals.

who evaporated metals onto vacuum cleaved CdS

It was with this view in mind that BBer[16]

suggested
a multilayer technique wherein aluminum and indium could
serve as HROCs to CdS single crystals. This electroding
technique called for an evaporation in vacuum of a monolayer
of a preparative metal, followed by several layers of an
active metal and finally many layers of a covering metal.
The purpose of the preparative metal was to enhance impurity
desorption from the cadmium sulfide surface; the active
metal would act as the ohmic behaving electrical contact to
the bulk. The covering metal would serve not only as a
means by which current can be carried to the bulk via the
active metal, but also as a sink for any excess active

metal which might diffuse.

The initial choice was to use indium or aluminum as
the active metal, and gold as the covering metal. When
aluminum was used, the gold was also to function as the
preparative metal since it was felt that gold would
sufficiently enhance impurity desorption from the CdS sur-
face by the physical mechanism of collision. After the
crystal surface had been 'cleaned" in this manner, it would

be possible to have relatively intimate contact between the
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aluminum layers and the CdS; such a CdS-aluminum contact
should then perform ohmically. 1In the case of indium,

it was reasoned that if only a monolayer of the indium was
deposited, it could be trapped at the CdS surface and thus
might not readily diffuse into the bulk.

As a result of a suggestion to Boer by Diemer,
titanium was used as the preparative metal in the multi-
layer technique. Since titanium has a stronger affinity
for oxygen than aluminum, deposit of a monolayer of titanium
would enhance a ''pseudo-desorption'" of oxygen from the surface
by a chemical reaction mechanism that reduces the aluminum
oxide and forms a titanium oxide. Thus,an aluminum layer
will have the opportunity to make relatively intimate
contact with the ''pure' CdS. The benefit of this choice of
electrode material would continue even after the initial
evaporation. For if aluminum oxide were to form in some
manner, the excess Ti existing on top of the initial layers
of Al and Ti would serve to reduce the aluminum oxide by

The other consideration in experimentally creating
the electrical contacts using the multi-layer technique was
the vacuum environment. High vacuum conditions alone will
not substantially correct the situation by ridding the
surface of oxygen, but they will prevent further oxidation
from occuring during evaporation of the electrode material.
This result turns out as a consequence of considering kinetic
theory. 1In kinetic theory, the number of gas molecules at a
pressure, P, and absolute temperature, T, striking the unit
area of a plane surface in unit time is given by:

N = ZeRTA - (30)
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Thus, for an oxygen pressure of 10_5mm. Hg at room temper-

ature, N = 5.2 x 107~ at. cm-2 sec._l. Then taking the area
occupied by a single adsorbed atom of oxygen on the surface

to be 1.482, it is seen that at this pressure of oxygen the
rate at which the residual atoms strike the target is such

as to form a monolayer in about one second. Since the rate

of deposition of the electrode metal is large compared with
that for the condensing oxygen under evaporation conditions,
in order to avoid interference by residual gas, the evaporation
must be carried out at pressure much lower than 10_5mm.[17]

In other words, if the deposit of a monolayer of titanium
takes 5 seconds and the oxygen pressure is 10_5mm., then there
would be sufficient time for another oxygen layer to form

on top of the Ti layer.

With the above consideration in mind, evaporation of
the metal electrodes was hopefully to be performed at pressures
less than 10 ®mm. An additional effort was made to reduce
the oxygen partial pressure by flushing the vacuum system

with nitrogen or argon before vacuum take down.




IV. APPARATUS AND PROCEDURE

A. Preparing the contacts. The crystals chosen

for contact study were supposedly non-doped. The photosensi-
tivity varied from crystal to crystal, as did their dark
currents. There was no quantitative effort to determine
any electrical characteristics on the crystals that were

to be electroded.

It must be emphasized that the whole experimental
procedure of electroding the CdS crystals was carried
out with utmost cleanliness. Neither the crystals nor any
interior element of the vacuum system in which the electroding
took place were touched with ungloved hands.

The crystals to be electroded were placed in the
crystal holder as shown in Figure (5). The crystal was held
in place by a mask of aluminum foil which was larger in area
than the crystal.

Scre | - \ Clamps
D X

Beve¥led 63 QD

Figure (5). The crystal holder.
34
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The overhang of the masking foil was clamped to the crystal
holder as shown in Figure (6). An opening was cut in the
foil to allow the evaporated material to reach the crystal.
A metal strip .7mm wide was used to create two separate
electrodes each being approximately 10-1 cm.z.

SIDE VIEW

aluminum foil CdS crystal

~,

TR //’/4////

crystal holder

Clamps —
TOP VIEW
clamp
) /Petal strip
v /
r—
! I
| l
L |
L’:.I. - “—_!:
! |
| |
!Z____ _

CdS crystal aluminum foil

Figure (6). Top and side view of crystal as it is positioned
on the crystal holder.
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The crystal holder with the crystals mounted was
placed in the bell jar of a diffusion pump vacuum system
as shown in Figure (7). A model 1415 Welsh mechanical pump
was used with Dow Corning 704 oil. Cold trap #1 between the
forepump and the diffusion pump, which used liquid nitrogen
as a coolant, avoided backstreaming of the forepump o0il into
the high vacuum side. The diffusion pump was the Heraeus
with a four inch throat using Dow Corning 705 oil. Cold trap
#2 between the diffusion pump and the bell jar minimized oil

base plat7////,—\\\\\\

old trap 1

bell jar
L

titanium pump

/‘Il,/
’ 1 1

\\ '————1 -:;1\\ iggizztion
Pirani___,—+.- .__:Z}‘

gauge

——cold trap 2

0il diffusion
pump
| _ mechanical K\jl__
pump ’

Figure (7). Schematic of the vacuum system in which electrodes
were evaporated onto the CdS crystals.
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backstreaming and also functioned as a cryogenic pump. Also
incorporated in the system was a titanium sublimation pump
which used a Varian titanium filament that had been wrapped
with additional windings of tungsten to give better sublimation
rates and longer filament lifetime.

Two gauges were used to measure the system pressure.
A CVC Pirani Gauge type GP 110 was used to measure the high
pressure side; this pressure stayed below 5 microns after
the initial takedown. A Varian ionization gauge and control
unit (model 971-0003) was used to determine the low pressure
side; this bell jar system was always less than 5 x 10-7mm
prior to evaporation.

Figure (8) shows schematically the configuration of
the various components in the bell jar system. Each high

crystal holder CdS crystal

N _—

I | /_6/7\ |
aluminumToil clamp

9.5cm. evq<< basket 1 evap. basket 2

ground moveable

\\d\\fole Shui::;//

V4 ]

R

f Jl
high current electrodes

Figure (8). Schematic of components used for evaporation.
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current electrode was connected to a tungsten evaporation
basket containing the various electrode metals and was
regulated by a separate control unit. Over the two baskets
there was a magnetically controlled movable shutter which,
when positioned correctly, prevented a direct optical path
from either hasket to the crystal holder. At a distance of
9.5 cm. from the baskets, the crystal holder was positioned.
Finally, in an attempt to determine the effect of various
ambient gases on electrode performance, the bell jar system
was flushed with nitrogen, argon, or oxygen before the
evaporation was begun.

During the system take down the contents of the
evaporation baskets were outgassed. To make sure none of the
basket contents reached the CdS substrates during outgassing,
this procedure was done using the movable shutter. When the
evaporation was to be performed, both baskets were fired such
that the contents of the baskets were initially depositing
layers on the movable shutter. Then the shutter was moved
so that there was a deposition on the CdS substrate only
from the basket containing the preparative metal. After a
predetermined time the shutter was moved from its position
over the basket containing the active metal, and its contents
were deposited simultaneously with the preparative metal on
the CdS substrate. The procedure was terminated by deposit-
ing several layers of a covering metal. During the course
of the evaporation the pressure in the bell jar system
steadily increased reaching a peak which was dependent on
the metal being evaporated. This peak pressure, however,

never went above 6 x 10 = torr.

B. Measuring the Contact Properties. The electroded

crystal to be investigated was placed on the cryrostat
table as shown in Figure (9). The table and a "heat" cover
which was used to maintain stabilized temperatures at the
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crystal, were placed in the cryrostat system. This system

SIDE VIEW -

to ext c1rcu1t

window for
opper wire incident light

j:f%jt} gold wire

:l L ‘;J‘. "heaf!"
i ’4" e cover
:I | L
o lastic ba
therm636uple CdS crystal piastic se
TOP VIEW jjffi
ci%8u§§tﬂ
.electrode
1 <]
thermodouple ~—_ plastic base

Figure (9). Schematic of cryrostat table and "heat" cover.

could be evacuated to a pressure of 102 torr and was
equipped such that the cryrostat temperature could be varied
over the range from -190°C to 300°C.

The method of investigating contact properties was
low frequency noise measurements and current versus voltage
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curves (henceforth called I-V curves). At the low frequency
end of the noise spectrum of CdS, there is a large component
of noise that increases as 1/f. As the electrical character
of the contacts improve, this component of the noise decreases.
A more extensive treatment of the theoretical aspects of this

nhennmennn can be found in the work of Mnr*'F‘n-r'lnna[la’T'hn method

of using I-V curves to determine junction properties follows
from the discussion in Chapter II.

A schematic of the entire system used for the measure-
ment of I-V curves is shown in Figure (10). A unitron light
source operated at 4 volts, giving a color temperature of
2520°K, was used in conjunction with a 517 q”band pass filter
(half-width 19OA) to uniformly irradiate the CdS crystal.

The light intensity, IO, was calculated for the optical set-
up and was found to excite, assuming a quantum efficiency

of one, about 6 x 1016
grey filters were available to vary the intensity of the

electrons/cm3 sec. A series of Kodak

irradiating light by as little as a tenth of an order of
magnitude.

Figure (11) show the electrical circuit used for the
I-V measurements. A voltage divider used in conjunction
with a Heathkit power supply applied a voltage in the range
from 1 mv. to 400 volts to the crystal. The current through
the crystal was detected by a Keithley 417 linear micro-
micro ammeter. Because of grounding requirements it was
necessary to use two electrometers, attaching one to each
electrode.

A schematic for the noise measurements is shown in
Figure (12). Since the amplitude of the contact noise was
so low and would be distorted by the presence of an a.c.,
it was necessary to eliminate all components using a.c.
Thus a separate voltage supply and light source that did not
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“cold&heaf’finger

bandpass
filter [ 1 S
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/
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Unitron Light Grey
Source Filters
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crystal/

S

cryrostat

mechanical pump

Voltage
Divider
Power Keithley Keithley micro-
Supply Electrom. Electrom. micro-
ammeter

Figure (10). Schematic of apparatus used to measure I-V
curves.
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electrometer ~1P

v — CdS crystal

electrometer —+|

HHA

variable
voltage

Figure (11). Electrical circuit used in I-V measurements.

utilize a.c. were incorporated into the circuit. A variable
resistance box, which was in series with the crystal, was
used in conjunction with the Keithley amplifier - frequency
selector and a Tektronix Type 543A oscilliscope. Two
frequency ranges, 10 - 100cps and 100 - 300cps, were
selected for the calculation of the 1/f noise.
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C—
i [
d.c. light source ; i
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crystal
cryrostat —>
mechanical pump-—J
Voltage
Divider
|| Amplifiet |
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T Frequency Box
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g

Figure (12). Schematic of apparatus used to measure contact
noise.




V. EXPERIMENTAL RESULTS

A, Single layer electrodes. Several crystals were

electroded using just a single metal. Generally, the find-

3
(0]

11
v

a a aFam+ A [P NEP S~ |
O OouUoLaliil u

previocus data using ihis approach. 1In

r.h

H

(V]

11 cases an attempt was made to make the contacts opaque

to light in order to avoid photoeffects due to photoemission
of electrons from the metal into the CdS bulk.[lglAll
irradiation was done with green light.

1. Gold. The three samples with gold as the
electrodes all exhibited non-ohmic characteristics at low
voltages and current saturation at high voltages indicating
blocking contacts. Figure (13) shows the I-V curve for a
single layer gold electrode

evaporated in an oxygen WA
10 -
In i

(amps) 1

ambient. In this crystal
with no applied voltage

-t

there was a very marked
photo current-or photo-
voltage.[d]At zero applied
voltage and a light
intensity of .lIO, a
current was registered

on the micro-micro
ammeter. When the light
was turned off the

In V
current went to zero. Figure (13). I-V curve
Then if the light was for gold

electrodes.

turned on at light inten-
sity .001Io, the photo-

[d] The observance of a photovoltage would occur if
the leads to the external circuit were infinite; if the
leads (of the two electrodes) were shorted, a photo current
would be read. 4l
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current returned but its magnitude was not as great as for
the case of °1IO light intensity. When low voltages (less
than 10mv) were applied to the crystal at a given light
intensity, the current would decrease or increase depending
on the polarity of the applied voltage. 1In the case of
decreasing current with increasing low applied voltages,

the current would pass through ''zero current'" and then start
increasing in the opposite direction with further applied
voltage. See Figure (13).

Figure (14) shows the I-V curve for one of the two
crystals with gold electrodes evaporated in nitrogen ambient.
In this case the I-V
curves showed a definite
saturation region
followed by a greater
than linear increase
of current as a
function voltage.
Subsequent heat treat- 10 ¢
ment at 100°C and 200°C 1 o
resulted in little, if \\ //
any, change in the I-V 107"+ \ P
curves. This would seem ! ///”Ahdkif
to indicate that there
was no diffusion of the 10‘8"‘/(
gold into the CdS. A
spectral response (photo-

current versus wavelength 10 T

f irradiati light ' =2 — \ —rt
of i iating lig .) 10 10O 102
curve was run on this in V
crystal and showed a Figure (14). I-V curve for
marked peak at 517 m gold electrodes.

(bandgap) for applied

voltages at the crystal
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which were before and after the saturation region. The
spectral response curve run at an applied voltage chosen
in the saturation region showed little response at 517md.

2. Indium. Two crystals were electroded in a
nitrogen ambient with indium as the contact. They both
showed ohmic behavior in that the I-V curves were linear
and the contact

noise was fairly T
low. See Figure -3
. In i 10 - .1I after heat
(15). Prior to L O " ireatment
heat treatment, y
rough photo- 4
response measure- 10
ments showed that ]
for light inten- -q
sity .1I_ the 10
y -+ .11 _ before heat
current would, treatment
when the light 10-1-1 .0011_after heat
was turned off, treatment
fall to .2 of + t } +
. e e 10 2 10b 102
its initial value
. . In V
in a time of 10 Figure (15). I-V curve for an
seconds. A heat indium electrode.

treatment for 15

minutes with the

crystal system at 100°C was done. Upon cooling slowly
(about 4°C/min) the subsequent I-V curve for light intensity
.1Io shifted up more than an order of magnitude and was still
very linear. The response in 10 seconds from an initial
light level of .110 was to a value of much less than .1 of
the initial current value. For an initial light level of
.0011O the current fell to .2 its initial value in ten
seconds after the light had been shut off. Also the I-V
profile for .0011o light intensity after heat treatment
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was approximately the same as the profile for the .11, light
intensity before heat treatment. This would indicate that
there was possibly a diffusion of the indium into the CdS

[13]

Fermi level and steady current at a given light level.

crystal, where acting as a donor, it would raise the
This explanation of In acting as a donor and changing
the Fermi level also would result in some kind of change
in the response time as was observed.

3. Copper. A crystal with copper electrodes
evaporated in nitrogen ambient was investigated and showed
high contact noise and current saturation at high applied
voltages. See Figure (16). This tendancy toward saturation
occured at higher
currents for higher
light intensities.
This phenomena was
also observed by
Ruppel[S].

4. Aluminum.
Five crystals were
electroded in an
air ambient with
just a single deposi-
tion layer of alum-
inum as the contact.

In two cases the

electrical contacts 10-2 lo0 10
were actually very In V
good, showing no Figure (16). I-V curve for a

i c er electrode.
appreciable contact opp

noise and excellent

I-V characteristics. One crystal showed no current response
as a function of voltage; it was also not photosensitive.
Another non-ohmic behaving crystal shown in Figure (17) gave
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an I=V® curve but did

not have any photo-
response at a light 1079
intensity of I until Ini
high applied voltages \\7/]1 .
- oto-
(average field at 102 10 8 gesponse
volts/cm.). I,
On the other 1o
107

hand, two of the
crystals using the
aluminum electrodes -1l o photo-

. 10 response
showed, besides low ot t5 5
contact noise levels, 10 10 10
excellent I-V Figure (17). I-V curve for non-
characteristics. See ohmic aluminum

electrodes.

Figure (18). The

crystals were extremely
photosensitive, react-
ing to light levels as
low as 10—710(an electron
excitation rate of

1y, Both
crystals gave the space

~10° cm™> sec

charge limited current
effect (SCLCE) in that )l
they would give a steep
initial increase (greater
than I“Vz) of current

f i a f -15
or an increase o 10 1

voltage and then settle

) 3 I : 4

down to a steady state oo 0 19
current value.[ZO]For 10 10 1 io
light intensities from Figure (18). 1I-V curvenfor ohmic
10'710 to 10'31O the I-V aluminum electrodes,

profile was linear from




49

10mv to 400 volts. For a light level of .110 the current
began to saturate at about 10'3amps at an applied voltage
of 100 volts. This would indicate from jO calculations

using the diffusion theory a barrier height of .36ev.

5. Titanium.
Two crystals with !
titanium electrodes 10 %

T

evaporated in nitrogen 1n 1
ambient gave fairly

high contact noise, 10'&
non-ohmic current
behavior. As shown

in Figure (19) the 10”10
curve reached a L 011
saturation for light
intensity I, at about 10']*2
10 "%amps/cm2. - e
1074 10° 102 1nv

Figure (19). 1I-V curve for
titanium electrodes.
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B. Multi-layei electvodes. When multi-lave: electrodes

were evaporated, it was again attempted to make the contacts
opaque to light in order to avoid photo-emission effects.

1. In-Au. Several crystals were electroded using
indium as the active metal and gold as the covering metal.
About 80% of these cases gave initially ohmic I-V curves
with relatively low contact noise. Of those ohmic crystals
that were heat treated, none appeared to remain stable
(that is their I-V curves changed markedly, and in some
cases contact noise increased.) For example, some crystals
after heat treatment yielded a parallel shift in the I-V
curve as shown in Figure (20). Other crystals yielded I-V
curves after heat treatment which were generally lower
than the preheated curves and which showed a definite

saturation range. See Figure (21).

2. Au/Al. Several multi-layer electrodes were tried
using gold as the preparative metal and Al as the active
metal. The results were only fairly satisfactory. Three
of the eight as shown in Figure (22) gave fairly low con-
tact noise levels, and linear I-V profile. Two of the
remaining five that were heat treated at 100°C showed
definite improvement from saturating I-V curves to fairly
linear characteristics. See Figure (23). Further investi-
gation into using these two metals turned out not to be
beneficial. It was learned that between the simultaneous
evaporation of gold and aluminum and the subsequent cool-
ing of the metals on the CdS substrate, there was a phase
transition.[Zl]This would create additional mechanical
strain on the CdS crystals which would effect the crystal
character in an undetermined fashion.
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-5 1
10 after heat
treatment /////
10 ¢t />/
In 1 1 /,/
-9 [ p45<i/ before heat
10 7 treatment
.7//‘ 11
o
lo-ll.
107% 100 102 1Inv

Figure (20). I-V curve for In-Au.

10'5 T before heat

treatment /

1077 ¢
In i +
1072 1

after heat treatment

.lIO

1072 109 102 1nv

Figure g212. I-V curve for In-Au.
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11
o

1027 In V

Eigure (22). I-V curve for ohmic Au/Al

electrodes.

o)

10-2 10

1072 }
after heat treatment
1077 4
In i W
1077 1
before heat treat-
-11 ment
10

10" 00 10° 1nv

Ficure (23). I-V curve for heat treated
Au/Al electrode.

2




53

3. Ti/Al. The results using Ti and Al as the metals

in the dual evaporation technique were the most satisfactory.

All contacts using Al and titanium as the electrodes with

Ar or N as the ambient turned out to behave ohmically. 1In

about half the cases where Ar or N ambient gas was used in

the evaporation procedure, heat treatment of the resulting

electrodes-CdS crystal system was necessary.

It was as a

result of these crystals which needed heat treatment that

the actual success of the dual evaporation procedure was

indicated.
having Ti-Al electrodes
before heat treatment.
Note that for two differ-
ent light intensities

the current shows a
definite current satu-
Upon heat treat
to 200°C and subsequent
I-V measurements, the

ration.

curve linearizes, and

for the same light
intensity shifts to
higher current values-
indicating a lower

series bulk plus contact
resistance. Also, after
the crystal has been heat
treated there is no satu-
ration observed indicating
a possible covering of the
barrier height.

In Figure (24) is shown I-V curves run on crystals

10-41 after heat
' treatment

before heat
O treatment

5

4

10" "I before heat

treatment

Y 3

e

107 10Y 104 1n Vv

Figure (24). I-V curve for

heat treated
Ti/Al electrodes
evaporated in
nitrogen ambient.

In the cases when titanium and aluminum were

evaporated as multi-layer electrodes in an oxygen ambient,

the I-V curves were not ohmic.

The I-V

curves shown in
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Figure (25) indicates the nonohmic behavior of the electrode
before and after heat treatment. It should be noted that
while there is a change in the curves as a result of heat
treatment, the electrode still does not behave ohmically.

10—6 i
1l before heat treatment
In i
10-8
10-101-
after heat treatment
10-12.

107 10Y  10° 1n vV

Figure (25). 1I-V curve for non-ohmic

Ti/Al electrodes in oxygen
ambient.



IV, DISCUSSION AND CONCLUSION

A, Discussion of Experimental Results. In analyzing

the experimentally obtained I-V curves, use is made of the
theoretical I-V profiles developed in Chapter II. It is
assumed that the field at the barrier is given by the linear

approximation,
V.
= 1
EB = (31)

g__
0]
H
0]
<

i

= the voltage at the cathode junction

&
.
1]

the effective barrier width (from con-
sideration of Poisson equaticn). See
equation (23).

The potential difference at the cathode is

, = —H— . 32
f S Aj (32)

A’
which appears at the cathode junction.

where: VAj = that part of the applied voltage, V

Two supplementary conditions that cam be applied are:

1) if E; > 106 volts/cm. then barrier breakdown
occufs.

2) if wg 5 x 10"%m. then diode theory must be
used.

When the breakdown voltage, Vippsr 18 reached, then

Eg = 106 volts/cm. (by assumption) and from equation (31)
6 -
Eg = 10 V/em. = \/10 7N§ /Vj- (33)

If, for example, barrier breakdown occurs when the cathode
is current saturated as shown in Figure (26) then VA=VAj=VAbr

55
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and equation (32) becomes
¢ %

__m=- s _
Vi = —=— + Vapr = Vi (34)

where: Vabr — that applied voltage at which time

barrier breakdown occurs.

Note that,

. *n - s
1) if Vapr < 100mv then Vj::————E———

VAbr'

2) if VAbr > 10 volts then Vj = VAj = Vi

Thus equation (34) may

be used in equation (33) In i
to evaluate Ng. Using

Ng, W can be calculated

from equation (23). Then

depending on whether w

is greater than or less

than 5 x 10"6 cm., the io
value of io in the I-V

curve may be used in

equation (3b) or (6b)

to evaluate the barrier

height, @m - X.

|
|
|
l
|
|

Vsat. VAbr
InvV

Figure (26). A theoretical I-V

If on the other curve showing
. current saturation
hand there is no Vabr and barrier break-
attained within the down.

power dissipation limits of the crystal, it is still possible
to get an indication of some of the junction quantities.

First, if Voat >
in the range of 1 mv.< VA $100mv. Second, by using the

100 mv, then the I-V curve is bulk determined

largest value of VA which neither exceeds the power dissipation
limits of the crystal, nor causes a physical electrode
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breakdown, values of what Nﬁ must be less than can be obtained
from

Eg < 10° V/em > /107"y AN (35)

From this value of N* it is possible to obtain values which
- . L e
W must be greater than." °

For example, consider the case of gold contacts which
saturates at 5 x 10'5 amps/cmz, have Vir = 100 volts, and
\Y occurs at 107t volts: from equation (33) one obtains,

sat
10° - V‘lo'E’Nvg1

or Ng = 1017cm'3

Then from equation (23) it follows

7
X, = /—%%— or X, = 10'5cm.

Thus since x> 5 x 1076 cm, the diffusion theory is used
to calculate ¢ - x from j_ = eMEg N, exp (-(% - X)/kT).
This leads to :

5 x 1072 = (1071%)(10%) (10%) (101%) e~ X) /KT

and it turns out that: ém - x = .747 ev., which is in excellent
[14, 15]

agreement with other experimentally obtained values.
An additional analysis of an I-V curve for a crystal

with gold electrodes was provided by consideration of the

spectral response curve. The spectrals A) and D) as shown

[l1n evaluating w, it is the value w , the distance that
an electron must go to get from the Fefmi level of the
metal into the conduction band of the semiconductor, that
determines which theory - diode or diffusion-is to be used.
The value of Xp ™ /2€/eN§.
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10"'7‘
[D]
-5 }breakdown
10
@
Ini p— - —
10~% (8] saturation
1077t
-8
10 | [A] § bulk range
520 800
A (m)

Figure (27). Spectral response curves such as a
function of applied voltage.

in Figure (27), which were obtained for applied voltages
occurring before and after the saturation region of the I-V
curve, show a pronounced peak at 520 md. For the spectral
curves B) and C) the voltages chosen were in the saturation
region; note that the peak at 520 mH is markedly reduced.

This effect occurs since during the current saturation region,
practically all the applied voltage exists at the junction,
thus preventing a bulk response to the bandgap light.

The two different changes in the In-Au I-V curves
after heat treatment may probably both be attributed to indium
diffusion. 1In the cases which after heat treatment showed
a parallel shift in the I-V curve, it is very probable that
the active layer of indium was too thick (i.e. more than a
monolayer) hence the heat treatment enhanced diffusion of
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the excess indium into the bulk. In the other case after
heat treatment the I-V curve shifted down and showed a
definite saturation. It seems that initially the indium
formed an ohmic contact to the CdS, however after heat
treatment the indium at the CdS surface was replaced by gold
which lead to a high resistance contact that saturated at

high voltages.

The use of aluminum or titanium as evaporated
electrodes proved generally unsuccessful; that is, none of
the evaporated Ti electrodes showed ohmic behavior, and only
two of the evaporated Al electrodes were ohmic. In one case
in which an evaporated aluminum electrode turned out to be
non-ohmic, there was no photo-response at low voltages from
1 mv to about 1 volt using light intensity, I,. However,
at higher applied voltages (> 10 volts) there was a photo-
response. This would seem to indicate that there was a
high barrier layer at the surface which at low voltages
dominated the circuit, but which at higher voltages '"broke
down" resulting in I = V' (n>l); now the bulk crystal dom-
inated the circuit and a photoresponse was measurable.

The change in several of the Ti/Al I-V curves at
a given light intensity from low current values and satura-
tion before heat treatment to higher current values and no
saturation after heat treatment, leads to two possible
explanations. First, since aluminum acts as a donor in
CdS, diffusion of aluminum into the crystal would reduce
the contact resistance and cause an effective barrier lower-
ing. A second possibility is that the heat treatment causes
the aluminum to make a relatively intimate contact with the
CdS, thus creating a low resistant contact.

One interesting phenomenon observed was the variation
of crystal response time as a function of voltage. Measure-
ments on several crystals having non-ohmic currents showed
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that an increase in voltage led to a decrease in response
time, T.- 1In contrast crystals with linear I-V curve yielded
constant, response times as a function of voltage.

Since this phenomenon was observed only on crystals
which exhibited I-V profiles where I«V" (with n < 1), it is
possible to explain this effect by considering an injected
charge at the cathode. Thus by using an expression for
response time given by[22]

T = (36)

number of traps/cm3 existing within a
kT energy of the quasi Fermi level, Efn'

where: N
a B excitation rate of electrons,

it is seen that if some of the injected charge becomes
trapped changing the quasi-Fermi level, then
N

_ tl
™1 =3
(37)
N
T = t2
r2 ——3

where: N, = density of traps existing within a kT
energy of the quasi Fermi level, Eci

N, , = density of traps existing within a kT
energy of the quasi-Fermi level, Efn2'

If Nio > Niqs it would follow that Tr2 > Tpp- Thus a change

in the quasi-Fermi level due to the trapped injected charge
would give rise to a voltage dependent response.

[f] The meaning of equation (36) is as follows: if the
quasi-Fermi level lies at a level of density N_, then when
the light excitation is turned, the photocurrernit will fall
to 1/e of its initial in the time L




61

The effect of flushing the vacuum system prior to

evaporation was quite marked. Flushing with nitrogen and
. argon enhanced the sucess of the multi-layer technique
relative to those times when air or oxygen were used. The
exact mechanism by which the oxygen effect is reduced as a
consequence of the nitrogen or argon flushing is ot completely
understood. If the gas used for flushing merely replaced the
"air" present in the system, it would be expected that, due
to pumping rates, the effects of changing the ambient would
disappear within minutes; the vacuum being determined by the
outgassing of virtual leaks. The fact that there is a definite
influence seems to indicate some exchange taking place at the
last few adsorbed layerson the walls of the vacuum system
and on the surface of the CdS crystal (e.g. nitrogen for
oxygen) .

. B. General Comments. In interpreting the results
there was a certain amount of difficulty encountered because

N of the electrode configuration. Figure (28) shows schemati-
cally the field and equipotential lines of such an electrode

e

K@ 5

2 3

@1/\\\7 %1{/ -~ 4
\_—

equipotential
lines

Figure (28). Schematic of field and equipotential curves for
the electrode configuration used in the experi-
ments.
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configuration. As a result of potential considerations the
current density will be lower in region IV than region I,
thus making it difficult to identify and interpret any space
charge limited currents (i.e. V2/d3) that might exist. Since

the voltage,d?® = @1 - @4,does not depend on the region being
_ 2 _ A T aie ok hman A AL CCmiamnn s+ A Ao 2 AenAd -2 =l 3 -
COudSLUCLEUy Cactl Lﬁé.LUll lidd a ULLLCLETLIL U aodoullaliLcu wiLlir 1o
such that
v2 2
Ly =—3 >i=" . (38)
d1 d

Thus, if it assumed that the current is carried through the
bulk and not on the surface, any current reading may be a
combination of space charge limited currents and ohmic
currents.

Also, due to the electrode configuration it is diffi-
cult to precisely determine current saturation since current
requirements for the various regions are different;thus one
region of the electrode would tend to saturate before another.

A discussion of electrical resistance in the contact
region is difficult as was demonstrated by Sal'kov and

Sheinkman.[23]

They showed by using photosensitivity measure-
ments that an increase in photosensitivity in the regions
adjacent to the electrodes was due to severe inhomogeneity

of the actual contact of the metal to the CdS. For their
case then, the effective cross sectional area of the semi-
conductor at the contacts was less than the cross sectional
area in the midportion. 1In the electrode configuration shown
in Figure (28) this effect would make the electrode "area"
approximately equal in magnitude to the cross sectional area
of the bulk crystal.

The question also arises as to the effect at the
junction after barrier breakdown has occurred. It is hard to
conceive that a field breakdown effect would be reversible,
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yet after an initial the I-V curve is run, all ensuing curves
are generally reproducible - even the I=V" range that occurs
after the saturation. It seems likely, therefore, that any
physical change in the junction would have to be for a very
small area of the electrode such that the actual resistance

ol the affected region would be large. This typc of localized
region effect could occur at a section of the metal-semiconduc-
tor interface which had a higher resistivity. After breaking
down, the localized region would have a high conductivity,
permitting the additional electron flow from metal into the
semiconductor. How this localized region breakdown effect
would allow reproducible I-V curves (i.e. still overall
blocking contact behavior at low voltages) is still an open
question.

It is recommended that in the future the CdS substrate
be heat treated in vacuo before depositing the multi-layer
electrodes. As Boer and Lubitz have discussed in their paper,
this procedure serves to enhance favorable conditions for
creating ohmic contacts.[g]

Generally, the multilayer technique suggested by
Boer is successful in creating heat resisting, ohmic behaving
contacts to CdS single crystals. 1In the experiments performed

[g] As it turns out, heating the CdS substrate not only
rids the surface of contaminants (oxygen, etc.) but also
influences the ensuing metal layer deposit. Studies have
shown that condensing atoms (of the metal) tend to take on
the structure type of the substrate, forming amorphous layers
on amorphous substrates and single crystal layers on single
crystal substrates. This behavior is temperature dependent
in such a way that at room temperatures the films are amorphous
and at higher temperatures the films tend toward being mono-
crystalline.[17]Thus, since the emission energy is less for the
amorphous crystal than for the single crystal, it would be
desirable to cool the CdS substrate before depositing the
electrode layers.
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the greatest success was attained using Diemer's suggestion
of titanium with aluminum; the key being to deposit only
enough titanium (¢ 15 i) such that its presence does not
dominate the junction characteristics.
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