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The deposition techniques for evaporated conducting, semi-
conducting, and insulating thin films Were investigated. ‘Thin-film
resistors, diodes, and transistors were constructed on insulating
substrates. The electrical evaluation of these devices was carried out
with emphasis on circuit performance for the possible incorporation of
such units into thin-film integrated circuits., Difficulties encountered
in the fabrication and evaluation of thin-film compoﬁents have been’

discussed with special note to the operation of thin-film transistors.
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ABSTRACT

The deposition parameters of thin vacuum-cvaporated films were
studied in the development of thin-film devices. These devices,
including resistors, diodes and transistors, werc constructed by the use
of vacuum decposition techniques and metal masks for pattern gencration.

Stable thin-film resistors were fabricated using nichrome as the
resistance material. The variation of resistance value with both tempera-
ture and .time was investigated.

A metal-cadmium sulphide;metal structure was employed as a thin-
film diode, the electrodes being of aluminium or gold. Tﬁe electrical
evaluation of such a device demonstrated the importance of the
deposition of the semiconduc;or on the rectifying properties. Forward
to reverse resistance ratios of 105 were observed for experimental units.

The staggered-electrode structure was incorporated in the pro-
duction of thin-film transistors. Cadmium sulphide was used as the
semiconducting material while silicon monoxide and aluminium were used
as the insulator and electrodes respectively. Operating devices
exhibiting good saturation characteristics has transconductances of 450u
nhos. Simple circuits were constructed to demonstrate the‘performahce

of thin-film transistors.
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- INTRODUCTION

1.1 INTRODUCTION:

A thin film circuit is an clectronic circuit whose fuﬁctional
clements and interconnections consist of thin solid films. From the
carliest days of printed circuits, attempts have been made to print thé
components as well as conductors. The motivation was, and still is, to
reduce the number of electrical connections which.have to be made in
constructing a given electronic circuit. This is desirable because
assembled joints are relatively expensive to make, and are a poteﬁtial
source of failure.

Thin films can be deposited on a flat insulating shcet, known as
a substrate, in many varied ways. The commonest method is that -of vacuunm
evaporation where a heated source material is evaporatecd in a high-vacuum
chamber with subsequent condensation of the vapour atoms on the substrate.
This is the method used throughout the experiments described in this
thesis. Other methods are; cathode sputtering, surface reaction and
catalysis, electrodeposition, anodisation, chemical vapour ‘deposition,
and silk screening.

Several techniques are available to determine the pattern of the
film deposited on the substrate. Pattern generation may be additive or
subtractive. That is to say the shape of a film structurc may be defined

by limiting the area on which film material is deposited or alternatively,

1



the entirc side of the substrate may first be coated prior to sclective-
pattern ctching. In the principal additive methed, a foil mask is
inscerted between the evaporation source and the substrate. The mask
itseif is usually in the form of a flat metal shcet which contains
apertures corresponding in shape to the desired film patterns. In the
principal subtractive method on the other hand, sclective ctching is
usually attained by the usc of photo~resist techniques.

Thin film circuits which incorporate only resistors and capacitors
arc alrcady commercially available. 1In addition, active thin film devices
have been successfully fabricated in small guantities in many labora-
tories, but problems with stability and reproducibility have delayed the
commercial production of these devices.

At present, all integrated circuits contain some type of silicon
or germanium active device.. In the complete monolithic circuit all com-
ponents, including resistors and capacitors, arc produced by the applica-
tion of diffusion techniques. The extremely poor tolerance of the
passive elements in such units, however, largely restricts their applica-
tion to that of the digital field. Hybrid circuits, containing thin-film
passive clements and silicon active elements, cover the field of iinear
circuits. Not until the device problems associated with the thin-film
transistor are solved, however, will complecte thin-film integrated
circuits become available.

This thesis is concerned with a study of the fabrication and
circuit behaviour of certain specific active and passive thin-film com-
ponents, as may be applied to integrated circuitry. Such component

structures as were examined are detailed below.



1.2 SCOPE OF THIS THESIS:

(a) Thin-Film Resistors:

In this thesis, we are interested in developing techniques for
the vacuum deposition 6f thin-film circuit components. In the case of
resistors, nichrome was chosen as the resistance material because of its
relatively high resistivity and ease of evaporation. Measurements made
on the stability of thése resistors over a period of ten months showed
that there was no drift of resistance value with time. 1In addition, the
temperature coefficient of resistance measﬁréd for various resistors was

found to be 0.012% per °c.

(b} Thin=Film Diodes:

A study of the fabrication and characteristics of thin-film diodes
was carried out to produce devices capable of useful circuit functions.
Such fabrications were in the form of metal-semiconductor-metal sandwiches.

Cadmium sulphide (CdS) was chosen as the semiconducting mgterial
for the following reasons. It can be evaporated by resistance-heating of
the bulk material, but care must be taken to preserve the stoichiometry
of the resultant evgporated film which may otherwise be sulphur deficient.
Again, since only ﬁ-type conductivity is observed in CdS, problems associated
with minority-carrier lifetimes should not arise. Although such evaporated
films are not of extremely high purity the presence of a high defect
density reduces the carrier concentration so that high-resistivity films
may be obtained. Finally, and in connection with space-charge currents,
it may be stated that in order to support space-charge limited currents,

a material should, in general, have high resistivity, permittivity, and

mobilityl!. Al'though CdS evaporated films exhibit a low .carrier mobility,



measurcments on such films indicate that space-charge conduction
charactcristics may still be realized. In certain instances, the appli-
cation of such characteristics may be of importance in circuit design.

(¢) Thin-Film Transistors:

A complete evaporation-masking system was developed in studies
as applied to the fabrication techniques for, and the electrical
characteristics of, thin-film transistors. The basic transistor structure
employed was a modification of that used originally by Weimer?2.

Cadmium sulphide was again employed as the semiconducting
material; while silicon monoxide and aluminium were employed in the fabri-
cation of the insulator and electrodes, respectively.

Thin-film transistors were incorporated into a simple amplifier
to study the device under working conditions and to see if possible
integrated circuits are feasible using the TFT. K A voltage gain of 4 was
observed when a transistor with a transconductance of 400 u mhos was
employed as the amplifying device. |

| The field effect model developed by Borkan and Weimer3 was used
to analyse.tﬁe theoretical behaviour of the experimental thin-film

_transistors.



CHAPTER  T1

THEORY

2.1  SINGLE CRYSTAL CdS DIODES:

Extensive work has been carried out by other investigators on
studies of éadmium-sulphidc diodes employing single-crystal scmiconducior
materiall»®»5, High resistivity single-crystal spccimens of CdS can be
grown from electronic grgdc powder. Electron injecting contacts to the
crystal may typically be made by the application of an evaporated
indium layer, while a blocking contact may alsoc be provided by the
application of an evaporated film such as gold. A postulated cnergy

level scheme for such a fabrication is as shown in Figure 2-1, below.

GOLD CADMIUM SULPHIDE INDIUM

<
et ———
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Z —f—_— _—— ___._____'___}':___

ENERGY

FIGURE 2-1: ENERGY BAND DIAGRAM FOR SINGLE CRYSTAL
Au-CdS-In DIODE
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where ¥ = elcctron affinity of semiconductor
QS = work function of semiconductor
ﬁml = work function of gold
sz = work function of indium
A = thickness of depletion layer
p= 0,V

The principle of diode rectification by a potential barrier at a
contact can be readily understood'by reference to the barrier profile
shown in Figure 2-1. In the absence of an external voltage, the electrons
in the metals are in dynamic equilibrium with those in the semiconductor.
The probability of an electron crossing the rectifying barrier depends
on the number of electrons which have energies in excess of #, where

=49

i T Y, and are moving in the correct direction. Under this equili-
brium condition, the net current is zero. If the n-type semiconductor

is now given a positive potential with respect to the metal, the proba-
bility of an electron transition from the metal is still governed by

exp (-f/kT) and is therefore unchanged. On the other hand, the probability
of an clectron transition into the metal from the scmiconductor is
diminished by an amount in proportion to the .change in the Boltzmann
parametef exp [-q(VD + V)/kT ]. The cquilibrium thus destroyed results
in a small net current flow between metal and semiconductor. On the
other hand, if the semiconductor is made ncgative with respect to the
nmetal, the probability of an electron transfer from the conduction band

of the scmiconductor into the metal is greatly increased. Since the rate



at which electrons cross the barrier in the opposite direction again
remains unchanged, the result of this imbalance is evidenced in the form
of a large forward nect-currcnt flow.

For a development of the simple isothermal diode characteristic
the reader is referred to the analysis of Henisch®, which yiclds the

following expression for nect-current flow, namely,

qv
J = JO { e - 1) o0 {2-1)
e
*
4 moq k2T2 e KT
JO = % v...{2-2)
h
where,
J = current density
Jo = reverse saturation current
k = Boltzmann constant
T = tempcrature
*
moo= effective mass of electron
h = Planck's constant
q = -electronic charge

The cxistence of a predicted Schottky type barrier® may be
inferred from capacitance-voltage mecasurements on the above devices and’
also from current-voltage measurements. It is to be noted, however, that
the exponential I-V relationship as given in Equation (2-1) above is
derived from considerations of the thermal diffusion of electrons over
the rectifying barriér under the influence of small applied potentials.

For larger applied voltages, howevér, the controlling effect of the



Schottky type barrier will be replaced by one of space-charge limitations

which results in the dominance of a square law characteristic of the

form? 5
9 e 6V N
J = —~ngaé-—f- e (2-3)
where u = carrier mobility
d = 'thickness of crystal
e = pernmittivity of crystal
V = applied voltage
© = ratio of free to trapped charge in the
crystal

This squarc law dependence is characteristic of semiconductor crystals
such as CdS in which defects are absent or inactive. In CdS this situa-
tion may be achieved by compensation of deep-lying trap levels with shal-
low donor levels®.

When a small reverse bias is applied to the diode fabrication,
the Schottky barrier extends dceper into the crystal, accompanied by an
increasc of the electric field in the barrier region. At higher reverse
voltages the image forces produce sufficient lowering of the barrier for
significant emission of electrons into the crystal to occur®. For this
reason the reverse current does not saturate at a given value but rather
keeps slowly increasing with bias until breakdown ensues. The associated

reduction in barrier height is given by"

[ qE_ %4 '
A = 'm—! cee.(2-4)
3
and E o= | 29N (Vx Vp) ... .(2-5)
C € J
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where

o
it

contact field

4
L

423

number of donor atom

Thus, for the condition V »> kT/q in the reversc-bias situation, the

expression for currcent density becomes®

bl

[¢)
-7 (P-00)
*
Jo= dumqxTi e KT e (2-6)

h3-
which may be reduced, by substitution of (2-2) and 2-4), to the form,

r 3. 1
J=J e E= | Lh v V)| e (2-7)
[ 8w e’ j

A relationship for the magnitude of the incremental capacitance
of a uniformly -doped semiconductor diode of the above type may be found
in the expression“

1
- 5

c = A |3ele | el (2-8)
2V + VD)_J
where C = capacitance
A = junction area

<<
i

reverse applied voltage

The application of this relationship in the form of a l/C2 - V plot thus

permits an evaluation of the magnitude of the parameters Nd and VD'

Further, an expression for the thickness of the depletion layer can also
be obtained form the solution of Laplace'’s equation for a metal-semi-

conductor contact“, nanely,

=fzs(\.r+vgl)']1/2

A q Nd

e (2-9)
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2.2» HISTORICAL REVIEW OF THIN-FILM DIODES:

The results of a number of studies of thin-film diode structures,
cemploying CdS, have been reported in the literature By various investi-
gatorsa’g’lo’ll’lz. In all such cascs rcporﬁcd a metal-semiconductor-
metal sandwich was used, in which thickness of the CdS gcmiconCuctor was
in the range 1 - 30 u. A blocking contact was established by the use of
metals, such as gold of tellurium, which have higher work functions than
CdS. tlence, a Schottky barrier could be formed cven in the abscnce of
surfact states. An ohmic or electron injecting contact was provided by
evaporating a low work-function metal such as indium or aluminium as the
second electrode.

Zuleeg? has shown that the equations relating to single-crystal
CdS diode behaviour may also be applied to thin-film diodes, thus demon-
strating that a Schottky barrier may indeed exist in such a thin-fiim
structure. Pulse-response measurements siow a squarc-law dependence of
current on voltage for large forward-bias voltages, when the diode current
becomes space-charge-limited rather than diffusion limited. Measurements
of electron mobility in CdS films!l indicate a much lower mobility than
that obscrved in single crystal material. The electron mobility of a CdS
film ranges from 1 - 30 cmz/V - sec., depending on the preparation of
the film, in contrast to a bulk electron mobility value of 200 cmz/V - secC.
This is to be exﬁected of course, since boundary scattering and defects
will reduce the electron mobility in thin films of a polycrystalline
material.

2.3 OPCRATION OF THIN.FILM CdS DIODES:

Because of the difficulty in preparing consistent thin films of CdS

the rectifying properties of ......
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a thin fiim diode structurc may be due to inhomogencitics in the semi-
conducting film, rather than the work function of the electrodes uscd.

At a semiconductor-vacuum interface with a semiconductor contain-
ing no surface states, the cnergy bands of the semiconductor at thermal
cquilibrium would continue at constant cnergy levels right up to the
surface. llowever, if acceptor-like surface states are introduced at an
cnergy level below the Fermi level of an n-type semiconductor as shown
in Figure 2-2(a), they will not be in eguilibrium with the energy bands
as long as they remain unoccupied. Sincc the states below the Fermi level
cannot remain totally empty, some of the electrons from the conduction
band will fall into them. The sﬁrface becomes negatively-charged while a
positive space-charge layer forms beneath, causing the energy bands at
the surface to bend upwards with respect to the Fermi level as shown in
Figure 2-2(b). The amount of band bending is determined by the rcquire-
ment that overall charge neutrality prevails. The larger the surface-state
density, the higher will be the bending of the energy bands at the
surface.

If a metal-semiconductor contact is made with such a semiconducter
surface, the energy bands at the surface of the semiconductor will be
bent before any contact is made. When thermal equilibrium is established
and thc two Fermi levels coincide, the energy bands of the semiconductor
will bend only slightly, depcnding on the work function of the metal.

The height of the potential barrier will be determined by the normal space-
charge of the free semiconductor and by the work function of the metall3.
This mcans that a gold electrode with a larger work function than CdS

would create a higher barrier in the presence of surface states than it
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would without. Aluminium, having a work function lower than cadmium
sulphide, 1s normally found to producc an ohmic contact. ilowever, if
surface states are present in the CdS film a rectifying barricr alrecady
exists and the cffect of an aluminium clectrode would be to lower the
barrier heipght slightly. Thus we scc that the work function of thg

metal electrode is not the only criterion for the formation of a Schottky
barrier.

One method of obtaining an ohmic contact to an n-type semi-
conductor is to use a metal with a lower work function than that of the
n-type semiconductor in question. A contact of this kind causes the
lower edge of the conduction bana at the surface of the semiconductor to

approach the Fermi lecvel of the metal as shown in Figure 2-3(a). Carriers

w

move into the semiconductor by thermal injection. Some workers” have
cxplained the injection mechanism by assuming the surface to be of a highly
doped n-type nature as exemplified in Figure 2-3(b). In this example the
electrode has a work function larger than that of the semiconductor.

Charge is transferred from the heavily doped n-type semiconductor to the
metal until the Fermi levels are coincident. A narrow potential spike

less than 100 R wide is produced at the surface of the semiconductor.
Electrons enter the semiconductor by a combination of thermal injection

and quantum mechanical tunneling.

To date, cadmium sulphide has always been found to be n-type.
Dominant conductivity by holes has never been observed even when the
material has been intentionally doped with accepter atoms such as silver
or copper'". It has been suggested!* that no hole conduction takes place

because of a high acceptor-ionization energy as would be associated with



a large hole ceffective mass. Lvaporated CdS films arce naturally n-type

as excess cadmium will be produced during deposition. CdS tends to dis-
sociate at the temperatures required for evaporation. The difference in
vapour pressurcs of the constituents may also cause the initially deposited
film to contain an excess of sulphur resulting in a high resistivity film.
At the end of the evaporation the resistivity of the film will dccrease

as the deposition becomes rich in cadmium., A diode fabricated from a

film deposited in this way will not be as sensitive to the work function

of the metal eclectrodes as would a single crystal diode.

2.4 HISTORICAL REVIEW OF THIN-FILM TRANSISTORS:

Oscar Heill®, in 1935, provoscd the first solid-state amplificr
based on the use of a space-charge region. This device has since become
known as a field-effect transistor. Thin single crystals of cadmium

sulphide were used by Ruppel and Smithl® to construct an "analogue triode'.

- fad

he first rcally successful device using thin films was built by Weimer?

et

in 1961. The practical advantage of Weilmer's device was that it could be
constructed from fpolycrystalline thin films that were all vacuum
evapofatcd. Other workers, Ha¢ring17 1963 and Zuleeg® 1963, have also
successfully fabricated thin-film transistors using cadmium sulphide.

Cadmium sclenide has also been used for thin-film transistors by
Shallcross!® 1963, and De Graaffl® 1966, while tellurium transistors have
been reported by Weimer et al20.

In thesc fabrications the source-drain gap dimension is usually
in the order of 10 microns, while the width of the channel is in the
order of 2 mm. The semiconductor may be as thick as one micron, while

the insulator ranges in thickness from 200 - 2000 R. Successful devices have
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been made using any one of the clectrode configurations as illustrated
in Figure 2-4. The structurce chosen depends greatsy on the case by which
ohmic contact can be made to the source-drain regions for the particular

materials used,

2.5 OPERATION OF THIN-FILM TRANSISTCRS:

Thin-film transistors can be fabricated to operate in elther the
depletion or enhancement mode, depending on the initial conditions of the

channel used. If a high conductance n-type channel is formed when the

gate voltage VG = 0, then a negative gate voltage will decrease the con-
ductance of the channel. This is termed a depletion-type device. On the
other hand an enhancement type unit exhibits a low-conductance channel
when VG = 0 and in this case a positive gate voltage cffects an increase
in channel conductance. Characteristic curves for these devices are as

illustrated in Figure 2-5 bhelow.

; VG = 0
'VG % Increasing
I Decreasing i VG
D
ID
Yo = 0
VSD VSD
(a) Depletion Type (b) Enhanccment Type

FIGURE 2-5: TFF MODES OF OPERATION

t

VSD = sourcec-drain voltage

o
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drain current
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gate voltage.



Let us now consider a model which may be applied to a descriptien
of an cnhancement mode transistor, {(with minor modifications the results
may be applicd to the description of a depletion mode device). A simple

mathematical model to describe the operation of the thin-film transistor
has been developed by Borkan and Weimer®., Their development is bascd on
the assumptions that {a) the carrier mobility is invariant with gate
voltage, (b) there are no surface states or traps, (c) thc scrmiconductor

hannel is thin comparcd to the insulator thickness and (d) only majority
carriersare considered. We shall further simplify the development of
the @bove authors by introducing an additional assumption that the initial
conductivity of the channel is zéro.

Let us now consider a thin-film transistor, as illustrated in

Figure 2-6 below, operating in the enhancement mode.

GATE INSULATOR
’ t
EMICONDUCTOR o]

SOURCE \ e —

PRy N
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g

7

DRAIN

FIGURE 2-6: REPRESENTATION OF THIN-FILM TRANSISTOR
At this point it is convenient to introduce the notation, as
listed bclow, that will be used in the development of an expression for

the characteristic curves of such a device.

W = width of channel

L = 1length of channel

to = insulator thickness

ti = thickness of induced channel
Vv = gate voltage
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V. = sourcc voltage (taken as zcro)

O )
VU = drain voltage

€y = permittivity of insulator

EI = clectric ficld in insulator

L = electric ficld along the channcl
ID = drain current

N = charge density in the channel

¥ = carrier drift mobility

Under the application of some finite applicd gate voltage the
current in the channel is given by the expression

J = quNE o (2-10)

Further, consider that the potential of the semiconductor at an arbitrary

[}

oint x, as measured from the source electrode, will be given by V(x).
If the charge per unit area induced into the channel by the voltage

applied to the gate electrode 1is

B}

V(ix) - VG

1 t
0

= g Nt. ceel(2-11)

| SP

-

then the charge density in the channel is given by

£
. I : - »
N = a-—t—l-t—o- V(x) - VGJ e (2-12)

on rearrangement of cquation (2-11). A further substitution of (2-12)
into (2-10) then yields the following cxpression for current density,
namely,

dv

= ro_ zT av 1z
J - [xG V(x) ] = e (2-13)

If we now integrate the above expression as follows,



| T Ve - V(o) ] av ce(2-14)

we obtain the following simplified relationship for J

U o€

I 1 ., 2 .
P / - = ) 2-
J — (\GVI 5 VD ) ...f(z 153
Since the drain current ID is related to current density J by the

expression
ID = JtT. cee(2-16)

then UEI W

I = —L 2V, -v)V (22173
0T T N ¢~ Vo Vb

It is to be noted that equation (2-17) is valid only up to the point
where VD = VG' In this respect, and as indicated in equation (2-11), the
charge Q induced at the drain becomes zero in this limit. Thereafter, the
drain current is ideally independent of drain veltage. Above this limit,

termed the "pinch-off', equation (2-17) simplifies to the relationship
D q I I

uoEy W V(,2
ID = ——2———1'—-_&——]—- ....(2-18)
o]

Representative characteristics as derived from (2-17) and {(2-18) are

as illustrated in Figure 2-7 below.
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FIGURE 2-7: THEORETICAL CHARACTERISTIC CURVES OF THE TFT
The transconductance, g , for such a device operating beyond

it

pinch-off can be obtained from cquation (2-18) as follows:

~ , vy
9 ID woe. WV
\

[e%4

— —L_C
&t 0
n Lt cee o (2-19
! \ G/ V.. = const 0 ( J

i
Because of the square- lawdcpendence of drain current on gate voltage,
the transconductance is proportional to the square root of drain current.

If initial carriers arc present in the channel then equation

{2-17) can be modified to:

woe, W T VDZ'
a t
ID = '———I-;—-E—-O— L(VG - VO) VD - T ....(2"20)
where t N g .
v = 020
[§ g L W ... {2-21)

and NO = total number of initial charges in the semiconductor. Equation

(2-20) is the resultant expression obtained in Weimer's development.

This equation is valid for drain voltages below pinch-off levels,
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drain voltage at the knce of

v
0

1s negative.

o
ot

the curve. For a depletion



CHAPTER 111

FAEBRTCATION PROCEDURLES

5.1 VACUULI-COATING UNIT:

All experimental devices investigated in this thesis were
constructed in an Edwards High Vacuum 19E2-type coating unit. The

standard unit is ecquipped with a 19-inch stainless-steel bell jar incor-

ot

porating two giass viewing ports. The bell jar is water-cooled at the

welded joints to prevent expansion during hake-out procedures.
The pumping system consists of a 9-inch oil diffusion pump, backed
by a 450 litres/min. single-stage rotary pump. An ultimate pressure of

.

3 x 10'7 torr may be attained after approximately six hours pumping,
while a working pressure of 1 x 10 7 torr may be attained in one hour.

Power for resistance heating of filaments is provided by a low-
tension transformer, capable of supplying 400 amp. at 10V or 200 amp. at
20V, depending on the transformer taps used. Power regulation is obtained
by usc of an auto-transformer feceding the low-tension transformer. The
same auto-transformer is also uscd in regulating a high-tension supply
and the radiant heater.

A high-tension supply with a 5 KV open circuilt voltage is
available for substrate clecaning by glow discharge techniques. Further,
a radiant heater, located in the top of the bell jar, can be used to

o

bake the system to a temperature of 4007 C.

22
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5.2 MICROCIRCUIT JIG ASSEMBLY:

The coating unit contains a microcircuit jig assembly in the
bell jar, for complete deposition of devices during onc pump down cyclce.
The jig assembly is supported by a tripod stand, with a 1/4 inch stainless-
steel top plate providinganarclor for 2 mechanism containing two rotating
plates.  The lower rotating plate in this assembly will carry six mas

{(each 2 inch by 2 inch in size), which can be raised into close contac

ot

with the substrate assembly during evaporation. The upper plate is a
circular substrate magazine incorporating six substrate positions which
can rotate about a central axis. During a mask change the mask

C

[}

rriage drops approximatcly 3/4‘inch, is then rotated one sixth of a
revolution and finally moves up to contact the substrate. . lter rotating
six masks, an interlinked mechanism moves a new substratc on the magazine
carrier into position. The masks and substratcs are locked into
position by means of a Geneva  mechanism giving a position accuracy of
+ 0.001 inch.
The top support plate of the jig has threc ports: one for load-

ing the suﬁstratcs and the other two for substrate heatcrs. The first,

pre-heater, is capable of raising the substrate temperature to 150°C
while the main hcater is capable of effecting a substrate temperature up
to 3060°C. Thermocouples are located in the main heater and pre-heater
assemblies, to monitor substrate temperatures. A third thermocouple is,
in addition, located close to, but is not in physical contact with, the
microcircult assembly.
Provisions are alsc made for monitoring the resistance of a

film during deposition. To achieve this, an external resistance measuring
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meter may be connected to a subsidiary wonitor film laid down during the

1

film arc made through metal

v
ot
(o]
ot
C..
(_f\

gvaporation cycle. Conncction
contacts located on three of the six mask holders.
A high frequency quartz crystal used in a film-thickness monitor -

in Section 3.3 - is mounted on the top of the jig,

1
i

as will be describoed
¢close to the substrate coating position and normal to the vapour strean.
hc crystal is shiclded from radiant heat in thc‘unit with the aid of a
serics of three baffles, so that temperature changes in the system do not
ffect the crystal frequency appreciably.
The rcquired film is evaporated from one of six vanpour sources
on an indexed turret head located under the mask. A mechanical shutter
is mounted over the turrct 50 that a source may be heated up and outgasscd

without contaminating the substrate with undesirable depositions.

3.3 FILM-THICKNESS MONTTOR:

Mecasurements of film thickness were carried out with the aid of
a quartz-crystal oscillator. Tor such mcasurcments, and at the samc
time that a film is deposited on a substratc, a film is also deposited
on the guartz crystal as described above. The resultant increasc in
mass of the cryst al causes its natural oscillating frequency to decrease.

This freguency change is linear with mass change if the variation of mass

is small.

The oscillator circuit was mounted just under the baseplate of

I

the coating unit in order to reduce lead capacitance. Such mounting
allows for the shortest lead length without the complication of intro-

ducing the circuitry into the vacuum system. The oscillator circuit

uscd is as shown in Figure 3-1. The output signal from the oscillator
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was then fed through a 50 Qcoaxial cable to the frequency counter

or,
(licwlett Packard type 3734A). Power for the oscillator was supplicd by
a llarrison Laboratories DC nower supply {Model GZ00A).

The quartz crystal frequency was calibrated by deposition of

1

five lead

oty

ilms of differing thickness. Glass slides, as will
described in Scction 3.4, were used as substrates. The mass of the

films was determined by weighing the glass slide before and after

sty

deposition. The films were assumed to be thick ecnough so that the

1 .

density of the film was the same as that of the bulk material. In this

way the thi

;J

S

ckness of a film could be determined for a givcnvarca.
piot of film thickness versus **caucncy change, from such mass mcasure-
ments, is as shown in Figurc 3-2Z. From the slope of this curve it was
possible to detcrmine an cmpirical reclationship between frequency change

and thickness for any bulk density, namely:

Pood
M

ceen (3=

y . . O
= film thickness in A
= frequency chgnge c¢/s
= density g/com

where

O ey et

This system was sensitive enough to detect a frequency change
of 0.1 ¢/s/s. For a material such as aluminium, this would correspond
to a deposition rate of 0.14 R/scc.

The maximum total frequency change for an initially 6 Me/s crystal
is 200 Kc¢/s according to the manufacturer's specifications. Above this
range the frcquency change 1s no longer linecar with the mass change and

& new crystal is reqguired. .

L
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S.A 0 SUBSTRAVE ASSEMBLY AND PREPARATION:

Substrates usced in all cxperiments were cover-glass slides, of
dimensions 5 em by 5 em by 1 mm thick. In order to maintain good thermal
contact with the substrate heaters, the glass slides were clamped to
2 inch by 2 inch by 1/4 inch aluminium spacers that were spring loaded
in the substrate magazine to prevent movement. This method assured that
the substrates did not‘move as the different masks were brought into
contact.

Carc was taken to ensure that the substrates were absclutely
clean before films werce deposited on them. Batches of glass slides werc
first outgassed by heating to 200°C in a vacuum of approximately 1 torr
for 1 - 2 hrs., and then pumping was continucd at room temperaturc for
24 hrs. As individual substrates were rcouired,both surfaces were
wasicd and rinsed scveral times with a commercial cleancr. To che ck
whether or not the substrate was grease-free, it was held in a pair of
forceps and distilled water sprayed on it. The water covercd the
substrate in a continuous film if no grecase werc present. Greasce on the
substrate would, however, causc spots to appear on the water film. The
slide was then rinsed in methyl aléohol, clamped to an aluminium spacer,
and allowed to dry. The substrate and spacer werc then inscrted into
the magazine carriage, taking care not to touch the substraﬁc. A final

clcaning was done in the vacuum system by a glow discharge over the

surface of the substrate, to remove any foreign matter left by the

v
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deposited on a substrate through seme form of mask wnhich thus yiclds the
desired film pattern or patterns. Sclf-supporting masks, terimed out

o > 1

- . <l oy > - A . Cyyndn vy @ b e vmep e o g )
of contact' masks, arc made from metal foils. Such masks arc pressed

o

closcly against the substrate during deposition. It is to be noted,

however, that such contacts are never perfcect and some amount of pattern

e
o]
pa—

smearing must therefore always preval
Masks employed in this thesis were constructed from either 6.005
inch stainless-steel or br;ss foils. DBrass was uscd in the later stages
of experimentation when soft soldering of component parts became neces-
sary in certain fabrications. An illustrative mask blank as was employed

is as shown in Figure 3.3. The masks were aligned in the mask holder by

two 1/8 inch diameter dowels to a tolerence of + 0.001 inch and sub-
sequently held in place by machine screws in cach corner.
Patterns in the masks, as viewed through a stereo-zZoom Micro-

scope (Bausch § Lemb), werc cut by a razor knife. Final nolishing with

3

fine emery paper produced smooth pattern edges. Fine patterns such as

the souce-drain gap of & transistor were produccd by a composite mask

S

using finc wire stretched across the gap. Mask patterns for the constru-
ction of thin-film rcsistors, diodes, and transistors are as shown in

Figurc 3-4, Figure 3-5, and Figure 3-6 respectively.

&

(@3]
[&2)
'y
Pt
P

S DEPOSI' N TECHNIQUES:

Gold films were used for conductors and contacts becausc of the
casc of soldering the external connections with a low melting-tempcrature

metal such as indium.
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s to attack the molybdenum at hig
as were employed in this thesis it was found that this results in a iife-
time limitation of approximately thirty cvaporations. The use of a
helical tungsten Tilament was investigated as an alternative, but in
this latter casc it was found that gold did not wet tungsten and poor
results were pencraily obtained,

(b) Silver;

Silver films were used as hicgh conductivity contacts. Moly-
bdenum boats provide an cxcellent source fer the evaporation of silver
and the lifc expectancy of the bbat is almost unlimited.

{c) Aluminium:
Aluminium films werc utilized as electrodes and conductors in

particular fabrications. Aluminium may be cvaporated from a hcated

(d) Nichrome:

Nichrome provides a high resistivity metal film suitable for the
producticn of thin-film resistors. Nichrome is an alloy which in
general has a composition of 80% nickel and 20% chromium. It can be
cvaporated from a hcated heavy-tungsten filament.
(e} Silicon Monoxide:

Silicon monoxide was usecd as an insulator in thin-film transistors

ied in this thesis, and also as an overlay on devices as a
protcction against atmospheric contamination.
The silicon monoxide usecd was a commercial-grade type, manu-

facturced in pellet form by Kemet ( Linde Company, Division of Union
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MATERIAL USE SOURCE TEMP. PRESS. |
4 - \O"
gold contacts Mo hoat 12207°C lO to*r
silver contacts Mo boat 9sg " 10‘@ "
aluminium conductors W filament 1085 10-C n
. . 4 ,,_/» '
nichrome resistors filament 1260 " 1G-Y v
- - —/' 1]
silicon monoxide insulator Mo baffle box [ 1250 " 1077 v 0,
alumiun oxide insulator W filament 1280 " 10‘4 " Onld
cadnium sulphide semiconductor crucible 840 " 10-6 ¢
TABLE 3-1: SUMMARY OF MATERIALS
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5.7  PREPARATION OF DREVICES:

{(a) Thin-Film Resistors
ELvaporated films of nichrome can be used as stable thin-film

~

resistors.  In the fabrication of such resistors, gold or silver contacts
were first deposited on the substrate to facilitate cxterpal conncctions
and provide contact pads for resistance monitoring purposcs. Thesc
films were deposited to a thickness of 600-1000 R. Next, the substrate
temperature was raised to 500°C before the deposition of nichromc com-
menced. The mask dimensions, as shown in Figure 3-4, were such that
noainal resistance values of 1 KQ and 10 K@ would be obtained if the
cvaporation was terminated whcnbthe monitor resistance rcached 550 Q.
s o et et L v o e
This corrcsponded to a film thickness of approximately 400 A. Finally
an overlay of 2000 X of silicon monoxide was deposited ﬁo protect the
film from atmospheric exposure. The final unit 1s as shown in Figurc
3-8 (b).

The substrate temperaturc of SOOOC, as indicated above, was
required to prevent resistance changes that might result from structural
re-ordering of the film?l, Post-cvaporation anncaling in air for 12
hrs. at 100°C was also found to be necessary for effective stabilization

of resistance values.

(b) Thin-Film Diodes:

1

The diode structurc as uscd, consisted of a metal-semiconductor-
metal sandwich. Such a complcete four-diode structure is as shown in

‘w . ) ~ N 41 - . . “ O
Figure 3-8(c). The substrate temperature was first raised to 200°C,

&

after which the lower aluminium and gold electrodes were deposited through

> K

. . . . . o)
their respective masks, as shown in Figure 3-5, to a thickness of 600 A

’.
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in a pressurce of 10 torr. The gold mask also provided the contucts

for the resistance monitor described previously. Both metals were

: ., : - . . Q ) : y . .
deposited at a rate of approximately 10 A/scc. Next, in the scquence

«

of cvaporations, the temperaturc of the cadmium sulphide-sulphur source

was raised very slowly. A sourcc-outgas time of approximately 41

[¥s}

5

minutes was required if the bell jar pressurc was to be held below 07"
torr. This slow hcatiﬁg was also required to stop violent cruptions of
the source material in the boat. The cadmium sulphide was deposited ©o
a thickness of 15,000 R at a ratc of 8 R/scc. and at a pressurc of 1677
torr. The resistance of the monitor track was noted thréughout the
deposition. While the monitor resistance could not bhe rclated directly
to the diode resistance it gave a good indication of whether the device
would or would not work when finally removed from the vacuum chamber.

A final monitor resistance of approximately 5 MQ usually indicated the
fabrication of a good diocde. ’

The substrate was then cooled to room tcmﬁeraturc before the
upper electrodes were applied. It was usually neccssary to leave the
vacuun system for several hours to allow the substrate temperature to
drop to this value. The upper electrodes of aluminium and gold were
then deposited following the same procedure as outlined for the lower
electrodes, cxcept that the substrate tempcrature was sct at 20°C in

this instance.

{c} Thin-Film Transistors:

The staggered-clectrode structure shown in Figure 2-4(b) was

o
1%
o
jas
by

"‘cr the construction of thin-film transistors. Thrce transistors

were deposited on a single substrate at the same time as illustrated in
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Figure 3-8(a).

The gate clectrode of aluminium was deposited first to a
thickness of 500 f at a pressure of 10'6 torr. Silicon monoxide of
500 R film thickness was used as the insulator in preference to
aluminium oxide because of the greater ease of deposition of the former.
Experiments with films of silicon monoxide and aluminium oxide have
shown that the films aée comparable with regard to leakage current and break-
down -~ 'n voltage, but more care must be taken with aluminium oxide to
prevent the occurrence of inclusions of aluminium metal.

Modulation of the semicopductor channel was observed in such 'devices
regardless of whether or not the (CdS evaporant contained a free,sulphur
additive. The CdS was deposited in exactly the same manner as that uscd
for the.diode. That is, at a rate of 8 R/sec and with a pressure and
substrate temperature of 10°° torr. and 200°C, respectively. A CdS
film thickness of 500 R was employed in the device construction.

The substrate was allowed to cool to a temperature of less than
100°C before the source-drain electrodes were deposited. Experiments
with diodes have shown that aluminium deposited on cadmium sulphide in
this manner will give an ohmic contact. The aluminium electrodes thus
employed were déposited in a vacuum of 10”% torr. to a thickness of
500 R.

In the next stage, gold films of 600 R thickness were deposited
as confacts on top of the aluminium electrodes, to facilitate the’
soldering of external connections with indium. Finally, an overlay of

1000 R of silicon monoxide was deposited on all but the contacts, to

protect the structure from atmospheric contamination.
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RESULTS

In this scction we are concerned with studics of thin-film

nichrome rcsistors, which were constructed as outlined in Section 3.7{aj.

As will be discussed, such studies have embraced the effects of anncaling

and film composition, on resistance values. The temperaturc cocfficient

of resistance was evaluated for threce resistors of differing resistance.

First let us consider the cffects of annealing on resistance

stability. During cvaporation, if the substrate tcemperaturc was held at

o s . .
0°C and if no subsequent post-evaporation annealing was performed on

o

3

the sample, a nominal 550 @ resistor was found to increcasc in resistance

by as much as 0.5% over a three-week period. If, however, the sample

i
i

w

L 0 .
was anncaled in air at a temperature of 100°C for a period of 12 hours,
the resultant resistance was found to be very stable with time. Various

xhibited a random resistance change of not morc than
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0.09% over a period of 10 months. This slight change in resistance could
be attributed to changes in ambient conditions at the times of
measurement.

Next, let us notc the cffects on resistance that may arise as a

result of alloy composition. Typically, the shecet resistan
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samples was found to be 50 Q/squarce for nichrome films- whos
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were in the order of 400 R. This obscrved sheet resistance was lower
than would be cxpected in films which had bulk nichrome composition.
This could indicate that such films werc rich in chromium content®l.
This is rcasonable, since chromium has the lower cvaporating tcmperature
of the nichrome alloy systeom.

Finally, the temperaturc cocfficient of resistance was cvaluated
for threc thin-film nichrome resistors. Such evaluations were made by.
measuring the resistance as a function of temperaturc over the range
-180°C to +150°C with the aid of a Delta Design temperaturce chamber
{Model 2300). Resistance measurcirents werc made with a rcesistance bridge
(Rubicon Instruments Model No. 1071) at every 10°C for both ascending and
descending temperaturcs. All thrce samples showed a nearly-linear
variation of resistance with temperatures over this temperature range.

The results of such evaluations are given in Table 4-1 below.

RESTSTANCE AT 0°C T.C.R.

{

| 543.75 g 0.0127% per °C
1 1002.5 @ 0.0125% " "
1

‘, 14.350 Q 0.0090% " "

TABLE 4-1: TEMPERATURE COEFFICIENT OF RESISTANCE
These temperature coefficients for nichrome are consistent with

.

thosc valucs found by other workers 21

4.2 THIN-FILM DIODES:

{(a) Tormation of Rectifying Barricers:

Approximately 100 thin-film diodes were made prior to the attain-

ment of those with acceptable I-V characteristics. Final devices
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exhibited a forward to back resistance ratio of 105.

Typical I-V curves for four such diodes, as fabricated on the
same substrate, arc as shown in Figure 4-1. These diodes were constructed
as outlined in Section 3-7(b), with free sulphur being added to the
cadmium sulphide source. Four devices were used so that it was possible
to have diodes with all combinations of the electrode materials,
aluminium and gold, on\the same substrate. This ensured identical
semiconductiné material as the CdS was deposited under the same conditions
for each device. This allowed the study of the effect of different
metals on the same type of semiconducting material. The diodes formed
in this manner had the following structures; Ag-CdS-Ag, Au-CdS-Az;
,Au-CdS-Au, and Af-CdS-Au, where the first listed metal represents the
- lower electrode and the second metal the upper electrode.

The diode I-V curves were measured using the two closestvt;rminals to each
junétion.Before measurements were made therefore, one of the connections
between the four diodes was broken to isolate each device. The resistance
- of the thin-film connections to the junction, (approximately 10 Q), was
neglected in comparison with the forward resistance of the best diode
which was approximately 100 Q. The characteristics of the devices were
traced by applying to the diode a 60 c/s sine wave from a General Radio
audio oscillator (Type 1311A) in series with a 1 KQ resistor. The
voltage waveform obtained from the diode was applied to the x-axis of

the oscilloscope and the current waveform taken from the voltage drop

across the resistor was applied to the y-axis. The oscilloscope used
was a Hewlett Packard 140A equipped with a type 1420A time base and a

type 1420A dual-trace amplifier. The resulting I-V curves were reccorded
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on an oscilloscope camcra, lewlett Packard Model 197A. All mcasurements
were made with the diodes contained inm a lipht-nroof box.

In all casecs the diodes become forward biascd when the lower
or first deposited, clectrode was made positive with respect to the
unper ¢lectrode.  The diodes with lower clectrodes of aluminium

Figurce 4-1(a) and (¢}, had similar I-V characteristics for which the

7

knee of the curves occurred at approximately 1.4V. The other twe dicdes
with a common gold lower clectrode also had similar T-V characteristics,
Figure 4-1(b) and (c). 1In this latter casc the curreént rosc at approxi-
mately 1.8 volts. No similarity was noted between Figure 4-1{a) and (b)
which had a common aluminium upper clectrode, or Figure 4-1(c) and (d)
which had a common gold upper electrode. This would indicate that the
rectifying barrier is formed betwecen the lower clectrode and the somi-
conductor. S8incec a positive lower electrode was required for forward-
bias behaviour it was concluded that the semiconductor was of an n-tyne
natur;. Tﬁis 1s consistent with data of other workers!® who have found
CdS to always be n-type. Further, and for the diodes studicd, we

obscrved that a gold clectrode caused a larger rectifying barrier than

did an aluminium one. This is rcasonablc since the work function of

gold is higher than that of aluminium.

The rcctifying propertics of the metal-semiconductor coﬁtﬁct can
be seen to be only pﬁrtially dependent on the metal used. If the barriers
were solcely determined by the work function of the metal and scmiconductor
the four diodes would not 2ll be forward biased with the lower electrode

oy

positive. The introduction of acceptor-like surface states, at energies

below the Fermi level of the semiconductor at the lower surface, would



causc the cnerpy bands to bend upwards so that the harvier is partially

formed by surfuce states. Since (dS dissociates upon cvaporation, there

arce many possible causes of a high density of such states. The nost

It was found that an ohmic contact was formed at the upner scmi-
conductor-metal junction. This contact may be formed by using a metal

with a lower work function than CdS, or causing the surfacc of th

o

semiconductor to be a hecavily doped n-type one. Again, both mechanisnms
arc probably working in conjunction with each other to prcduce the
contact. Aluminium, withthe lowér work function, should make ohmic
contact with CdS, On the other hand, a héavily doped n-tync surface may
be ncccsséry for gold. The n’ surface could easily be produced at the
end of the cvaporation, as any excess sulphur would be driven off from
the source in the carly.stages of evaporation and the final layvers of
the film would become cadmium rich.

The formation of rcctifying barriers in thin-film diode
structures does not depend solely on work-function considerations, but
also on deposition paramcters of the semiconductor. Other diodes were
constructed in which no suiphur was added to the CdS source, but other-
wisc the techniques for cvaporation were cxactly the same. In this case

the knece of the I-V curves occurs at approximatcly 0.2 volts forward bias.

The maximum reverse voltage of such a diode.is about 2 volts as comparcd

[

o the 8-10 volts that results when freec sulphur is added. A lower for-
ward voltage indicates a lower barricer height, which is consistent with

the lack of excess sulphur in the film. -



(b) Capacitance Measuroments:
Ine capacitance across a particular A2-CdS-Au diode was measurcd

The

(¢!
a
b
i,
Z
ot
<
,

as a function of applicd voltage for both forward and rev

measurements were made on a capacitunce and conductance bridge.  This

)

,,‘:

dgc measures the magnitude of the in-phasc or out-of-phasc comnoncnt
of a sinc wave that is superimposed on the DC bias across the diocde.
The output of a phasc scnsitive detector is fed directly to an X-Y
recorder, allowing a continucus plot of capacitance or conductance versus
applied voltage to be obtained. For the particular measurcments made,
the modulating signal employed was 10 millivolts at a frequency of
1 Xe¢/s with a DC bias which could be varied from +1 volt to -1 volts.
The rosulté arc shown in Figure 4-2(a).

The theory of a Schottky barrier predicts that the capacitanc
across the barrier varies inversely as the square root of voltage.

. . . 2
Hence, i1f a Schottky barrier exists, a plot of 1/C” versus applied

’e

voltage should be a straight linec for rcversc bias as shown in Figure

4-2{b). Ixtrapnolating this line to the voltage axis gives the valuc of
£ , : s a2
the diffusion potential V From a knowledge of the slope of this 1/C

D”
plot, the donor concentration Nd can be evaluated with recoursce to
equation (2-8). For the particular A2-CdS-Au diode under consideration
. PO . 2 o s -
the area of the junction was 0.67 mm . Further, the permittivity of
P -10 ., 4 10 . . . ) s
CéS was taken to be 10 f/m*»+¥_  This gives a donor-concentration
o - 17, 3 . . 4 . . ; S
valuc of 6 x 107 /em™. The thickness of the depletion layer can also be

evaluated from the above information using cquation (2-9). The thickness

of the depletion layer was evaluated as being 2308 at equilibrium,
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(¢} Forward Bias:

Point by point mcasurcments of the I-V curves were made using
two NIC vacuum-tube voltmeters {ilewlett Packard Model 412A). A Harrison
Laboratorics Model 62000 power supply was used as the variable LC
voltace source. BDurinpg cach measurcment, at least one minute was allowed
for the readings to stabilize.

If the dominant mechanism limiting the forward current of a

diode is that of thermal diffusion over a barrier, then the current
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o

xponential dependence on voltage. The basic cquation
governing this mechanism is as given in (2-1). When appliced to a

given diode, however, the above must be modified te the following form,

namely,
oV
nkT .
J = Jo <c -1 where n = const ce. . (4-17
For forward voltages such that V >> nkT/q, a plot of log J versus V will

be lincar if equation (4-1) is obeyed. This is as shown in Figure 4-3
for an A2-CdS-Au diode. The extrapolated intercept of this straight
line upon the ordinate provides a measure of Jos where the valuc of the
saturation current Jo is given by cquation (2-2). If the ceffective mass
of an clectron in CdS is known, fhcn the difference between the work
function of the metal, and the electron affinity of the scmiconductor

at the surface can be calculated. (For CdS, at room tempcrature, the
mass ratio has iccn cstablished as m*/m = 0,271%), This viclds @
barricr height of 0.7 volts, for the particular A2-CdS-Au diodc discussed
in Scction 4-2(b). It should be pointed out, however, thot this method

is not a very accurate onc.
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From the slope of the plet given in Figure 4-3, a valuc of n

can be determined.  For this particular diode at room terpe

Measurements on other diodes, however, have shown that un may vary {rom

1

5 to 7. These valuces of n are a factor of two larger than

for single crystal CdS d jodesh

{d} Reverse Bias:

No current satﬁration was observed in the reverse bias dircction
hin=film diodes studied; rather the current increased gradua
with increasing voltage until brezkdown was recached. According to
cquation {2-7), relating current and voltage in the reverse direction a
lincar relationshin should be obtained between log J and {V +_VD]’ for

IV >> KT/q if a Scﬁottky barrier is present, and the lowering of the
barrier helght is due to image forces®. A plot of the rcverse characteri-

of

%)
b
‘LJ .
(¢}
w

the Qiode discussed in the previous Section 4-2(h) and‘{c}
is as shown in Figure 4-4. The rcsultant straight-line characteristic

for applied voltages greater than V = 0.25 volts is a clcar indication

that eguation (2-7) is followed, and that a Schottky barricr docs cxist
at the metal-scmiconducter interface.

(¢} Temperaturc Dependence:

Mecasurements of I-V curves were also made at 77OK, although only
limited results were obtained. The low temperatures were attained by
inserting the diode into a dewar of liquid nitrogch. Unfortunately, duc
to the different cocfficients of thermal expansion of the metals and the

glass substratce, the upper electrode almost always cracked completely

across the film at the point wherce it passcd over the cadmium sulphide
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and at 777K showed that the forward voltage at which the knce occeurrod

P ERE el o~ e v y 4 "\'. 3 % ,.‘,; ~ v - N - R R AL el
wes twice as large at 77K as 1t was at room temperature.  The reversce

current was. much smaller at the lower tomperature, while the breakdown

v T 4y g e RN B e
voltape was much higher.

Faquation (2-2) shows that the temperaturce dependence of the
- {
. e L ey . o 2 ’ af . s s
saturation currcent is 'governced by the relationship T7 exp -+% |, In wilch

rt

the exponential term donimates. # is not particularly sensitive
temperature change, being determined by the position of the Fermi level
and the work functions of the materials involved. Therefore, as the

41

temperature decreases, the saturation current will also decrease.

4y

ecausc of the lower value of saturation currcnt, the forward knee o©
the curve would occur at higher voltages, since a larger forward
voltage would be required for the same currcent flow,

(f) Space-Charge Limited Currents:

At lower applied voltages the I-V curves indicate that the
current may be limited by thermal diffusion over the barrier. At larger
applied voltages, however, the Schottky barrier disappears and the current
becomes space-charge limited.

In order to achieve space-charge limited currents, the applied
forward voltage must be rather high. The hecating effects produced by
the large currents necessitate the usc of pulse measurcments to prevent
device burnout. Applied voltage pulses with widths of 5 usec were used
in order to give iﬁhercnt transients time to die out. Measurecments made

on a Au- CuS AL Glodp were plotted on log-log co-ordinates as shown in

Figure 4-5. Unfortunately the square-law characteristic, as nredicted
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above the trap-filled limit by cquation (2-3), is not cbscrved exactly.

rre ~

The slope of this line is cleser to a cubic fit, rather than to a

square law. Lampert’ shows that the current varics as the cube of
applicd voltage if doublo injcction exists. This does not scem possibic
with cadmium sulphide, however, since p-type conductivity has ncver been
obscrved.

Peoint by point‘DC measurcments on many other diodes as cxamined
herc, have shown straight-linc characteristics over a limited range when
plotted as log I versus log V. At lower applicd voltages,current
dependence on veltage varied from V3 to V8 depending on the device.
Above the trap-filled limit, however, the square-law response was
observed. Typical results arc as shown in Figurc 4-6 for a Au-CdS-AL
diode. Results of this type are characteristic of devices operatin
in a region where the Fermi level is coincident with the trapping level.

Consider the case of a one-cérrier space-charge limited system
with trapping levels slightly above the Fermi level. As clectrons are
injected, the Fermi level moves up energy-wise and the traps become Filled.
The loss of charge carriers to the traps reduces the current signifi-
cantly from that expected from.a square law dependence. When the traps
arc filled, however, the currcnt will rise rapidly as therc is no longer
any loss of carriers. Just how fast the current indeed riscs with
voltage should be determined to a great extent by the distribution of
these trapping energyvlevcls. When the traps are filled, the currcnt
bccomes dependent on the square of the voltage as indicated in cquation

(2-3).
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Capacitance, current-veltage, and temperature measurements, as
performed on the thin-film diodes studied, all indicate that a Schotthky

barrier is formed as the lower metal-semlconductor contact. The cnoergy
band diagram as given in Figurce 4-7 shows the results of the calculations

made on a particular A2-CdS-Au diode.

| SENICONDUCTOR

fore3 e

METAL

0.7V R 0.45V
[ It i

ENERGY E 2,42V 22

£.=2.42 ev

P=3

\\\\\~‘ Ev
=230 A = — . DISTANCE

FIGURE 4-7: ENERGY BAND DIAGRAM AS EVALUATED FOR AN
ALUMINIUM-CADMIUM SULPHIDE CONTACT
The above results are in reascnable agrecment with those
- . . L 1 - s e
obtained by other investigators"’'C®. 1In this respect, for high
resistivity single crystal CdS, the Fermi level is located at energies
of 0.3 - 0.5 e¢v below the conduction band“, while for thin-fi
quoted energy value is in the range 0.4 - 0.5 evi®. These positions of
. . . . 15 A1 . 3
the Fermi level correspond to 1077 to 1077 mobile carriers per cm .
. . . o .
Resistance measurwsents on thin €dS films of 6000 A thickness
have shown the concentration of mobile carriers to be in the order of

14 3 . . - .
107 per cm™. This concentration is low as compared to the donor con-

centration, and thus indicates a high density of traps. This is to be

expected in a vacuum-deposited polycrystalline film.
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4.3 THIN-FILM TRANSISTORS:

ey

The general outline given in Scction 3-7(c¢) was followed in the

fabrication of thin-film transistors using cadmium sulphide. The
devices falled to operate for many reasons, the most predominant being
poor insulation hetwcen the semiconductor and the gate. Extensive work

on aluminium oxide and silicon monoxide showed that the best insulating

]
S

AR}

fiims were obtained. when the oxide was deposited very slowly. A

v i)

<
.
p

film of silicon monoxide was found to have a leakage current of lcss
than 0.01 pa at the operating voltages required for a transistor.
The existence of a shunt conductance between the scurce and
drain was also noted in carly devices. In these cases the deposited
semiconductor was too thick'and any possible modulation was swamped by
the effect of the bulk conductance of the semiconductor. A semiconductor
thickness of 500 A appeared to be optimum in devices fabricated in this
mAnner.

The characteristic curves for the transistors were mecasured
with the samc gencral cquipment as uscd for the diedes. A
diode IN34A was placed in the driving-oscillator circuit‘so that only

resistor

e~

the positive half of the characteristic was obscrved. A 1 X
was again uscd to obtain the current waveform for the drain current.

The gatce bias was supplied by a ilarrison Laboratories DC power supply
(Model 6200A) using two liewlett Packard DC vacuum tube voltmeters {(4124)
to measure gate current and voltage. Multiple exposures of the oscil-
loscope traces were made to obtain a family of curves for the device

characteristics.
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Characteristic curves for operating devices arce as shown in
Figure 4-8(a) and (b)j. The sccond figure is typical of devices -that
failed to saturate. Failure to saturate would indicate that the channel
cannot be pinched-off, at least by any rcasonable apnlied voltage. This
may be caused by the insulator Leing too thick, the source-~drain spacing

too small, or an unmodulated parallel conductance path hetween the

source and drain. The best operating characteristics werce obtained with
devices having a very-thin insulating layer. The transistor illustrated
in Figure 4-8(a) had an oxide thickness of 240 R. The hysteresis at thé
knee of the curve is a function of the device and not the measurin
circuit. The sizec of thé loop did not depend on the sweep freguency
uscd Eut was probably associated with trapping levels in the semiconductor.
The validity of the field-effect model can easily be checked by
fitting the characteristic curves (Figure 4-8(a)), of an operating
transistor to equations (2-17) and (2-18). Since the drift mobility
for this particular sample is not known, it must be detecrmined from the
saturation characteristics with recourse to equation (2-18). From a
knowledge of the drain current, it is possible to calculate carricer
mobility for a given gate voltage and given transistor gimensiows. This
evaluation further requires a knowledpe of the insulator relative
permittivity, which for silicon monoxide evaporated under the specificd
conditions is 2.423. In this particular transistor the channel was 60
microns long and 2.4 mm wide while the oxide thickness was 240 . The
average drift mobility calculated for all valucs of gate voltage was

5
found to be 25 cm™/V~sec ~-- which comparcs favourably with results of

‘other workers®®. This value of mobility was substituted back into
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the particular transistor as given in Figure 4-0. Comparison of the
theoretical and experimental curves shows that the ficld-effect model
fits these particular devices.

e transconductance of the above device was found t

—~

y be 450 u
mhos, wihile the dynamic output resistance derived from the siopc of the
saturation position of the curve was 125 Ko. The product of these two,
quantitics gives an anplification factor of 56.5. Devices were built
vith transconductances of up to 3,000 p mhos, but unfortunately thesc

unit

W

did not cxhibit good saturation characteristics. The input
resistance of all devices under operating conditions was greater than

10 MQ. The value of shunt capacitance will of course depend on the

h

insulator thickness of thec particular device. A shunt capacitance of

4

400 pf was found to be characteristic of a transistor incorporating ar

fal

-~

insulator of 240 X thickness. The input capacitance can be rcduced, of

course, by increasing the thickness of the oxide, but this also decreases
the transconductance of the device.

Device performance may best be improved by changing the
dimensions of the structure. The input capacitance can be reduced by
decreasing the size of the gate electrode. Ideally, the gate clectrode
should have the seme dimensions as that of the source-drain gap. This
would reduce the inpu£ capacitance while still maintaining modulation of

the full channel length. Cxperimental units were fabricated with

o

sourcc-drain gaps of 60 and 15 microns. Because of the difficulty in

lining up the different masks, however, it was nccessary to make the

bt

o

ate elcctrode 150 microns wide. This extra overlap drastically



1

increased the input capacitance beyond the minimum required valuc.
While a decrcase in the source-drain gap dimcensions would result 'in an
increascd transconductance, it is to be noted that if the spacing is
too small there will be insufficient clectrostatic shielding of the ganp
region and no channel will be formed.

Some transistors which were tested frequently over a period of
two months cxhibited little change in device characteristics. Others,

however, which exhibited initially good characteristics were found to

iy

after a few days. Examination of the latter devices after failure

pmd

ai
showed a pitting -in the insulator which would indicate breakdown of the

insulator due to excessive gate voltages. The electric field across such
6

an oxide layer under opcrating conditions is approximatcly 107 V/em,.

which is close to the breakdown field for most insulators. Internal

breakdown of the semiconductor channel was also noted for drain voltages

above pinch-off values. This semiconductor breakdown was demonstrated

by a sudden increase in drain currcent, unaccompanicd by any increcase in

gate voltage or current.

4.4 THIN-FILM TRANSISTOR APPLICATIONS:

Thin-film transistors werec used as amplifiers to test the
I
capabilities of the device in circuit performance. An amplificr, as
shown in Figure 4-10, was constructed from conventional carbon resistors

having 10% tolerance on resistance values.
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The gate biasing was supplicd by the serics combination of a

1 M2 and a 100 KO resistor. The measurcd gate voltage was 2.5

with a drain voltage of 8 volts and a drain current of 0.55 ma

operating point. The maximum voltage gain derived from this am
was 4, using a transistor having a

a dynamic output resistance of 25 KQ.
For a fixed supply vecltage the voltage gain of such an

would incrcasc as the load resistor Ry was incrcascd if gy, Was

In thin-film transistors, however, the transconductance varics

sguare root so that a decreasc of I

of drain current, 5
I3

results

deerease of gain. The optimum value of Ry for this particular

was 40 K&. The measured gain for a 1 Kc/s sine wave was 4.

theoretical gain using the values of g, and r

“m

stic curves was 4.6. Very little

waveform cven with an output of 4 volts p-p.

transconductance of 300 u mh

distortion was scen in the o

volts

+ 1.
[}

at

1303
TpLlTYieY

os and

amplifiecy

constant.

as the

circuit

The
taken from the characteri-
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CONCLUSTONS AND RECOMMENDATIONS

A study of the fabrication techniques and clectrical characteri-
stics was carried out on thin-film resistors, diodes, and transistors.
All devices were vapour deposited through metal masks.

Stable thin-film resistors werce produccd using nichrome as

resistor material.  An average value of the temperaturce cocfficient of

. - o -
resistance of 0.012% per “C was measured for resistors over a ran

e of

u

550 @ to 14 KQ. By using a resistance monitor, thc sheet resistance of
a film could be controlled accurately, with the values of individual
resistors being determined by the geometry of the mask. This system

1

gives high tolerance on resistancc valucs - allowing the production of

oy

high quality resistors for thin-film integrated circuits.
An investigation of a metal-scmiconductor-metal sandwich has
shown cxcellent diode characteristics having a ratio of reverse. to for-

-
L.

w

.

. . ~ o .-
ward resistance in excess of 107. In all cases the lower, or fir
deposited, metal-semiconductor surface formed the rectifying barrier.
While the work junction of the metal clectrode does determine the barricr
height to some extent, the actual formation of a barrier could be attri-
buted to the presence of surface states in the CdS film. In the forward
bias dircction the lower electrode was positive with respect to the

tpper clectrode. The upper, ohmic, contact was formed either by using a



metal with a work function lower than that of CdS, or by causing a

heavily doped n-region to rmed 4t the unper surface

conductor. These results show that diode action depends
the evaporation of CdS.
Measurements of capacitance, forward and reversce bias-T-V curves

and temperaturce dependence all indicate that o Schottky barricr was

o
(e}
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«t
)
o
o
-3
oyl
o
e
3
X
]
[eM
(@]
o
3
]
[l
o

formed at the lower metal-scmiconducto

vas controlled either by thermal diffusion over the barrier or by space-

charge limitations. At lower forward voltages, thermal diffusicn Is the

pv

dominant conduction mechanism.As the bias is increased, the current
becomes space-charge limited. FExperimentally, space-charge limited

£

currents were observed in CdS films which had a high resistivity

Although the diode characteristics werc acceptable for circuit
& r

ormance, fabrication difficulties do not yet allow predictable

Thin-film transistors wore constructed using a staggered
clectrode structure. The best operating characteristics were obtaincd
0
when the silicon monoxide and cadmium sulphide films were both 500 A
zhick. The highest transconductance obscrved was 3000 u'mhos although
dcvicgs with the best saturation characteristics had a transconductance
of only 450 pu mhos. All such transistors operated in the enhancament
rode.  This mode of operation is bhest suited for integrated circuit
design since multiple stages can be DC coupled. The simple amplifier
constructed shows the feasibility of using such devices in practical

cilrcuits.

The drawback to the use of thin-film transistors at the present



,_.
y
¢
%
I
fad

e
1]
o
)
=
[REN
o
4
ot

~3
O
i
~+
@]
e}
o
.-
e
(@]
pus
e

L]
ju
L/‘
e
<
A
e
o
r
=
-
-
-
B
ps
N
s
~
&)

<

C
o~

al units were checked frequently over a period of two months

P T o [ - . P B PP vy eyt ] pr - Ny - g
and found to have conly slight varietions in characteristi

s, othors

[

failed within hours. The reasons for failure are not urderstood. The

Onc problem with the experimental system was the mask alignment.

M
>y
o
r
e
&

iwards vacuum-coating unit employed is designed to have a mask

&

alignment of + 0.001 inch. This tolerance is too large for the exact

ge
O
[47]
-
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[
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S

he source-drain clectrodes. With the suggested intro-

duction of additional alignment pins it should be possible to improve

iy

this tolerance limitation by a factor of 10.

More fundamental work must be done on the vacuum deposition of
insulators and scmiconductors before reliable thin-film devices can be
produced. In order to determine more about the semiconductor it would

a1

be advisable to do conductivity measurenments and liall mobility measurc-

H5

ments on films deposited at the same time as a transistor and on the same

substrate.
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