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AB3TRACT

Field effect investigations on thin cadmium sulfide filmse
have yielded a method of controlling the surface potential.
The control of the surface potential 1s achieved by the succes-
sive evaporation of two dielectrics, CaF, and SiO0. The Si0
produces donor-like surface states at the CdS surface, whiie
CaF, produces acceptor-like surface states. By evaporating
a thin layer of Calz between the (CdS and SiO, the effect of
the donor-like surface states on the surface conduction of CdS
may be reduced. Thus, by proper choice of the CalF, thickness,
any surface potential between the limits of Si0 and CaF,; may

be obtained.

The analysis, construction, and performance of a new
evaporated thin-film transistor capable of withstanding over
300 V is described. This thin-film transistor will switch a
current of 100ya with a gate voltage of less than 50 V, and
is particularly suited as a transistor controlled switch.
The large increase in operating voltage is achieved by
changes in the device geometry, material characteristics,
and through careful control of the CdS surface potential by

the method described above.

Devices were constructed with an incremental saturation
resistance of 200MQ, and a maximum operating voltage in excess

of 250 V. These transistors were used to switch electro-



tuminescent lamps with gate voltages of 50 V in less than
0.2 msec. The transistors with semiconducting layers of CdS,
utilizing CalF,, 510, and GeO, insulators and Al electrodes,

were fabricated on glass substrates by vacuum evaporation.

In related experiment it was found that an evaporated
CaF, layer could be used to vary the surface potential of
germanium, and the effects of controlling the surface potential
of a Ge(Li) p-i-n diode were observed. A thickness of 150 to
200 & of CaF, appeared to restore the surface potential in the
intrinsic region to the bulk value, and thus resulted in a

lower surface leakage current.
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FIELD EFFECT INVESTIGATIONS IN THIN CADMIUM SULFIDE FILMS

I. INTRODUCTION

1.1 Historical Review

When an electric field 1s applied in a direction normal
to the surface of a conductor, a surface charge is produced.
This charge, which 1s drawn into the conductor via the contact
electrode, alters the conductivity of the surface region.
In metals, the density of electrons available for conduction
is large -- even in the absence of a transverse electric field --
and the additional electrons which constitute the surface charge
are almost negligible. It is possible to observe a very small
field effect in metals using a ferroelectric,<l) However, in
semliconducting materials, the applied field should in principle
be able to alter the conductivity of the surface region by
many orders of magnitude. The applied field may therefore be
used to control a current flowing in the semiconductor, and
field effect modulation of conductivity is of practical as well

as of theoretical interest.

The first records of conductivity modulation by a
transverse electric field are contained in patents by Lilien-
field<2) in 1930. 1In 1935 Heil<3) observed the effect in a
thin-film structure. These early devices were limited by the
low sensitivity of the semiconductor to the applied field.

In 1948 Shockley and Pearson<4) modulated the conductivity of




germanium films and used Bardeen's(5) theory of surface states
to show that these states were responsible for the poor con-
ductivity modulation. In 1960 Bockemuehl(6) constructed a
device which operated on this principle of surface conductivity
modulation by a transverse electric field. This device, which
is referred to as an insulated-gate field-effect transistor,
was constructed by evaporation of the electrodes and insulation
on single crystal CdS. In 1962 Weimer(7), using CdS, constructed
the first evaporated field-effect device. He observed that the
type of surface states on the semiconductor were dependent

upon the nature of the evaporated insulating material, and his
efforts are largely responsible for the current work on surface

states employing the thin-film transistor structure.

1.2 Description of the Thin-Film Transistor

The thin-film transistor is a unipolar device in which the
density of free majority carriers avallable to carry current in
the conducting region is controlled by the application of an
electric field to the surface of a thin, semiconducting film.
In the TFT electrons flow from an ohmic contact, called the
source, through a conducting surface channel to another ohmic
contact, called the drain. The conductivity of the channel may
be modulated by the transverse electric field produced by the
gate electrode. The gate is one plate of a capacitor which is
separated from the other plate, the semiconducting surface, by

a thin insulating layer.




1.3 Physical Requirements of the Materials used in a TFT

Although the insulation and contact materials used are
important, the characteristics of a TFT are largely dependent
upon the properties of the semiconductor. The question is,

then, how does one choose a semiconductor for this application?

One important criterion is majority carrier mobility. A
high mobility assures that the source-drain transit time of
the injected carriers will be small; the device will then have
a high frequency response. Although the higher mobility of
single crystals is desirable, the mobility of many polycrystal-
line films is acceptable. To some extent a lower mobility can
be compensated for by a smaller source-drain spacing, but here
practical limits of about 5u are encountered. A second
criterion is free carrier density. The free carrier density of
the semiconductor must not be too large because the amount of
charge which can be modulated is limited by the insulator
dielectric constant and electric field breakdownh strength.
For example, consider a silicon dioxide film with a dielectric
constant of 2.5 and a dielectric breakdown field of 5 x 108 V/cm.
This electric field terminates on a surface electron charge
layer of 7 X 1012 electrons/cm?. If the free carrier density is
greater than about 1019/00 the resulting surface conductivity

change will be I1nsignificant.

Two requirements of the insulator material are now
apparent: a high dielectric constant, and a high dielectric

breakdown strength. Since high electric fields are impressed




on the insulator, it should also be free of mobile ions and
molecules whose polarization effects result in instability of

the surface conductivity.

1.4 Materials and Methods used in TFT Fabrication

TFT's have been constructed by vacuum evaporation of a
large number of semiconductors. Among these are silicon(8) R

tellurium(9), cadmium sulfide<7) 10),
12)

, cadmium selenide( cadmium

, gallium arsenide(lB), indium

15)

tin oxide( , and indium

telluride (1), 1ead suiride!
antimonide<lu), zinc oxide<ll),
oxide<15). In addition Wright<l6) has proposed aluminum

antimonide and gallium phosphide.

The details of the deposition and processing techniques of
each of these films are as significant as the choice of the
material. Of these materials, films of CdSe and CdS are among
thé easiest to form by vacuum evaporation. In part, the CdSe
films are formed more easily than those of CdS because of the
relative closeness of the vapor pressure curves of Cd and Se.
Both CdSe and CdS films were used in this study. However, the
bulk of the data were taken using CdS films; largely because of

our greater experience with this material.

The technigues used to construct the TFT must be such that
the density of surface trapping states at the semiconductor-
insulator interface is small compared with the charge density

that can be induced by the transverse electric field.




5.

McWhorter(l7) has observed that the 1/f noise associated with
these devices is due to the transfer of carriers in and out of
surface states, and a reduction of this noise necessitates

an even further reduction of the surface state density. To

this end, vacuum evaporation of the entire device in one

chamber seems most desirable in order to minimize surface states

arising from uncontrolled changes of ambient conditions.

1.5 Scope of this Work

This thesis describes a method of controlling the surface
potential of CdS by the successive evaporation of a fluoride
and an oxide insulation layer. This work on control of the
surface potential has lead to the development of a new high
voltage thin-film transistor. The technique was also applied to
germanium and was found to reduce the surface leakage current in .

germanium p-i-n diodes.

Section 2 reviews the theory of the insulated gate thin-
film transistor, which provides a framework for the understanding
of conductivity modulation by a transverse electric field.
Section 3 deséribes a high vacuum system for the production of
the multilayer thin film structures; the techniques and materials
for deposition and measurement of the evaporated films are
discussed. A review of the deposition techniques and properties
of CdS films is given in Section L, Section 5 discusses the

method used to control the surface potential of CdS. In Section

“

o




it is demonstrated that this technique can be used to reduce

the surface leakage currents in germanium p-i-n diocdes used as
gamma, ray detectors. Section 7 presents the theory of operatiorn
and fabrication techniques of the high voltage thin-film
transistor; Section 8 describes the performance characteristics
of typical units fabricated. Appendices dealing with related

topics are also included.



2. REVIEW OF THE THEORY OF THE INSULATED-GATE
THIN-FILM TRANSISTOR

2.1 Introduction

A review of the physical theory of the insulated-gate
thin-film transistor 1s given here. The static character-
istics are first analyzed for a simplified model and then for
the general case. The small-signal parameters derived from
the static characteristics are discussed and their deviations
from observed characteristics are explained in terms of changes

in carrier mobility and trapping effects.

2.2 The Gradual Approximation

An analysis of the TFT based upon the work of Many, as
published by Borkan and Weimer(lB), and usually referred to as
the gradual approximation is given here. The idealized

structure of the TFT is illustrated in Fig. 2.1.

The semiconducting film has thickness, t, width, w, and
length, L. It is separated from the gate electrode by an
insulator of thickness, h. In this analysis the following

assumptions are made:

1. The semiconducting layer is homogeneous and thin compared

to the insulating layer.

2. The mobility, u, of the semiconductor is a constant.
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3. Only majority carriers are considered to exist in the
semiconductor. This approximation is expected to be
good for a material such as CdS, although it may fail in

the depletion mode for very large voltages.

4, The gate-semiconductor capacitance, C is assumed constant.

G’

5. Trapping effects are neglected.

6. The metal-semiconductor work function difference is
neglected.
7. The gradual-channel approximation is assumed to hold.

This approximation states that the rate of change of
the potential along the channel is very small compared
to the rate of change of the gate potential normal to

the channel.

The charge induced per unit area on the gate electrode is

given by

QAN (x) = WL (VG - V(x)), (2-1)

where V(x) is the potential of the semiconductor relative to
the source measured at a distance x from the source, and AN(x)
is the number of charges per unit area induced on the gate
electrode. The drain current, I, in the semiconductor may

then be expressed as

0 .
Ip = tWid (goe + —5—) By (2-2)




10.

NO is the total number of initial charges in the semiconductor,
q 1s the electronic charge, and EX is the electric field in the
x-direction. With the aid of equation (2-1) one may integrate

equation (2-2)

L c V
2ade D oq
I S dX = —— S (ﬁ—— + VvV, - V)dv 2-3
py & = ) (& e - V) (2-3)
which gives
C N AN
I=“G|:(_O_q+V)V—DJ (2-1)
D L2 ' G D o

Noa
where Vp 1is the potential at the drain. The term 7%; has the
dimensions of voltage and is conventionally replaced by a

voltage -V where +VO is the minimum gate voltage which has an

O}
effect on Ip. A positive value of N, implies the presence of
free electrons in the conducting channel at zero gate voltage,

while a negative value of N, implies the presence of unfilled

traps.

Equation (2-4) is valid up to the point Vp < (Vg - Vg).
For larger source-drain voltages a small region of the channel
at the drain becomes completely depleted of carriers and the
current is strictly space-charge-limited; nearly all of the
source-drain voltage increase will appear across this region.
If it is assumed that this region is small and its length

constant, then the drain current will be approximately saturated
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so that,

if vy > (Vg - V). (2-5)

This zero output conductance or perfect saturation of the

characteristics has never been observed in actual units.

Depending on the value of Vg, two modes of device opera-
tion are possible. If V_ is made positive the device is "turned
off" at zero gate bias; thg device is said to be operating in
the "enhancement mode" because application of a positive gate
potential will enhance source-drain charge flow. If VO is
negative, the device is "turned on'" at zero gate potential;
the device is now said to be operating in the "depletion mode"
because application of a negative bias will cause the source-
drain current to decrease. PFig. 2-2 illustrates typical
static characteristics of a depletion and an enhancement mode

7)

device.(

Typically, the value of V, obtained depends upon the
choice of insulation material and its method of deposition in
addition to the previous history of the semiconducting surface.
For example, evaporation of SiO on a CdS layer previously
exposed to oxygen results in an enhancement unit, while
evaporation of Si0 on a freshly deposited CdS film results in
a depletion unit. It 1s also known that CdS devices with CaF,
insulation are "turned off" at zero gate vias. (19) Thus the

surface potential of the semiconductor may be altered somewhat



Vg {volis)—

;

o bndcencemont Ko

VG= "‘|2V

\6=-3.6V.

3
-
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(b) Depletion kode

Fipgure 2-2. Typilcal Static Characterlistics for TET's
Operating in the Enhancement and Depletion Modes.
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by proper choice of techniques and materials. In Section 5
a new method of continuous control of the surface potential

utilizing compound layers of insulation is discussed.

2.3 The Space-Charge-Limited (SCL) Current Model

Physical mechanisims have been put forward by several

(20, 21)

authors to account for the observed non-ideal saturation.

The model by Wright (22)

distinguishes a source region where the
gradual approximation is valid, and a drain region through

which a space-charge-limited current flows in the presence of

a longitudinally-directed electric field. The point at which

the semiconductor potential equals the gate potential divides

the source and drain regions. Despite a mathematical difficulty
in matching the two solutions at the junction of the source
region and drain region, Wright is able to calculate current-
voltage relations for a TFT with Vo = O (i.e. no surface or bulk
trapping states) which agree with experiment. This model shows
that the finite output conductance is related to the increase in
size of the drain region in which SCL current flows as the source-
drain voltage is increased beyond the limits of the gradual
approximation. Since the effective channel length (sburbe region)
decreases slowly with increasing drain voltage, the calculated

I-V characteristics show a slope beyond the limits of the gradual

approximation.
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2.4 The Static Theory of the Insulated-Gate
Field-Effect Transistor

It 1s of interest to compare the analysgis given in the
preceding section with the theory by Geurst<23). This analysis,
which is valid only for the static case, is the only theoretical
treatment to date that does not make use of the gradual
approximation. It does, however, make the unphysical assumption
that the semiconducting layer is infinitely thin. Geurst's
analysis makes use of conformal mapping techniques to solve a
boundary value problem for the electric field everywhere in the
insulator. With this information the static Charactefistics

are calculated.

In this model the mobility is assumed constant and the
occurrence of partially ionized donors and hot electrons is
not considered. The assumption is made that the thicknesgs of
the semiconducting channel is infinitely thin compared to the
thickness of the insulation layer. A two-dimensional model is
then introduced in which the electrode configuration 1s assumed
symmetric in the sense thap'the semiconducting channel is
flanked by gate electrodes at both sides. This symmetry has
been Introduced for mathematical convenience. Fig. 2-3 illus-

trates the geometry of the model.

It is reasonable to expect that the overlap of gate and
source-drain electrodes and the extension of the electrodes
to infinity will not seriously affect the results obtained for

the static case.
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The current, I, traversing the semiconducting channel from
the source (-L/2, O) to the drain (+L/2, O) per unit width of

the channel is given by
I = gv (2—8)

where ¢ denotes the mobile charge per unit surface area 1n the
channel and v represents the drift velocity of the charge
carriers. The mobile surface charge density may be expressed

as
o= Df - D) - 1 (2-9)

where D; represent the y-components of the displacement vector
at the upper and lower sides of the channel. The number of
electrons/unit width originally present in the channel may be !
expressed as a voltage by the relation

2eperVo alg

o, = - = . (2-10)

Where €y is the relative dielectric constant of the insulator.
A positive value of V, corresponds to empty traps in the
channel and a negative value of V, corresponds to the mobile
charge present at zero gate bias. The drift velocity, v,

(for electréns) is given by

V = -yE.. (2-11) ‘

Upon noting that the longitudinal component Ey is continuous



17.

across the channel one may substitute equations (2-9), (2-10},

and (2-11) in (2-8) to obtain

I = —2/.J,€O€r [(Ey + 'h—’) E_] (2_1’(\;)

where the superscript denotes the limiting value at the upper
side of the channel. Equation (2-12) is a non-linear boundary
condition for the electric field in the insulating region
bounded by the upper half of the semiconducting channel. The

remaining boundary condition at the metal electrodes is given

by

E_ = 0. (2-13)

Thus the boundary condition around the entire insulating region
is known. The detailed steps of this derivation have been

omitted since the work is not original.

Before examining the solution to this problem it i1s of
interest to examine equation (2-12) for the case where the
electric field between the gate electrode and the channel 1isg
parallel to the y-axis (i.e. E, << Eg at the channel). Equation

(2-12) may now be written as

2 dav
0T (v - V) - V) — (2-14)

I=-
0" gx

which, apart from the factor of 2 intrcduced by symmetry, is

identical to equation (2—3), The statement EX << Ey is the
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gradual approximation in the theory given by Borkan and Weimer o
Note, however, that equation (2-12) retains its validity when

Ey does not satisfy the gradual approximation.

The similarity between the theories of Geurst and Wright
become apparent when Equation (2-12) is examined for the case
Vo = 0. For this case 1t may be considered as a particular

form of the general formula for space-charge-limited currents

in solids given by

J, = -p(div'ﬁ)E1 (2-15)

for electrons in an infinitely thin semiconductor. The one-
dimensional case of equation (2-15) with all the field lines
parallel to the direction of charge flow assumed by Wright for

the drain region in his model is

BEX ¢
J = - —=) E . 2-1
x ke e, ( aX) « ( )
aEy
This differs from Equation (2-15) only by the term in :57,

For the case of a reasonably thick semiconducting channel
this approximation is valid. Thus 1t is seen that the
theory of Geurst gives results similar to those obtained by

Wright.

Equations (2-12) and (2-13) are the non-linear boundary
condition for the electric fleld in the insulator region.
By use of a complex transformation the transcendental equation

relating the source-drain current, I to the source-drain

D}
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voltage, VD’ and the gate voltage, VG’ was found to be

mhoy - )] oy (- ),
log d + 1 - d
(l _ e—ﬂL/h) (l _ e—ﬂL/h)

L2
h ]

where the dimensionless current, j, and the dimensionless

voltage, n, are defined by

J = - L (2-18;
HEoEYr R
AL (Vg - V)
VD
M= -1 (2-19)
(VG - Vo)

This equation has been solved numerically in terms of tne
geometric ratio h/L, which i1s the ratio of the insulation
thickness to source-drain gap. The model shows that the
amount of saturation expected is related 1n a non-linear manner
to the ratio h/L, and that for smaller values of h/L it becomes
asymptotic to the gradual approximation with perfect saturation

for VD > (VG - Vo).

To illustrate this behavior Geurst's model has been solved
for two values of h/L for a conventional evaporated TFT. The
ratios h/I, = 1/50 and h/L = 1/25 correspond to insulation

3

thickness of 1,500 & and 3,000 } for I, = 7.5u. The results of



these calculations are displayed in Figures 2-4 and 2-5. It
can be seen that the device with the thinner insulation (Fig.
2—4) has a higher saturation resistance as well as a larger
transconductance. This is due to the increased screening and

capacitance of the more closely spaced gate electrode.

2.5 Low Frequency Characteristics

The small-signal transconductance, S and output con-
ductance, &Do? obtained from the gradual approximation

(equation 2-4) are given by

3l CaV
g = (——2 = EGD por v < (Vo - V)
m VLV 1,3 D G o
G "D
KCa
= T3 (Vg - V ) for Vp = (Ve - V) (2 -2
_,0Ip uCa

D

t
<
O
~—
N
3

Experimentally, one finds poor agreement with these expressions.

Typical results for a silicon evaporated TFT(EA) are compared

with this theory in Figures 2-6 and 2-7.

In deriving equations (2-20) and (2-21) an extremely

simplified model was used. In particular, trapping effects,
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mobility variations and gate capacitance variations were igncred.
Waxman et al.(25) have measured the Hall mobility vs. gate
voltage in a modified CdS TFT and have obtained the results shown
in Fig. 2-8. The increase in mobility at low gate potentials is
thought to be due to the filling of traps at intercrystalline
(26, 27)

barriers, while at high gate voltages the mobility will
vary as 1/ECT as predicted by Schrieffer(28) for non-degenerate

surface scattering.

The measured dependence of gate capacitance on gate
voltage (19) for a typical TFT is shown in Fig. 2-9. The total
gate capacitance corresponds to a series combination of the

oxide and semiconductor surface capacitance.

C C
c. o= OX ~8

G =T F°0C (2-22)

OX S

Equation (2-22) is a very instructive way of expressing the
gate capacitance because the total capacitance will deviate
from the oxide capacitance only to the extent that the surface

potential can follow the applied signal.

In evaporated polycrystalline CdS films the transconductearice
as well as the mobility will be dependent upon the filling of
traps located at grain boundaries and scattering from ionized
impurities. Since a time constant i1s associated with the
filling and emptying of these traps, their presence may be
observed most easily by examining the frequency dependence of

the transconductance.
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In the next section a model by Haering is discussed
which shows that the magnitude and phase of the small-signal
a.c. transconductance allows one to infer which physical

mechanism 1s responsible for the conductivity modulation.

2.6 The A.C. Transconductance

Haering(29) has discussed a model of the TFT in which the
mobility as well as the electron concentration is allowed to
vary with the gate voltage. Thus the differential conductance,

dg, of the channel becomes
dg = Angqu + nqlu. (2'23)

where q is the electronic charge and n is the electron concentra-
tion. This model postulates that the mobility variations depend
upon the occupancy of impurities or trap states; the dependence
of mobility on channel narrowing is neglected although the model
could be extended to include this case. Waxman et a1ﬂ25) have
also postulated and observed this variation in mobility with
surface potential, but did not use this information to calculate
the frequency dependence of the transconductance. In addition
to the assumptions stated in Section 2.2 this model assumes a
single set of traps or impurity states which obey the Boltzmann

distribution.

Using this model 1t is possible to calculate the frequency
dependence of the small signal transconductance, S in terms

of the variation of mobility with the density of trapped



electrons. The transconductance has been shown to be
HVD dnC dnt
S Co (= + 8 — (2-2)
moog2 G(dn dn)’

where B = (nc/u) (dp/dnt), and dn denotes the change in total
electron concentration as a result of a change, dVy, in gate
voltage. By assuming that the a.c. quantities in equation
(2—24) are small, one may obtain the frequency dependence of
the transconductance shown in Fig. 2-10. The importance of
mobility variations 1s included in the parameter B. For the
case B = O (constant mobility) the transconductance is always
an increasing function of frequency. That is, for frequencies
lower than those characterizing the traps, a fraction of the
electrons induced will be trapped resulting in a lower trans-
conductance than at high frequencies, where the traps are unable

to follow the induced carrier variations.

For the case of large mobility variations (B > 1), the
transconductance is a decreasing function of frequency. The
transconductance will be large at low frequencies due to the
modulation of the density of trapped electrons. Since the
traps cannot follow the gate voltage at high frequencies, the

transconductance is a decreasing function of frequency.

Experimental studies(3o) of TFT's with slow surface traps
are in accord with the principle of carrier mobility variation
as well as carrier concentration variation with applied gate

voltage.
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2.7 Comparison of TFT Theory with Experiment

2.7.1 Static Characteristics

The static characteristics of a TFT may be adequately
described by equation (2-4) in the region Vp < (Vg - Vo).
Within this region the models of Wright and Geurst reduce

to the gradual approximation of Many.

In the saturation region, the models of Wright and Geurst
both postulate a finite saturation resistance. However, the
two theories are based on entirely different physical
assumptions. Wright has assumed that the current is carried
in a high resistivity material by space charge, and that
operation occurs under space-charge-limited conditions. Geurst
has related the finite saturation resistance to the geometry of
the transistor, specifically to the geometric configuration of
its electrodes. His model, however, assumes an infinitely thin

semiconducting layer.

The above models are inadequate to describe the non-saturated
behavior often obsgerved. For the case of the semiconducting
insulated gate field-effect transistor, Hofstein and Heiman(gl)
have related the output resistance in saturation to the excess
charge carriers induced in the channel by the drain electrode at
the substrate side of the semiconductor. The output resistance
calculated by these authors gives rise to a voltage amplification

of the same order of magnitude as that measured on real transistors.
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A different explanation of the finite output resistance at
saturation has been put forward by Johnson(2o). He assumes
that the donors present in the semiconducting layer are only
partially ionized. The saturation region of the I-V
characteristics would then correspond to ionizing the donors
in the deeper-lying levels. Complete saturation would occur
only at drain voltages greater than the transistor could with-

stand.

None of the above models take trapping states or mobllity
variations into account, thereby making a comparison with the

real transistor difficult.

2.7.2 Dynamic Characteristics

The measured transconductance and output conductance do
not agree well with the gradual approximation as shown in Figures
2-6 and 2-7, because the derivation neglects the effects of traps,

mobility variations and gate capacitance variations.

The model of the a.c. transconductance of the TFT by
Haering(29) discussed in Section 2.6 has been used by Miksic et-
al.(3o) to analyze the frequency dependent transconductance of
TFT's in the range 1 to 1,000 cps. The observations can be
understood in terms of the model which postulates gate voltage
induced mobility variations in addition to trapping effects.

Although this model is unable to explain the high effective mobility



obtained by Weimer(7), the postulate of gate voltage induced
mobility variations is confirmed by the work of Waxman et al.(25)

displayed in Fig. 2-8.
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3. APPARATUS AND MATERIALS FOR THE
FABRICATION OF EVAPORATED THIN-FILM TRANSISTORS

3.1 Introduction

The thin-film devices necessary for this work were fabri-
cated by vacuum evaporation techniques. This section describes
the equipment, materials and methods used to fabricate the
structures, and the apparatus for measuring the thickness of the

deposited films.

3.2 The Vacuum System

The evaporation system consists of an NRC Model 3176%
vacuum coater equipped with an 18" diameter glass bell jar and
a 7" diffusion pump which is capable of pumping the system to
1O_7 Torr. A vacuum collar with 16 two inch ports was installed
between the bell jar and the base plate for greater flexibility.
The mask changer, which is mounted on the collar, is capable of
registering any one of 6 masks adjacent to the substrate to
within 0.001 in. and shuttering the evaporant from any one of 5
resistance heated sources. Fig. 3-1 illustrates the mask

changing apparatus.

3.3 Control of the Substrate Temperature

In the deposition of thin layers by vacuum evaporation,

knowledge of the substrate temperature is important. For example,

+ NRC Equipment Corp., Newton, Massachusetts.
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the resistivity of CdS, and the dielectric constant and optical
properties of Si0O and GeO, are determined in part by the
substrate temperature. The two main problems in the control

of the substrate temperature are the inability to heat the
substrate unifromly and the difficulty in measuring the tempera-
ture of the substrate surface facing the evaporant. The most
common material used as a substrate is glass; which, because of
its low thermal conductivity makes the problems of temperature

control and measurement more difficult.

One common technique used is to heat the substrate by
means of radiation. A black box heater or a line source placed
at the focus of a parabolic, reflecting cylinder has been

(31, 32, 33)

used. Another commonly used heater is constructed by
pressing the substrate against a heated copper block.(3o) Unless
the substrate makes reproducibly uniform contact to the heater,
the temperature of the front surface will not be accurately
known. Since the spectral transmittance of most glass shows a
distinct cutoff near 25,000 i, any radiation whose wavelength is
greater than this will be absorbed by the glass. Hanson(34) has
shown that a heater whose temperature is less than 500° C will
have > 99% of its energy in the region ) 2 25,000 i. Thus a

large-area, low-temperature heater which will distribute energy

evenly over the surface of the substrate appears most desirable.

If extremely accurate temperature control over a large

substrate for a long period of time is desired, then one may
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use an elaborate method developed by Hanson(3u), in which the
entire bell jar 1s heated in an oven. Such a system has been

able to maintain a temperature stability of 250°C + 2°C.

When using radiation heaters one conventionally presses a
thermocouple to the side of the substrate facing the heater(32: 33)
or evaporates a thermocouple (for example, Ni - Fe) on the side
of the substrate facing the evaporant.(3“: 35) Both are subject
to error because of temperature gradients in the substrate. Also,
neither thermocouple absorbs the same energy per unit area from
a radiation heater. Conduction heaters are usually monitored
by a thermocouple attached to the heater block. In such cases
the temperature of the front surface 1s not known unless the

heater i1s first calibrated.

Two methods of heating were chosen by the author: the
conventional conduction heater, where the substrate was clamped
to a heated copper block, and the directly heated substrate where
current i1s passed through the sintered tin oxide film on the

reverse side of the substrate.

3.3.1 The Conduction Heater

The conduction heater used is illustrated in Fig. 3-2.
The substrate is clamped to the lower surface of the copper
heat sink. Imbedded in the copper block are lengths of %"

copper tubing through which cryogenic liquids or heated air may
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be passed. This heater was chosen because of the wide tempera-
ture range that is so easily available. The temperature of the
copper heater was monitored by a copper-constantan thermocouple.
The mask and shutter planes lie 1 and 2 inches below the substrate
respectively before evaporation. During evaporation the mask plane
is moved to within a few thousandths of an inch from the sub-
strate. The substrate material used was Corning 0211 glass.

The substrates were 2" x 2" x .024" and coated on one side with

a sintered tin oxide film with a resistivity of 100Q/square.

The Sn0O surface was placed adjacent to the heater to help

achieve a uniform temperature distribution on the substrate.
Details of substrate cleaning procedures may be found else-

36, 37, 38)

where.(

The temperature of the front surface was measured by use of
an evaporated gold resistance thermometer. This thermometer
was calibrated by means of a copper-constantan thermocouple.
Annealing effects were observed during the first heat-up of the
gold film; the resistance was then linearly proportional to the

temperature.

The steady-state temperature of the substrate surface was
then measured as a function of the heater temperature with a
TFT mask held in evaporation position. The time required for
the system to come to equilibrium was 45 minutes. Fig. 3-3
shows the resulting calibration curve and transient response

of the system. Several gold thermometers were constructed. All
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gave results within a few degrees. The evaporation of a silver
film or the use of silver paint on the side of the glass in
contact with the heater failed to improve the good thermal
contact between the heater and substrate already obtained with
the sintered tin oxide film. Insulating layers evaporated on
the Au thermometer through masks resulted in a temperature rise
of only 3°C. This temperature rise is due to radiant heating
of the substrate by the source and. is small because of the

distance (16") between them.

Although this system has a very long time constant, it
is reasonably accurate (4#20°C) and can be used in the tempera-

ture range -180°C to +100°C.

3.3.2 The Directly Heated Substrate

A new heating method developed by the author makes use
of the conductive properties of the sintered tin oxide film
on the Corning 0211 glass. Such glass has been employed for
some time in heating aircraft windows. A uniform current
distribution was obtained by baking silver paint strips across
opposite ends of the glass. Fig. 3-4 describes the substrate
heater. The front surface mirror located behind the substrate
is used to reduce the radiation loss. A reference thermocouple
was installed so that it makes contact with the conducting
side of the glass by means of a small drop of mercury-gallium-

indium alloy. The reference thermocouple was placed near the
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edge of the film so that it will not adversely affect the
temperature distribution in the region where the TFT will be
deposited. Although spacial variations in temperature are
anticipated, it was expected that the central region would

be uniform enough for the evaporation of CdS, SiO,, and GeO,.
A check was made as follows: the temperature in the central
region of the surface facing the evaporant source was measured
with a small Pt/Pt-10 Rh thermocouple which was wetted with
the alloy described above. The mask used for the deposition
of CdS in the high voltage TFT contains four 1/8" holes spaced
0.2" apart in its central region; this mask was placed as
during evaporation, and the thermqgcouple consecutively placed
in each hole. The temperature at each position was recorded
for a constant reference temperature while the system was

pumped below 10_6

Torr. PFig. 3-5 shows the results obtained.
The variation observed is insignificant for the materials

evaporated in this study.

One obvious advantage of this heater is its small power
requirement; only the glass itself is being heated directly
and it has a small mass. PFig. 3-6 shows that less than 4 W.
is necessary to achieve the highest temperature of Interest.
This system will come to thermal equilibrium in 10 min,
because of the small heat capacity of the substrate. Fig. 3-7
shows a calibration curve for the heater designed in this
study. It relates the temperature of the reference thermo-
couple located on the reverse side of the substrate to the

front surface temperature in the central region where the
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Figure 3-4.

Directly heated substrate. A front
surface mirror is located 1/16" behind
the substrate. The silver strips and
hole for the reference thermocouple are
visible.
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active devices were deposited. Although temperature gradients
larger than those shown in Fig. 3-5 may exist elsewhere on the
substrate, it i1s seen that this heater is useful for experiments
where only the central portion of the substrate is used for
devices where tolerances of a few degrees centigrade are allowed.
Low power requirements and a short time constant are its main
advantages. This substrate may not be heated much in excess of
250°C or thermal gradients may destroy the glass. A description

of the directly heated substrate has been published.(39)

3.4 Evaporation Sources, Materials and Technigues

3.4,1 Cadmium Sulfide

The source heater used for cadmium sulfide follows a
design by DaSilva(uo) as shown in Fig. 3-8. The CdS films
were prepared from Eagle-Picher "High Purity Grade A" CdS
which was packed around the central core and covered with a
baffle to prevent "splitting". A detailed discussion of the

evaporation of CdS is given in Section L,

3.4.2. Silicon Monoxide

The properties of SiO films are quite sensitive to the
evaporation conditions; the evaporation rate, source temperature,
substrate temperature and ambient oxygen pressure influence
the electrical, physical and optical properties of the deposited
films. In this subsection a brief summary of the conditions

known to influence the nature of the Si0O films is given, followed
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by the technique employed in this study.

Schwartz and Berry(ul) have reported that for SiO evaporated
at pressures of <« 1072 Torr the film composition depends upon
the deposition rate. For rates of 1-5 R/sec. porous low-density
films were obtained which oxidized quickly in air to colorless
films with an ultraviolet transmission characteristic of Si10,. At
intermediate deposition rates of 6-12 j/sec. the films had a
density comparable to bulk Si0 and an amber color. At high
deposition rates (25 - 30 %/sec.), the film density exceeded that
of bulk Si0, and electron diffraction indicated a solid solution
of Si and Si0,. They also observed peeling when films were
exposed to moisture. This peeling was caused by excessive

A

compressional stress, and could be eliminated by heating the

substrate during deposition.

The color change of films evaporated in :LO"I1L Torr of
oxygen is attributed to oxidation of the SiO to higher phases.
It was thought that this phase was predominantly Si0, but
recent work by Ritter(u2) has shown the existance of an inter-

"mediate phase Si, 04.

Anastasio(u3) has shown that the dielectric constant and
dielectric loss are a function of the ratio of molecular
impingement rates of O, and S10 on the substrate independent
of the absolute values of pressure or rate within the ranges

i

studied (2 x 107 - 2 x 10”7 Torr, and 10 - 110 i/sec.).
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When this ratio, a, is less than 1 (excess Si0O), it was
observed that the dielectric loss sharply increased; for all
values of a studied the dielectric constant was a decreasing

function of a.

Thus films formed at high rates or low O, pressures
(¢ < 1) are unsuitable for insulation layers, because of the
high dielectric loss due to the free silicon content. Films
formed at low rates and high O, pressures (a > 1) contain a
larger fraction of SiO; and Si_O,, which have lower dielectric
constants than S10, and are more stable because they contailn

fewer O2 vacancies.

In addition to the arrival rates of O2 and SiO at the
substrate, the concentration of higher oxides is affected
by the substrate temperature, which determines the surface

mobility of the deposited material, and by gas phase reactions(ul).

In this study SiO was typically evaporated from a source
held at 1300°C at a rate of 5 - 10 }/sec. in the presence of
10'4 Torr of O, onto a substrate held at 200°C. The resulting
film is transparent and is referred to in this work as SiO4.
If the O, pressure is kept below 1072 Torr, the resulting film

is amber and more closely resembles SiO.

The source heater used for the evaporation of silicon

monoxide shown in Fig. 3-8 is identical to that used for CdS
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except for the method of supporting the charge. The SiO

used in this study was Union Carbide "select grade", in the
form of 1/4" x 3/8" pellets or in the form of #10 mesh lumps.
As shown in Fig. 3-8, the pellets were drilled and suspended
on a tantalum wire located in the center of the cylindrical
heater. The lumps were evaporated from a boron nitride
crucible placed in the cylindrical tantalum heater, and covered
by a baffle. It is important that the Si0O does not come into
contact with the heated Ta walls as the resulting films were
found to have a high dielectric loss factor. This is most
likely due to the decomposition of SiO into free silicon and
tantalum pentoxide; free silicon is known to cause a high
dielectric 1058,(44) and in these cases the Si0O residue was
coated with a purple tantalum oxide deposit. Decomposition of
the Si0 due to a reaction with the source can be eliminated

by use of an electron beam source.

3.4.3 Germanium Dioxide

Germanium dioxide films were evaporated from a flat
platinum boat at a temperature of 1,300°C and a rate of
~ U4 R/sec. in the presence of 10"4 Torr of oxygen onto a sub-
strate held at 200°C. Duririg the initial operation of a fresh
GeO, charge, the total system pressure may reach 2 x 10'4 Torr.

This is in agreement with Drowart(45) who has shown that GeO,

evaporates according to the reaction

GeO,(s) = GeO(g) + 30, (&) (3-1)
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The films deposited are probably a mixture of lower and higher
oxides of germanium as was the case for silicon monoxide.
Schwartz and Berry(ul) have shown that multiple dielectrics
composed of 5,000 i of Si0 and 1,000 & of MgF,, SiO, or Al 0,

show even lower leakages than SiO alone. GeO, was also used

for this purpose.
3.4.4 Aluminum

Aluminum was evaporated from both tantalum coils and
resistance-heated refractory crucibles constructed from boron
nitride and boron nitride/titanium diboride. However, tantalum
forms an alloy with aluminum, as does molybdenum and tungsten,
and only the first 1,000 R or so are pure enough to make ohmic
contact to CdS. This type of source is useful in CdS device
fabrication where only one aluminum evaporation is needed or
where the CdS ohmic contacts are made with the first of the
aluminum evaporations. 1In all other cases a more elaborate

aluminum evaporation technique must be chosen.

Crucibles made from carbon or alumina are unsatisfactory
because of the formation of aluminum carbide‘and aluminum oxide.
Crucibles made from boron nitride, titanium diboride, were found
to be satisfactory. These materials may be r.f. heated or
resistance heated by a tantalum cylinder. Because aluminum wets
and creeps on these materials, the top of the crucible should
project sufficiently above the heater as to be below the

melting point of aluminum. The crucibles should be thoroughly
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vacuum out gassed before use after they have been exposed to
atmospheric pressure. This may be done by heating slowly to

the evaporation temperature of 1,000°C and waiting until a
bright aluminum film is deposited. When heated, boron nitride
may be decomposed by water vapor; the ammonia which is formed
will then combine with the aluminum to form aluminum nitride.(46)
If one does not properly outgas the crucilible, the first aluminum
layer evaporated will contain a large amount of the nitride

and will be tinted brown. A summary of aluminum evaporation
techniques is given by Holland(47); however, this book was
published before the advent of the electron beam heater or of

the boron nitride type crucible.

3.4.5 cCalcium Fluoride

Calcium fluoride was evaporated from a simple tantalum
boat at a temperature of 1,250°C onto a room temperature
substrate at rates of 10 - 100 j/sec. CaF, vaporizes according

(45)

to the reaction

CaFz (s) - CaF_(g) (3-2)

however, caFt is also formed by dissociative ionization of

CaFg(g).(MB)

3.5 Mask Design and Construction

The masks used to deliniate the pattern for each evaporation
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were constructed from 0.C05" beryllium-copper foil. A master
drawing of each mask was first constructed 23 times the

actual size. The drawings were then photographed on 35 mm.
direct positive film. This image was then contact printed

on the beryllium-copper coated with a thin layer of Kodak-Photo-
Resist.(ug) Subsequent etching of the exposed film in ferric

chloride produced the final mask.

With the aid of registration marks, the masks were spot
welded to stainless steel frames for proper location in the
mask holder. Each one of the 6 masks could be aligned to
within .001" of its ideal position, thus allowing the construc-

tion of intricate multi-layer structures.

3.6 Film Thickness Monitor

A quartz crystal monitor technique was used in this
study. This method requires that a quartz crystal be located
in the vapor stream near the substrate. The deposited film
lowers the resonant frequency of the crystal. For small changes
in resonant frequency the change in resonant frequency 1is a
linear function of the deposited mass. The monitor system 1s

discussed in detail in Appendix C.

Some experimentally determined frequency constants for
the system used in this study are listed in Table 3-1. It
should be noted, however, that due to the system geometry,

each source coated only a fraction of the crystal area. Also,
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some materials have sticking coefficients which vary with
temperature and material, and thus it is necessary that the
system be calibrated by evaporating a test film from each
source. The test film was covered with a totally reflecting
layer of silver or aluminum, and the Fizeau fringe shifts are
measured by means of an optical interferometer® to an accuracy
of ~ 100 R. Fig. 3-9 illustrates the interference fringes
obtained from a 2,000 i CdS film. A calibration factor is

then obtained which linearly relates the frequency shift of

the crystal to the thickness of the film obtained.

Sloan Angstrometer, Sloan Instrument Company, Santa Barbara,
California.



Material Calibration Factor

Cadmium Sulfide 0.43 B/cps. @ Tqupstrate=100°C
Silicon Monoxide 1.47 A/cps.
Calcium Fluoride 3.46 i/cps.
Germanium Dioxide 6.95 R/cps.
Gold 0.15 i/cps.

Table 3-1. Calibration Factors for Some Materials
Evaporated in this System.

Figure 3-9 Interference fringes for a 2,0004& CdS
film. The line spacing corresponds to
the half wavelength of the sodium line
A = 5,8904.
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4. THE VACUUM EVAPORATION OF CADMIUM SULFIDE

4.1 Introduction

This section describes the mechanisms of vacuum evaporation
and condensation of CdS. In addition the physical and electri-
cal properties of the resulting films are described in terms of

the techniques and procedures used.

4.2 Mechanisms of Evaporation

Cadmium sulfide is a member of a group of polyatomic
solids which dissociate upon vaporization. It vaporizes

according to the dominant reaction(5o)
CdS (Solid) - Cd (vapor) + £S, (vapor). (4-1)

The vaporization of crystalline CdS in vacuum from an open
source is called "free evaporation'" and is characterized by a
markedly slower evaporation rate than that obtained from
equilibrium vaporization where the gas is in thermodynamic
equilibrium with the solid. Experimentally, equilibrium
evaporation is obtained from an effusion cell. 1In an
effusion cell the molecular vapors do not stick to the heated
walls, and thus come to thermodynamic equilibrium with the

solid before emanating from the small exit hole.

Experiments have been carried out by Somorjai(5o) on

single crystal CdS to determine the mechanism of evaporation and
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why the free evaporation rate is an order of magnitude less than
the equilibrium rate. Somorjai has postulated that the evapora-
tion of single crystal CdS is characterized by the following

steps:

1. Formation of cadmium and sulfur surface atoms at their

lattice positions.

2. The diffusion of Cd and S atoms on the surface.

3. Recombination of S atoms to form S, molecules.

4, Evaporation of Cd atoms from the surface into vacuum.

5. Evaporation of S, molecules from the surface into vacuum.

The rate limiting step in the free evaporation of an
undoped CdS single crystal has been shown to be a charge transfer
surface reaction which takes place prior to the desorption of
neutral cadmium atoms and sulfur molecules from the surface. (51)
For Cd or S doped CdS single crystals, Somorjai has shown that
the charge transfer process leads to a condition in which the
evaporation is controlled by the outdiffusion of excess sulfur
or cadmium from the lattice. As the excess surface Cd or S,
evaporates, it is replenished from the bulk by diffusion. Thus,
bulk diffusion, which in turn controls the surface concentration

of the excess element is the rate limiting step in this case.

For polycrystalline CdS powder the situation is not so

clear. The observed rates are faster than free evaporation but
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slower than equilibrium evaporation because a large percentage
of the interior surface of the powder sample faces small
crevices in which the vapor may be in thermodynamic

equilibrium with the solid.

In the following sub-section evaporation techniques will

be discussed in the light of this model of evaporation.

4.3 Techniques of Producing Evaporated CdS Films

CdS films are typically evaporated onto a heated glass
slide from a freely vaporizing or equilibrium source. Baer(38)
and Terry(52) have evaporated CdS from freely vaporizing quartz
or tantalum sources onto substrates with temperatures in the
range 23°C tec 150°C. At temperatures over 150°C virtually no
CdS will stick to the glass, while at room temperatures the
films are gray to black, indicating a great excess of cadmium.
Addis(53) has evaporated CdS from an equilibrium source. The
region between the source and the heated substrate 1is enclosed
by a chamber whose walls are heated to a temperature near that
of the source. The impinging vapor stream thus bounces off the
chamber walls but sticks to the substrate. The rate of
condensation on the substrate is thus equal to the rate of
vaporization from the CdS in equilibrium. In this manner good

gquality films were evaporated at much higher temperatures (up

to 350°C).

Mass spectrometric analysis by Drowart(45) of the non-

condensible gases evolved upon heating of the source material
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in a platinum effusion cell at 1,000°K showed that the main

constituents were Cd, S, Sz, Sz, S,, while Addis(53) has shown

4
that H,S and CS; exist in a similar cell in addition to SO4

for samples previously exposed to air.

For a freely vaporizing charge of CdS Coburn(5u) has
shown that Cd and S, are predominant vaporization products.
Fig. U-1 shows portions of the mass spectrum before and during
heating of the CdS charge. The sensitivity of the spectrometer
is not constant over the mass range shown; thus one should examine
only the relative changes of a particular mass peak. The S,
peak increased by a factor of 300, while the mass 32 peak (O,, S)
increased only by a factor of 2. In addition, mass peaks at 65
(832 §33), and 66 (532 s3%) were clearly visible. All eight

cadmium isotopes were present.

In this study CdS was evaporated from the cylindrical,
baffled tantalum source discussed in Section 3.4 with a source
to substrate distance of 16". Substrate temperatures from
77°K to 180°C were used. Above 120°C no deposits were observed
on the substrate. In the range 90 to 110°C bright yellow films
approximately 2,000 R thick were deposited which had resistivities
in the range 50 to 1,000 Q-cm. Films of the same thickness
deposited on room temperature substrates were black, indicating
a heavy cadmium concentration, while those deposited at 77°K

were dark orange, which is the characteristic color of amorphous

Cds.
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Figure 4-1. Mass spectrum before and during the evaporation
of CdS from a Ta crucible.




4.4 Electrical Propertics

The resistivity and Hall mobility of evaporated CdS films
are functions of the substrate temperature and condensation
rate of the film. In general, both quantities increase with
higher substrate temperatures and decrease with higher condensa-
tion rates. A resistivity range of 10 to 10% Q-cm and a
mobility range of 5 to 4O cm®?/V-sec. have been reported.(48)
The resistivity, Hall mobility, and free carrier concentration

of typical films evaporated in this study are shown in Table 4-1.

Sample Resistivity Hall Mobility Electron Concentration

(Q-cm) cm</V-sec. cm™ =
H-3 60 2.8 3.7 x 1026
H-4 36 3.1 5.5 x 1010
H-6 125 Iy 1.1 x 1016
H-7 280 4.9 4.6 x 10%°

Table 4-1. Resistivity, Hall mobility, and

free electron concentration of typical

2,000 A to 7,000 & thick CdS films evapor-

ated on a glass substrate and measured at

room temperature,
One must take care in comparing resistivity and Hall mobility
data for thin films, as ambient surface conditions can enhance
or deplete the surface layers giving rise to order of magnitude
errors due to free-carrier concentration and mobility variations

across the thickness of the film. For very thin films ( < 2,000 §{)

it is possible for the surface condition to mask out almost
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entirely the variations Jdue to substrate temperature and

condensation rate. This is discussed in detail in Section 5.

Addis(53) has made the following model to account for the
variations in resistivity of CdS films with substrate tempera-
ture. Since Cd and S, exist in vapor, their condensation
coefficients may be considered separately. At sufficiently
low temperatures the cadmium condensation coefficilent is quite
high, while for sulfur it is quite low (the sulfur vapor
pressure is about four orders of magnitude greater than the
cadmium vapor pressure). The sulfur condenses effectively
only when it arrives at appropriate sites for reforming CdsS.
Thus films with a large excess of cadmium and a consequent
low resistivity are formed. At higher temperatures the cadmium
condensation coefficient is decreased, and films are formed
with a smaller excess of cadmium. At sufficiently high temp-
eratures the cadmium condensation coefficient becomes

negligibly small, and no film forms on the substrate.

The condensation coefficient of cadmium is also a function
of the substrate material as well as the temperature. CdSs
films evaporated over ohmic contacts of aluminum or indium
show a thickness gradient extending ~ 1 mm. on to the glass;
the film deposited immediately over the metallic contact was
thicker and darker in color indicating cadmium enrichment.
Weimer(lg) has shown that gold, which normally makes a

rectifying contact to CdS, makes ohmic contact in this manner



because c¢f an initial layer that 1s very cadmium rich. Goocd
film uniformity near contacts was obtained by depositing the

CdS prior to the ohmic contacts.

The increase in mobility is due to the increase in
crystallite size with hotter substrate temperatures; inter-
crystalline barriers and trapping states are thought to be

the dominant scattering mechanism.(25)

4,5 Crystalline Structure

CdS has two phases, hexagonal (wurtzite) and cubic
(zincblende). Addis(53) has deposited thin films (less than
1,000 A) of CdS from an effusion cell onto glass and noted
that the films consisted of an agglomeration of small hexagonal
crystallites about 800 - 900 R across. He concludes that the
films were randomly oriented as all the allowed Bragg reflections
at about the right intensities were observed. These results
are in agreement with B6er(38) and Terry.(52) Thin films
deposited in this study showed similar characteristics. The
CdS films were removed from the glass by etching away the glass
with HF. The films then floated to the surface where they were
placed on a microscope screen. Fig. 4-2 (a) shows a transmission
electron micrograph of a 700 } film evaporated onto a glass
substrate at 100°C. The observed crystallite sizes of about
300 - 500 R across show that thin films deposited onto glass
from a freely evaporating source are essentially the same as

those obtained from an effusion cell by Addis. Fig. 4-2 (b)



shows a selected arez transmission diffraction pattern of the
700 i film; the area selected is approximately 0.25u. The
more intense (h,k,1 = O) reflections show that there 1s some
preference for the c-axis to be oriented perpendicular to

the substrate. If all of the crystallites were oriented in
this manner, only (h,k,1 = O) reflections would be present.
No a-axis orientation was observed. These results are in

agreement with those of Terry(52) and Foster,(55)

For thicker films (~ 1lp) the crystallites continue to
grow predominantly in the hexagonal phase with the c-axis
preferentially oriented perpendicular to the substrate.
Crystallite sizes of 1lu have been observed by Addis and Terry.
The hexagonal phase was observed to be the most predominant
even in the thinnest films.(52) No evidence of the cubic

phase was found in this work.

The lack of preferential orientation in addition to the
small crystallite size in thin films observed by transmission
electron microscopy apparently contradicts the results obtained
on thicker films using X-ray and reflection electron diffraction
techniques. This apparent discrepancy is explained by the small
randomly oriented crystallites in the initial (< 1,000 {) layer

of the film.

4.6 Recrystallized Layers

Recrystallization is a post deposition treatment given to

an evaporated film in order to increase the grain size and



Figure 4-2. (a) Electron Micrograph of thin CdS film
(700R thick);
(b) Electron transmission pattern for this
film.



improve crystal boundaris:z tc the extent that the effective
mobilities approach values observed in single crystals. A CdS
film may be recrystallized by first coating with a thin film
of an activator such as silver or copper followed by treatment
in vacuum or in an inert gas. These technigues were not
employed in this study as the CdS was one layer of a structure
composed of up to eight evaporated metal, insulator, and
semiconducting layers fabricated in one pump down. Heat
treatment of such a structure would adversely affect the
resistivity of the CdS film as the aluminum used for contacts
becomes a donor impurity upon diffusion into the CdS; removing
the device from the vacuum system for post CdS deposition
treatment introduces an unknown amount of surface contamination.

For a complete treatment of recrystallization one may consult

papers by van Cakenberghe(56), BSer(39’ 57), and Addis.(53)
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5.  CONTROL, OF THE SURFACE POTENTIAL OF
EVAPORATED CdS LAYERS

5.1 1Introduction

The conductance of evaporated films 1s strongly affected
by the changes in the film surface. Weimer(l9) has reported
that depletion or enhancement surface layers may be produced
on CdS films by a suitable choice of the insulating material and
deposition conditions. These methods, however, do not allow
continuous control of the surface potential and electron
concentration. It i1s the purpose of this section to describe
a simple method of controlling the surface potential and

measuring the depletion depth in evaporated CdS films.

5.2 Principles of the Method

It has been shown that evaporation of SiOy in a good
vacuum produces an enhancement layer on the CdS surface while
CaF, produces a depletion 1ayer.(19) By evaporating a thin
CaF, layer between the CdS and S5iO, the author has shown that
the enhancement effect of the SiO on the CdS surface is reduced.
As the thickness of the CaF, layer 1s increased, the surface
electron concentration is reduced and eventually the surface
is completely depleted. Thus, by proper choice of CaF, thickness,
any surface potential between the limiting potentials of pure
Si0y, and CaF, is possible. The limiting potential of Si04 1is
not fixed in that it depends upon the oxygen pressure and

substrate temperature during evaporation.
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The e¢nergy band structure of a CdS film with equally

KT
le >> 'q—,

the surface will be completely depleted of electrons. QS and

depleted surfaces is shown in Fig. 5-1. If IQS -
%, are the surface and bulk potentials respectively measured
from the fermi level. One may then analyze the problem with

the total exhaustion approximation. In this approximation the
free carrier density is zero within a distance do from each
surface, and has the value ny in the remainder of the film;
provided the film thickness, t, 1s greater than 2do. For a
film of uniform electron concentration (@s = @b) the conductance

per square will be

& = o1, (5-1)

where G is the film conductance, 1 is the length of the film,

w is the width and ¢ is the conductivity. The conductance between
opposite edges of a square sheet of any size is the same and is
called the '"conductance per square'". If, however, the films

are depleted of carriers within a distance d, from each side,

the conductance/square may be expressed by

&L= o(t - 2a,). (5-2)

Hence, a plot of G versus t yields both the '"bulk'" conductivity
of the film as well as dy. A negative value of d, implies that

the surface concentration is greater than the bulk concentration.
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5.3 Experimental Prooedure

To demonstrate the control of the surface potential, CdS
films of several thicknesses and with symmetrical surface
coatings were evaporated having the geometry shown in Fig. 5-2.
In addition to the ohmic contacts shown at the ends of the
rectangular film, Hall probes were evaporated at the midpoint.
The entire structure was fabricated in one pump-down. Fig. 5-3
shows a photograph of the resulting structures. Each of the
samples is 0.22 cm wide and 0.55 cm long. The thickness
changes were obtained by successively masking off three samples
at a time as the CdS deposition proceeded. The conductances
of 3 identical films were then averaged in the interpretation

of the data.

5.4 Experimental Results

Fig. 5-4 shows the results of two typical evaporations.

One set of films (A) was coated with 2,000 i of CaF, on both
sides and has a depletion depth of dO = 1,050 R and an electron
16 . -3

concentration of nb = 3.7 x 10 cm If it is assumed that
there is one free electron for each ionized donor, then the
total exhaustion approximation gives a surface potential of

| 85 - %,| = 0.32 V. The second set of films (B) was coated with
50 R of CaF, followed by 2,000 i of SiOy. The apparent negative
depletion layer simply means that the surface conductivity 1is

greater than the bulk conductivity. In such polycrystalline

Cds films, the surface mobility may differ from the bulk
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‘mobility, so that Hall measurements on such structures are

difficult to interpret.(29)

In Fig. 5-5 the measured dependence of the depletion
depth of CaF, thickness is shown for films coated with 2,000 §i
of SiOy and various thicknesses of CaF, between the CdS and
SiO0y. From Fig. 5-5 it maynbe noted that for CaF,; thicknesses
of order 1,000 A or larger the effect of the SiO surface states
on the CdS is negligible. For thin CaF, layers a negative
depletion layer or surface excess 1is observed. Films coated

with approximately 150 A of CaF, followed by SiO, show zero

depletion depth which implies that &g = &y, .

The present results indicate that the electrostatic potential
at the insulator surface is determined by both surface states
and states distributed in the insulation region due to impurities
or vacancies. In particular, this study has shown that these
states are distributed over (or screened after) a distance of
1,000 to 2,000 & in the insulating material. Young(59) and
(60)

Seraphim have shown that the bulk states in SiO, are caused
by oxygen vacancies. The nature of the states of the CaF, - CdS
system has not been determined, however some speculation may be
made. Surface states from chemisorbed oxygen ions are known to

cause a depletion layer on CdS(61)5 chemisorbed fluorine ions

may behave in a similar manner.

The results indicate a simple and effective method for

controlling the surface potential continuously between the values



Figure 5-3.

The completed resistivity sample
showing twelve devices, each
containing Hall and resistivity
contacts.
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corresponding to SiOX and Caf, insulation. The possiblity of

extending this technique to other semiconductors is discussed

in the next section. A summary of the above results has been

published (62) .



£.  CONTROL OF THE SURFACE POTENTIAL OF
OTHER SEMICONDUCTORS

6.1 Introduction

The results obtained in the previous section indicate
that the evaporated layers of inorganic oxides and fluorides may
be used to control the surface potential of CdS films. One
may speculate that this technique may also be applicable to
other semiconductors. This section describes an application
of the results of Section 5 to the control of the surface
potential on a lithium-drifted germanium p-i-n diode used as

a detector in gamma-ray spectroscopy.

6.2 Application to Lithium-Drifted Germanium Diodes

The sensitivity of exposed surfaces of germanium to
ambient conditions and the effects of the surface states on
the properties of germanium-lithium p-i-n particle detectors
(Ge(Li) diodes) have been studied in some detail, (63-67)
Charges trapped in surface states can cause the formation of
either n or p-type inversion layers near the surface, and the
model proposed by Llacer(68: 69) provides a good explanation of
the role of these surface states and resulting inversion
layers in determining noise and excess leakage current in
p-i-n diodes. As shown in Fig. 6-1, an n-type surface layer
extending across the intrinsic region can give rise to a region

of high electric field near the i-p boundary. This conduction
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layer causeg the exces:s agise,\b8) 69)

In the course of Ge(Li) detector fabrication and mounting,
and n-type inversion layer may be formed from an etch and
water wash, and exposure to room environments.(7o) 71) In order
to remove this inversion layer chemical dips such as H,0, and
HNO, are commonly used. These treatments lack control and do
not protect the surface from future exposure to room environ-

ments.(63)

The results of Section 5 on controlling the surface potential
of CdS with evaporated CaF, and Si0, layers suggest that the
evaporation of a thin CaF, layer on the edges of a Ge(L1)
diode may remove the n-type inversion layer. The evaporation of
a critical thickness (yet to be determined) of CaF, on the four
exposed edges of a Ge(Li) diode should therefore restore the surface
potential in the intrinsic region to the bulk value, and thus
result in a lower surface leakage current, making the diode
surface less sensitive to exposure to ambient conditions. The
results obtained here should be qualitatively applicable to

silicon diodes as well.

6.3 Experimental Procedure

The detector fabrication process used in this work has
been presented in some detail elsewhere(72) and thus only the

final step in preparing the p-i-n diode will be outlined.
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After a long lithium <rift in an electric field at room tempera-
ture, a two-stage etch consisting of 3 minutes in a 2:1 volume
mixture of HNO, and HF and 15 seconds in a 5:1 mixture is
carfied out followed by washingin deionized, distilled water

and drying in nitrogen gas. After mounting in the cryostat and
reducing the pressure to 10_6 Torr, the diode is cooled to
-72°C and a reverse bias of 500 - 1,000 V is applied until no
further leakage current reduction is noted; typically the time

required is 72 to 96 hours. The diode is then cooled to T7T°K,

its reverse leakage measured, and test spectra run.

The diode is then brought to room temperature over a
period of several hours under vacuum, transferred to the
evaporator and coated with CaF,. The cooling procedure is
then repeated with a shorter cleanup drift at -72°C, and the
reverse leakage and test spectra remeasured. All test spectra

were taken on the 662 KeV gamma ray of csl37,

6.4 Results

Fig. 6-2 shows the resulting reverse bias characteristics
at 77°K for four diodes coated with various amounts of CaF,
on their etched surfaces. In 6-2 (a) it is seen that 50 & of
CaF, gave no measurable difference in reverse characteristic;
the TKeV resolution of the 662 KeV gamma ray of Csi37 at -90 volts
bias was also unchanged. In 6-2 (b) it is seen that 150 A of
Can gave a significant reduction in the reverse leakage current.

Fig. 6-3 shows that its resoclution improved from 5.04 KeV

o L3 KeV at the same bias. The actual increase in resolution
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is greater than the apparent increase cobserved in Fig. 6-3
because of the pre-ampiifiler noise. When the spectrum in

Fig. 6-3 (after coating) was retaken using a low-noise field-
effect transistor pre-amplifier, the resolution was found to be
2.37 KeV (Fig. 6-4). Fig. 6-2 (c) shows the improvement in
bias characteristic for a 200 i CaF, film. At -50 V bias the
resolution was improved from 15 KeV to 8 KeV. Finally, Fig.
6-2 (d) shows the results of a 2,000 i coating. Apparently

a strong p-type inversion layer now exists at the surface; the

resulting diode 1s unusable as a detector.

6.5 Conclusion

These results indicate that CaF, coatings alter the
surface potential of germanium significantly; in particular,
150-200 A of CaF, may provide enough "surface states" to
compensate the states produced by the etch procedure and thus
leave the surface potential of this germanium approximately

equal to the bulk potential.

It is also likely that CaF, is only one of a class of
inorganic, oxygen-free insulators (e.g. MgF,) which will have
the same effect on certain semiconductors. Moreover, such
coatings should be rugged and provide some protection against
absorption of water vapor. A summary of these results has

been published.(73)
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7. THE HIGH VOLTAGE THIN-FILM TRANSISTOR

7.1 Introduction

The results of SectionHS may be applied to the thin-film
transistor where control of the surface potential is necessary
to predict the device characteristics. This section describes
the design of a new thin-film transistor capable of withstanding
over 300 V. This transistor will switch a current of 100pua
with a control voltage of 50 V. The new device, which we shall
refer to as a high voltage thin-film transistor, is basically
an extension of the thin-film transistor originally proposed

by Weimer(7)

Conventional TFT's have source-drain breakdown voltages
of approximately 20 V. The increased operating range is
achieved through careful control of the surface potential of
the active layer and through appropriate changes in the device

geometry and material constants.

The geometry and material constants of a TFT with the
necessary characteristics have been calculated using the
gradual approximation and verified by the theory of Geurst(23).
The following subsections discuss the modifications required to
achieve high voltage operation, and describe the device

fabrication.
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(.2 Desicr Consildersticns for the High Veitage TFT

The static characteristics of a typical low voltage TPT
are sketched in Fig. 2-2. Several characteristics of the
ccnventional TFT should be reviewed here. The static source-
drain characteristics tend to saturate, but the saturation
slopes are ~ 10KQ (i.e. saturation is not perfect). Also note
that the impedance corresponding to VG = 0 is comparable in
magnitude to the saturation impedance. The source-drain
curves in Fig. 2-2 cannot be extended to arbitrarily large
source-drain voltages. In typical units either the CdS or
the gate insulation will break down at source-drain voltages

exceeding 15 - 20 V.

As discussed in Section 2.2 the idealized theory predicts

the followlng dependence of the source-drain current, ID, on
gate voltage, VG’ and source-drain voltage, VD.
e vep  if Vp < (Vg - V)
Iy = Iz {(Vg - Vo) Vp - (7-1)

2
and VG > VO

Equation (7-1) is valid only up to the "knee'" of the curves

in Fig. 2-2. This knee occurs when Vy = (V, - V). For

larger source-drain voltages the idealized model predicts

perfect saturation, so that:

it vy > (Vg - V)

G > Vo

T (v (7-2)

C
- VvV )=
D 2L* G o) and V
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Desirazple characicrictics of a high voltage TFT would be
pentode-like characteristics with a saturated source-drain
current of ~ 5pa with no applied gate voltage, and a source-
drain current of ~ 10Oua with a gate vcltage of, say, 20 V.
In addition, the device should be able to withstand source-
drain voltages of ~ 300 V. Thus, the mode of operation
envisaged for the high voltage TFT implies operation in the

extreme saturation region (gate voltage << source-drain voltage).

Three basic changes in the conventional TFT are required
to fabricate a high voltage device with the desired character-

istics.

(1) The source-drain gap must be increased so that the active
layer wi!l not break down when potentials of several
hundred volts are applied between the source and the

drain.

(2) The gate insulation thickness must be increased in order
to withstand voltages of several hundred volts, since
the source-drain voltage effectively also appears between

drain and gate.

(3) The impedance of the device corresponding to Ve =0V
must be increased from a typical value of 10KQ to a
value high compared with the impedance of a typical load.
For example, an electroluminescent cell has an impedance

of 10 to 100 MQ. Part of this increase in impedance will



be crtained auvtomaticzlly because of the wider source-

drain gap, if the lateral dimension is kept constant.

An estimate of the source-drain gap may be made by noting
that conventional units with a source-drain gap of 7.5 X lO_q cm.
are able to withstand a source-drain voltage of 15 to 20 V
before breaking down. If we make the reasonable assumption
that breakdown occurs at a critical field (not at a critical
voltage) this implies a gap of 2 x 1072 cm. for source-drain
voltages of 400 V. Hence the modified TFT requires a source-
drain gap which is about 25 times larger than that of con-
ventional units. In a similar manner the gate insulation
thickness may be calculated. The breakdown field strength of
this insulation is about 4 x 106 V/cm. Thus, a gate

insulation thickness of 10,000 R will withstand 400 V.

Assuming that the lateral width of the modified TFT is
the same as that of conventional units (approximately 2 mm)
the 1,000 to 10,000 fold increase in the required device
impedance will require an increase in the layer resistivity by
a factor of 4O to 400. Since conventional TFT's use active
layers with p == 10 - 100Q-cm, the modified TFT's will require

an effective resistivity of 103 - 10%Q-cm.

These changes in the device geometry will have a profound
effect on the device performance. Values of important parameters
such as on current, off current, voltage gain, and the gain-
bandwidth product may easily be calculated from the geometrical

changes. For example, the expression for the gain-bandwidth
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product setf)

p(Vg - V5) B}
GBP ~ — G o (7-3)
217 L=
However, L . = 25L, and assuming (Vg - Vo)new = 10 (Vg - Vo)’
the new GBP will be
GBP - gBP 22 _ | (7-4)

new (25)%2

Since conventional units have a GBP = 107, this implies that the
high voltage TFT will have a GBP = 10®. For the expected

voltage gain (®10) this implies a switching time of 0.2 msec.

It is o¢f interest to examine the relative surface state
densities of the two structures. In Section 2.2 the total
number of traps or electrons, NO, in the channel at zero gate
potential was expressed as

aN an n-h
v = 2o _ o _ Al (7-5)

where n, is the surface density. In the conventional TFT,
values of VO % 5 V are obtained; values of VO =5 - 15 V are
acceptable for the high voltage device. Thus the density of
surface traps must be 3 - 10 times smaller than acceptable in

conventional units. This implies a density equal to the
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The above cconsiderations of the device design are based on

o]

%

Zrat seem lixe regsonable assumptions. At this point one may
use the theory of the insulated gate field effect transistor by
Geurst(ZB) to verify the above assumptions and conclusions about
the static device characteristics. In his model, Geurst assumes
the thickness of the semiconducting channel to be infinitely
smaili compared to the thickness of the insulating layer. In
these devices the gate insulation is 10,000 &, and thus is large
compared to the active material thickness of ~ 1,500 §. It
therefore seems reasonable to analyze this structure in terms

of Geurst's model.

This analysis has been carried out assuming a ratio of
insulator thickness to source-drain spacing of 1/250 and a
carrier mobility of 10 cm®/V-sec. To obtain the required
zero gate blas characteristic (I = 5pa, V, = 300V) the model
predicts a surface carrier density of 3 x 10! electrons/cm=2,
(Note that it is not possible from this surface carrier density
to calculate the material resistivity explicitly because Geurst
has assumed an infinitely thin or two-dimensional semiconducting
layer. Thus, the original assumptiocn regarding the active
layer resistivity must be checked experimentally.) To obtain
tne desired source-drain current of ~ 100pa at saturation the

model predicts a gate voltage of 17 V. The value of gate
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voltage rooiired to produce “nis curvent will depend upon the
free-carrier mobility. for example, 1f the mobility 1s assumed

i~

to be 1 cm=®/V-sec., a gate voltage of 60 V is required to

produce the same current.

Fig. 7-1 illustrates the static electrical characteristics
of this structure as calculated from Geurst's model. Note
that complete saturation is predicted. This is consistent
with the model which shows that the amount of saturation
expected is related in a non-linear manner to the ratio of
insulator thickness to source-drain spacing as well as the

free carrier mobility and initial density of surface charges.

In Table 7-1 the dimensions of the high voltage TFT are

summarized an< compared to the conventional TFT.

High Voltage TFT Conventional TFT

Active Material cdas Cds

Active Material Thickness ~1,500 & ~2,000 1}
Source-Drain Gap 0.025 cm 7.5 X 10'q cm
Insulation Thickness 10,000 & 1,000 }
Electrode Width 0.2 cm 0.2 cm

Table 7-1. Dimensions of the High Voltage and Conventional TFT.

7.3 Device Fabrication

Fig. 7-2 1llustrates two forms of the high voltage TFT
constructed with the dimensions given in Table 7-1. The

geometry illustrated in Fig. 7-2 (a) 1s simpler to construct



than that iilustrated in ¥i 7~2(§L but it has two dis-

}.—‘
0%

advantages. The first one is that the CdS characteristics

may be unpredictably altered by the high substrate temperature
required for the ensuing 1nsulation evaporation; and since

Cd3 vapor diffuses during evaporation, all other sources in

the system which are to be subsequently used may be contaminated
with CdS. The form of the high voltage TFT illustrated in

Fig. 7—2(@ surmounts these difficulties by evaporating the
insulation layer first. Two source-drain electrodes have been

(18)

made in this form -- above and below the CdS. Weimer has
repcrted that aluminum electrodes evaporated under CdS do not
make good ohmic contacts, however, electrodes evaporated above
the CdS are unsatisfactory because of solid state electrolysis
effects. The high fields existing between the gate and drain
electrodes cause oxygen ions in the insulation to migrate to
the drain electrode with the result that a blocking contact 1is
formed at the semiconductor-drain interface. By placing a
source-drain electrode above and below the CdS, mobile ilons

may be screened from the semiconductor-drain interface and

good ohmic contact assured.

This more complicated structure means that three high
gquality aluminum layers must be fabricated in one pump down -
a feat that cannot be done from a simple Mo, Ta, or W coil
because of source contamination. Thus, a more sophisticated
aluminum source such as a boron nitride crucible, or an

2lectron beam heater must be used.



120

120

89.

V, = 16.8

L=25X107%m.
W=2X103m

h = 10,000 A
z lOcmz/v.- sec.
VG =|6L

Vg =5
| Vg =0
1 1 I 1 ]
40 80 120 160 200
— V, (volts) —=
(a)
V, =60
L=25XI0%
W =2X10m
h =10,000A
Mozlem2/v-sec
Ve © 40
V, =20
Vg =0
1 1 1 |
40 80 120 160 200
— V, (volts)—=
(b)

Coeatanedd sobhabtico Charactericstics of the

o e o SR () w10 em®/vasec,

; '“ B . - l ("’n;’ /'\' e
i ; [V - i . -a



g0.

Gate

/lnsulotiqb

Source ’

1 /Droin
1 ‘ 7

Substrote——/ \- CaFy

Cds

(a)

COF?

CdS

Source
Drain

—_—
AN
Substrote—/

~tm

3
\—— Insulation

Gate

(b)

Figure 7-2. Geometry of the liigh Voltage TFT.
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The devices constructed with Si0, insulation were not
satisfactory because the zero bias drain current at VD = 200 V
was ~ 500ua. Devices constructed with CaF, insulation were
also unsatisfactory because the drain current under similar
conditions was <« lpya with little gate control observable. The
310, insulation produces an enhancement layer (excess surface
conductivity) on CdS. The degree of enhancement depends
critically on the oxygen pressure and the substrate temperature
during the SiO, evaporation. CaF, produces acceptor-like
surface states at the CdS interface which cause the CdS to

be depleted of free carriers near the surface. For the appli-

cations envisaged these insulators produced devices which were

too enhanced or too depleted of surface carriers.

In Section 5 it was demonstrated that a thin CaF, layer
evaporated between the CdS and Si10, reduced the enhancement
effect of the SiOy on the CdS surface. As the thickness of
the CaF, layer is increased, the surface becomes completely
depleted. In particular, it was shown for the films deposited
in this laboratory that ~ 150 A of CaF, evaporated adjacent
to the CdS followed by an SiOyx layer > 2,000 A resulted in an
approximately flat band structure (& surface = ¢ bulk). For

this device the CaF, film was placed adjacent to 10,000 A of

SiOX

In addition to adjusting the potential of the front CdS

surface to the desired value, one must consider the shunting
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effect of & leakage current s ong opposite surface of the (€4S
(the surface opposite to the gate electrode). This current
may be eliminated easily by evaporating a film of CaF, over
this surface. The effect of CaF, on the depletion depth in
evaporated CdS films has been measured as a function of thick-
ness, and it has been shown that 1,000 & of CaF, will deplete

the CdS of free carriers to a depth of 1,000 A. The shift

in the surface potential in this case is about 0.3 eV.

Fig. 7-3 illustrates the energy band diagram and electron
concentration of the CdS in a typical structure. With these
insulation techniques, devices with acceptable static
characteristics have been produced and will be discussed in
the next section. This device is particularly suited as a
transistor controlled switch for applications involving

high impedance loads, such as the electroluminescent lamp

(EL lamp) described in Appendix D.
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8. THE HIGH VOLTACE TPT - EXPERIMENTAL RESULTS

8.1 Device 1-V Characteristics

Plots of the drain current vs. drain voltage for various
values of positive gate bias for two devices constructed with
the geometry given in Table 7-1 are shown in Fig's. 8-1 and
8-2. The characteristics displayed in Fig. 8-1 were taken
with a Tektronix type 575 curve tracer where the source-drain
voltage was swept at a rate of 120 cps; a constant gate
voltage was supplied by an external source. The lower trace
of the hysteresis loop 1s for increasing gate voltage. The
drain voltage is limited by the curve tracer to a maximum
value of 200 V. A curve tracer with a limiting voltage of 350 V
was construcicd to demonstrate the extremely high voltage
capability of these devices. A typical result is shown in
Fig. 8-10. The I-V characteristics displayed in Fig. 8-2
were taken on an X-Y recorder and are thus '"static" character-
istics. The insulation layer in these devices consisted of
150 & of CaF, adjacent to the substrate and followed, in most
cases, by 8,000 i of Si0 and 2,000 A of GeO,. The following
subsections describe the performance characteristics of the
high voltage TFT and its ability to operate as a switch for
an electroluminescent lamp. In order to illustrate the
various physical mechanisms which are relevant, we purposely
display TFT's with a wide range of characteristics -- including

effects which are detrimenfal to device operation.
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.2 Trans:conductance sl Moniliity

co

From Section 2.5 the relation between mobility and

transconductarice is seen to be

%TE - CGLZD for Vs (V. - V) (8-1)
(VG - VO) >0
%? = %% (Vg = Vo) for Vp 2 (Vg - V) (8-2)
(VG - V) >0

One obvious reguirement for high transconductance is high

mobility.

The mobllity of the CdS is in turn a function of the
deposition conditions. It was noted in Section 4.4 that the
mobility increases with substrate temperature, but at
temperatures in excess of 120°C little CdS condensed on the
substrate. The CdS films studied here were evaporated at
substrate temperatures of 100 - 115°C, with a small
improvement noted at the higher temperature. By use of
equation (8-1) the effective mobility of several TFT's was

determined and is presented in Table 8-1.
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it Vi e Herf

390 33 50V 1.5 em®/V-sec
53d 33 70 1.75

SHa 33 130 1.5

30D 33 17.5 12

Table 8-1. Measured Effective Mobility in Several TFT's

The field effect mobility is also dependent upon the gate
potential. For increasing positive gate bias, trapping states
near the insulator-semiconductor interface and between
crystallites are belng filled causing a reduction in electron

scattering, and an increase in mobility.

For the extreme saturation region, equation (8—2) predicts
that gp will be linearly proportional to V, for (VG - Vo) >0
and will be zero for (Vg - V,) < O. Since a positive value of
Vo implies unfilled surface states, this is another way of saying

V. is the minimum value of gate voltage which has an effect on

o
the drain current. Fig. 8-3 shows the transconductance vs.

gate voltage for 3 devices. Unit 30b, whose I-V characteristics
are shown in Fig. 8-4 along with those of unit 30C, had one

of the highest transconductances and lowest values of Vg,
measured. Unfortunately, due to insulation breakdown, the drain
voltage could not be increased beyond 80V. The S-shape of the
I-V characteristics of Unit 30c is indicative of rectifying
contacts as explained in Section 8.7. Unit Sia, whose I-V
characteristics are shown in Fig. 8-6, showed a higher value

of Vo ~ 100V. Unit 39b has an acceptable value of VO, but a

tow mobility. These large variations 1n VO are due in part to
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the methctis used inr =vapor-ating the Si0 insulation, and will be

discussed in mcre detais in Section 8.8,

The model from which equations (8-1) and (8-2) are derived
is frequency independent and ignores the effect of electron
traps. In reality the CdS film contains a large number of such
traps. For the case of constant mobility it was shown in
Section 2.6 that the transconductance is an increasing function
of frequency. For fregquencies lower than those characterizing
the traps, a fraction of the electrons induced will be trapped
resulting in a lower transconductance than at higher frequencies,
where the traps are unable to follow the induced carrier varia-
tions. Fig. 8-5 displays the range of the frequency dependence

of the transconductance observed in these devices.

8.3 output Conductance

In the ideal device described in Section 2, the drain
current is saturated for Vp > (Vg - V,). The model by Geurst
has shown that the incremental output resistance is not, in
general, infinite for (VG - VO) < Vp but dependent upon the
carrier mobility and on the electrostatic shielding of the
drain electrode by the gate electrode. However, for the condi-
tions appropriate to our present structures these effects are
inadequate to account for the observed finite saturation and

alternative mechanisms must be present.

The dominant effects in reducing the incremental output
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resistance are the fl..iry o7 tvaps and mobility variations.
Also, an unmodulated parallel conduction path between the source
and the drain resulting from donor surface states on the

reverse side of the film or too thick a semiconducting film
could reduce the output resistance. The shunt conductance along
the reverse side has been eliminated by the techniques described
in Section 7.3. Fig. 8-6 shows in the I-V characteristics of a
TFT with a very high saturation resistance. The incremental
output resistance of two devices is plotted in Fig. 8-7.

Saturation resistances of > 108Q are desirable at zero gate bias

[
=

the device is used to drive EL lamps.

8.4 Switching Speed

The switching speed analysis of a TFT operating in the
saturation region is given in Fig. 8-8. The circuit under
consideration is illustrated in Fig. 8-8(a). The total capaci-
tance between the source and drain is made up of the load,
stray, and source-drain capacitances. Fig. 8-8(b) shows the
device characteristics under consideration. When a step gate
voltage 1s applied, the operating point instantly switches from
point 1 to 2, as the voltage across the total source drain
capacitance cannot change instantly. The operating point then

relaxes to point 3 with time constant, rt, given by

ron R
T —20 L (¢ 4o +oc
r + R L SD

SD L

STRAY) (8-3)
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where r __ is the incremwenial ovitput resistance defined by
3lp, -7
ro_o= (=)t (8-4)
SD aVD

the turn off time is seen to be identical provided rSD does not

change with gate voltage.

The gate-drain capacitance, which has been neglected
allows a fraction of the gate voltage to appear across the
load with a polarity opposite to the drain signal. The initial

magnitude of this signal is seen to be

C
vt = __Gb v, (8-5)
Cop + ©

T

Measurement of the switching time of a high-voltage TFT is
shown in Fig. 8-9(a) and Fig. 8-9(c) for two values of load
resistance. For a load resistance of 1079, the switching time
is 0.2 msec., and for a load resistance of 108Q, the switching

time is .1 msec.

The eqguivalent circuit of a typical load, an EL lamp,
(see Appendix D) is a parallel resistance and capacitance. For
a lamp with an area of 0.25 cm® this is approximately 100 in
parallel with 100 pf. The switching speed of this RC load is
shown in Fig. 8-9(b) to be 0.2 msec. A lamp with an area of

0.1 cm® is equivalent to 107Q in parallel with 33 pf. Fig. 8-9(d)
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shows that such a lanmp can be switched in 0.5 msec. From this
measurement one can determine the maximum size lamp that can be
switched in the required time with a high voltage TFT. The
actual switching times will be somewhat smaller as about 25 pf.
of the total source-drain capacitance is due to the test
circuit. A properly encapsulated circult would have a stray
capacitance of ~ 5 pf. Equation (8-5) shows that the capacitive
feed-through signal 1s reduced for larger load capacitances.

This is verified in Fig. 8-9.

8.5 Voltage Limitations

The high voltage TFT described in Section 7.2 was designed
to withstand a source-drain voltage of 400 V for a dielectric
breakdown strength of 4 x 10 V/cm. Measured dielectric break-
down strengths were in excess of 4.4 x 108 V/cm. and as high as
6 x 108 V/cm. 1implying Vgp = 440 - 600 V as an upper limit for
an insulation spacing of 10,000 AR. In most cases the I-V
curves were plotted on a curve tracer with a maximum available
voltage of 200 V, and this capability was not apparent. A curve
tracer with a higher voltage capability was constructed, and
Fig. 8-10 shows the I-V characteristics of a device for which
the source-drain voltage was swept to 350 V. The high breakdown
voltage of this unit 1s typjcal of the great majority of units

constructed in this study.
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Most kL ramps operate on a.c., nowever, the TFT drain must

A

always be positive with respect to the source. One convenient
supply for Lhe lamp and TFT i3 a full-wave rectified sine wave

a3 shown in Fig. 8-11. Alternatively the circult could be
supplied by a voltage V + 2V Sin(wt). With.zero gate voltage
the extremeliy high output resistance of the TFT is sufficient to
hold the lamp off. The lamp may be switched on with the
application of a positive gate voltage. Tamps have been operated
in this laboratory, in the extreme saturation region with a
drain supply voitage of 350 V peak and switched with a gate
voltage as low as 50 V. A further reduction in the gate

voltege necessnyy may be achleved by increasing the mobility of
tne film ¢.a stabilizing the insulator. Typical lamp sizes

used were 0.1 to 0.25 cm?.  Since the brightness of the lamps

is appreximately linear with frequency, it is desirable to use

as high o frequency as 1s practical in the drain supply. The

frequency 1s then determined by the shunting
effect ol the source draln capacitance, and is about 2Kc for
these trorsistors. As discussed in Section 8.4, the switching
time 12 a function of the load and the transistor; a switching

time of several milliseconds is adequate for visial displays.

The output light intensity for a typical TFT driving a

-

O.25 ¢m® lamp 1s shown in Fig. ¢©-12. At a gate voltage of

\
—
~
O
[
-+
e
S
D

(L)

e lamp produces sufficient vbrightness. When VG is
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VG = 200v
VG = 150v
XG = lgOV
= 50v
G 5
= 0
VG
VD = 50v/cm.
Figure 8-10. TFT Operating with Vop-= 350 volts.
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increasec -vond S0 Lovs, Lo Zight intensity saturates. The

maximum brighnoirc . Cola.nsd was comparsble to that obtained by

the direct appiication of a.c. to the lamp. The data in

Fig. 8-12 weie taken witii a silicon solar cell mounted adjacent

to the TFT and were computed using the sensitivity of the solar

cell at the peak (520 my) intensity of the EL lamp.

The high voltage TFT's and interconnections necessary to
switch an array of lamps may all be deposited on the same
substrate and mounted adjacent to the lamps resulting in a

compact, compatible structure.

8.7 The Effects of Rectifying Contacts

Ohmic corcacts with CdS films may be made with aluminum,
gallium and indium. However, indium and gallium melt at the
high substrate temperatures used in device fabrication. Great
care 1is reqguired with the aluminum evaporation if ohmic
contacts are desired. If evaporated too slowly, a semi-
insulating barrier will be formed under the electrode. Recti-
fying contacts may also be formed when the aluminum reacts
with the source producing an alloy which will not make ohmic
contact. Rectifying contacts were formed when a tantalum

filament was used more than once to evaporate aluminum contacts.

The effects of rectifying contacts may be seen by examining

the I-V characteristics of a TFT. A rectifying source contact
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produces = crowdalng of oo Coaracteristics at high gate voltages.
The rectifying ' -las Contsct at the scurce is a reversed biased
diode which limits the amount of current that may be drawn in

from the source electrode. A rectifying CdS-Al drain contact
produces an Z-shaped I-V characteristic near the origin; this
diode will be forward biased and will not limit the maximum
drain current. Fig. 8-13 shows the effect of a rectifying drain

contact on the I1I-V characteristic of a TFT.

One then wonders why one contact is rectifying when both
were fabricated at the same time. In these two devices the
lower aluminum source-drain contact (Fig. 7-2(b)) between the
CdS and Si0O was missing. The high gate-drain field produced
solid state eiectrolysis effects; 1t was thought that oxygen
lons diftused through the insulation and CdS and made a semi-
insulating barrier on the drain electrode. This is illustrated
in Fig. 8-14. Where the I;V curves in Fig. 8-14(a) were taken
first, and a rectifying drain electrode has been formed. The
source and drain electrodes were reversed and the I-V curves
of Fig. 8-i4(b) taken; the saturation of the new source
electrode 1s apparent. To avoid this type of behavior, a
source-~drain electrode should be placed between the CdS and

510, as indicated in Fig. 7-2.

8.8 Device Stability

In a stable device the drain current should be uniquely

defined by the gate voltage and the drain voltage. In many
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devices Zr tabilifr . oo Fovn o Gg evident., The most trouble-
some form of ir.tapbiiic, in insulators may be the motion of
ions due to the high appiied electric field. The oxide contains

mobile, polratomic molecules which may be easily dissociated.(74)
The application of a positive voltage to the gate gauses the
migration of negative lons toward the gate electrode and positive
ions toward the CdS. The slow migration of ions causes the
electric field at the CdS surface to slowly increase with time,
as iliustrated in Fig. 8-15. This slow drift of characteristics

of a very unstable device is demonstrated in Fig. 8-16.

whenn the gate voltage is removed, the transistor does not
return to its previous "ofr" condition for some time. The
change in "off" characteristic can be interpreted as a change
in the eliectron or trap concentration. Heiman(74) has reported
changes in unpassivated thermally grown SiO, on Si as high as
M =5 x 101 /cm?, while after passivation with phosphorous
this change is reduced to an = 5 x 10'°/cm®. In this study
similar changes of aAn = 5 x 10*!/cm? for evaporated SiOX in a
ary N2 atmosphere were observed. The ion mobliities in the
insulator determine the speed with which the drain current

drifts after application of a gate bias.

Humidity also affects the value of VO, the pinch off
voltage. Absorption of water vapor in the insulation has an
effect which is the same as creation of acceptor-like states at

the CdS interface. By connecting the transistor as a diode
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(V, = V sne may sen Lo ellcott of numldity on VO. Fig. 8-17

G L
shows the dicde charzc.eristic of a very unstable TFT in dry

N2 and in room humidity; VO has changed by about 100 V indicating
that an = 1.3 x lolé/cmg. In a more stable unit such as 39b,
(see Fig. 8-2) av, ~ 15 V which corresponds to an = 2 x 1011 /cm?2,
This shows that the effect of ion drift in the insulator is
greater than the effect of humidity. The relative humidity in
the laboratory was typically 50 - 70%. Instability effects

due to humidity were eliminated by potting the TFT in Silicone

rubber.

The degree of instability was found to vary considerably
with the technique used for evaporating the SiO layers. The
most stable films were deposited from Si0O pellets suspended on
a tantalum wire as described in Section 3.4.2. Si0O films
depositied from a tantalum crucible proved to be very unstable.
Free siiicon, which is formed from decomposition of SiO,
forms a eutectic with platinum at 83O°C(75) also making films
deposited from platinum boats unstable. Boron nitride seems
somewhat bvetter, but an electron beam source should probably

be used for best results.

8.9 Suggestions for Improvement of the Characteristics

Improvement in device performance may be realized by
improving the stability of the oxide layer and increasing
the film mobility. One avenue of approach to this problem

may be the selecticn of a semiconductor such as CdSe with a
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higher moriiity. The siveie crysital mobility of CdSe is

600 cm?/V-sec. comparcea with 300 ocm2/V-sec. for.CdS. One

CdSe transistor was constructed in this study. Although the
resistivity was too low for use as an EL switch, the effective
mobility was 2.5 cm?®/V-sec. There is every reason to expect
that a higher value of mobility is attainable. The selection
of an insulator with a closer lattice structure than Si0O will

aslo help to reduce ion migration.

Additional improvement in device gain at the expense of
band width may be obtained by using a symmetrical double gate
THFT. The double gate TFT has an insulated gate on each side
of the semiconductor and has been extensively analyzed(76: 77).
For the case when the two gates are at the same potential the
equations which describe the double gate TFT are the same as

the single gate TFT except

Ch =2 Cq . (8-5)
The gate voitage required to supply the same drain current in
saturation is given by

(Vo - Vo)pouble = a (Vo - Vo)single (8-6)

Gate Gate
Thigs increase in gain is at the expense of bandwidth; the
double gate TFT would still have adequate bandwidth to drive an

EL lamp.
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This investigation of field effects in cadmium sulfide
films has yielded a new high voltage thin-film transistor
constructed entirely by vacuum evaporation. This TFT, which
is capable of withstanding over 300 V, will switch a current
of 100pua with a gate voltage of less than 50 V, and is
particularly suited as a transistor controlled switch for appli-

cations involving a high impedance load.

Devices were constructed with an incremental saturation
resistance of 200 MQ and a maximum operating voltage of 350 V.
Rise times of 0.2 msec. for a 10°Q load were observed. The
transconductance ranged from 3 to 13 ymhos. The large gate
voltage recuired and the low transconductance observed were
attributed to the low electron mobility (0.5 - 2.5 cm®/V-sec.)
of the polycrystalline films, and the high density of electron
traps (up to 10*#¥/cm®) at the CdS surface. The variation of

the pinch off voltage, V and the instability in the character-~

02
istics were attributed to the insulation evaporation techniques.
The density of mobile ions, which affect the device stability,
is a function of the insulation evaporation technique and
environment; devices with SiO insulation were observed to be
unstable unless operated in a nitrogen atmosphere. There are

no extensive data yet on the reproducibility of the high voltage
TFT, but based on the limited number of devices constructed it

appears that reproducible devices will not be difficult to

make .




Rezsiernivity and Hoic worniliity measurements on CaFQ/SiO
coated CdsS films showcoa that control of the €4S surface potential
was possible. By evaporating a thin layer of CaF, between the
CdS and SiC, the effect of the donor-like surface states of SiO
was reduced by the effect of the acceptor-1like surface states
of CaF,. By proper choice of CaF, thickness, any surface
potential between the limits appropriate to SiO and CaF, could

be obtalned.

It was found that an evaporated CaF, layer could be used
to control the surface potential of germanium, and the effect
of adjusting the surface potential of a Ge(Li) gamma-ray
detector was seen to be an increase in the resolution of over
20% on the 662KeV gamma-ray of CleTQ Application of 150 -
200 A of Cai’, to the exposed edges of the detector appeared to
restore the surface potential in the intrinsic region to the

bulk value, and thus result in a lower surface leakage current,

and increased resolution.

Further study may improve the performance cof the high
voltage TFT by stabilizing the oxide layer and increasing the
film mobility. Increased mobility may be obtained by
improving the CdS deposition techniques, or by choosing another
semiconductor such as CdSe. The selection of an insulator
with a closer lattice structure than SiO should help to reduce

ion migration in the insulator.




A.1 Introguction

In the usual derivaticon of TFT chharacteristics, the
mobility and gate capacitance are considered to be constant.
It is instructive to re-derive the expressions for the trans-
conductance and cutput conductance of a TFT while allowing

these guantities tc vary with scurce drain voltage, V and

D)
gate voltage, VAn. This derivation wiil show the functional
2 ge, Vo

dependence of the transconductance and output conductance on

ity and gate capacitance variations. No attempt
will ke made here to relate these variations to the physical
processes involved. This model will be wvalid in the gradual

approximatiuvn as discussed in Section 2.2.

A.2 Calculation of the Transconductance

The transconductance is defined as

[0je]
i

the variation in drain current may be written as

WIJ D

dIy = —— Vp do (A-2)

-t)
J
ot
ey
k
ol

%)

szmple geometry shown in Fig. 2-1. The Debye length,
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L is tre deptn to wi o Cooaudilion eiectrons are distributed

DJ

in the semiconducror irn the ennancement region. To solve for

dg, one aliows toth n_, the density of conduction electrons,
o

and u, the mobility to change wilth gate voltage.

where the average n_ may be expressed as
o

Co (Vi - Vpy/2) N
G G Dr=y o
n_ = + - (A-4)
el, WL L WL
D D

<

NO/LDWL is the density of electrons on the semiconducting
surface at Vg = Vp = O 1f Ny 1s positive, or the density of
unfilled trav: at Vg = Vp = 0 if Ny is negative. N, may be
expressed as a voltage in the following way:

-V, C
O‘ e

° (A-5)

where C, 1s the oxide capacitance of the gate insulation.

Thus:

Cg (Vg - Vp/2) _ Vo Co

n =
C
eLDWL eLDWL

(A-6)

The variation of gate capacitance with gate voltage is contained

in the term

dn an. dC N
c C G + C (A—?)
av 3C., dv BVC
I
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upon substituting cn= obtain:
V.Cnp v C C.V. du
By = ——— + (Vg - =2 - 2vo) L2 (—)  (a-8)
: 2

L= 2 CG L dVG

VD VDp dCG

Fe ) T G,

dVG

The first term is identical to the term obtained by Borkan
and Weimer(lB) for the case of constant mobility and gate
capacitance. Equation (A-8) shows that if dp/dVG ~ i, then
mcbility variations cannot be neglected. Fig. 2-8 shows that
this is indeed the case for low gate voltages. The smaller
magnitude of the gate capacitance variation (Fig. 2-9) would
imply that “his term is not as important as the mobility

variation term.

A.3 Calculation of the Output Conductance

The output conductance-is defined by

al

= D
&y = (57) (A-9)
DO dVD VG
The scurce-drain current, ID, may be written as:
WLp
ID = -1 VD o (A-10)

from which one obtains
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Wl {
g‘%h . = ‘*—:;‘ (€'_" -+ ‘-:iT _“‘“—“ B (A“ll)

Upon substituting, one obtalns in an analogous manner the

expression for the output conductance.

C C vy C VnCn  d
~ o GH p Co pCq  du
gpo = (Vg = Vp - T, Vo) 7=+ (Vg - & - [ Vo) —F= (’dv"D)
Vp, Vpe d4Cq
+ Vg - 7)) = Gv (A-12)

D

Again, the first term agrees with the model of constant and

gate capacitance.
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APPENTTIX B, b MEASUREMENT OF THE
RESIIVT/T7Y AN L CORPPICTENT IN
HIZH ResiosTIVITY SEMICONDUCTORS

B.1l Introduction

The apparatus used was designed by Fischer, Grieg, and
Mooser.<78) It differs from previous instruments in that it
will permit measurement of sample resistivities for sample
resistances in the range 10 - 10!'2() and determination of the
Hall coefficient for samples with a mobility as low as 1 cm?/V-sec.
Such a range is necessary for measurement of high resistivity-low
mobility evaporated CdS films. 1In addition to the 6 terminal
standard Hall sample, this apparatus will permit measurements
with the van der Pauw geometry(79: 80, 81) and other techniques
designed for niigh resistivity evaporated thin films such as

the one described by Gobrecht, et. al.<82)

B.2 Theory of Operation

The simplest circuit permitting independent measurement
of Vand I is shown in Fig. B-1l. This circult can only be
grounded at one terminal, A or Bj; thus, shielding of the
ungrounded circuit becomes difficult for high impedance samples.
The significant change made by the designers is the addition of
another electrometer and potentiometer as shown in Fig. B-2.
By nulling electrometer E, with potentiometer P,, the current
supply 1is connected to the voltage measuring circuit by a low

resistance path (P,) and only shielding of the sample is
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necessary. I'wo eicliirore=2os must now be nulled to make a
voltage measurew=nt; Lowever, this is offset by simpler
shielding.

B.3 Measurement Techniques

The complete bridge is described in the block diagram of

Fig. B-3. The sample curreﬁt i1s determined by electrometer

E, and its decade shunt. Potentiometer P, serves to connect
the primary or current supply circuit to the secondary or
voltage measurement circuit. This potentiometer need not be
caliibrated; but stable drift free operation is essential.
Potentiometer P, alone is used to measure the sample voltage
for the four terminal resistivity measurement. For Hall
measureme:n:ts the voltage is measured by the series combination

of P, and P, in the following manner.

With the forward magnetic field (or zero field) on,
potentiometer P; 1s used to null out electrometer E;; then the
magnetic field is reversed (or turned on) and potentiometer P,
is switched in series with P,. The signal corresponding to
2Vy (or Vy) may now be read on P, which is calibrated from 1uV
to 1V. The purpose of P, is to null out the signal at the Hall
terminals corresponding to contact misalignment. Thus the
bridge consists of two very stable uncalibrated potentiometers
(P,, Pa) and one stable calibrated potentiometer (P,). The

potentiometers shown in the accompanying figures (B-4 and B-5)



132

A e

SAMPLE CURRENT SUPPLY

ST

Fine Coarse
- i C 1 s

X / Oft T 1S
“X Polarity
r —

O
_____ —_— _.A_ —_—d - —
| A A o C |
I g ? ? Do © |
T SAMPLE D ° c% , |
| c' c b O \l |
| é' OA c(‘) é: i :
. i

] co oc Co  ob | FUNCTION '

| e} | SWITCH
| A \Ca A \Op ! |
L_ N e e e o R Ve | |
—— o -C\ — e s emmw -—<> ——————— P}

Es Eo
Py

. 2 2A 3
. oy H o RFR
[\E\ S\
\\———--——A
- |. Resistivity
77\
\Vj 2. Forward B

3. Reverse B

Flgure B-3. DBlock Diagranm of the Bridge




132,

Polgrity
(10 turn)
100Q " . c(/
| o /TN 90Q
LAAAS — o2 A~
1000 b o a
9950
= AAN— Voltage Range
1008 Switch
I00ua I0Oma
a 1074y IO‘?V %
b 1073y I0"'v | Rm(A S
1000 c 102y v 10 L
IOk 4
LA 7 o | AN (L Current (
/ ! — . Source K-
/ I00ua Selector

,’/ lll: — |Oma

Figure B-4,

]

Circult of Potentiometer py



134

1.5V amp
.5V = “o COARSE
‘o)
|5v = I
J_—_/ OFF 220kQ
1.5v
T —
[]
GR-510 § FINE L
AN \A
I0Step - 100Q/Step POLARITY
|
(o,
o 5y
22580 10 turn 25Q |
VERNIER

L—“I gl e ‘;7/.- ie i }i o .( !, ")l‘ [)() t‘ e ti ome t'” rs Pa an d j”a )



135.

are powerard by the 1.5 volt c¢22:3, and not the 100 V sources
described in ths rveicreace.' '/  All potentiometers were found

to be stable after a 3 hour warm up.

In addition to the standard geometry, this bridge is
designed for convenient operation with samples of the van
der Pauw geometry.(79) This geometry is very useful for thin
films of high resistivity and uniform thickness, and for thin

(80, 81)

anisotropic crystais of uniform thickness.
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AFPFENDIX © Tein p oM OTHICKNESS MONITOR

The guartz crystal used for monitoring the film thickness
1s mounted in the vapor stream near the substrate. The deposited
mass lowers the rescnarit freguency of the crystal linearly
provided that the total change in mass is very small. Two

derivations of the constant of proportionality are given below.

Consider the thin quartz plate, whose lateral dimensions
are large compared to its thickness, shown in Fig. C-1. The
bMc. crystais used here support a thickness mode shear wave.,
The equation of motion of a shear wave in an 1sotropic solid
is given by

3%V 3%V

P at? 3 dz*

(c-1)

where v is the particle displacement perpendicular to z, p is
the mass density, and py is the shear modulus. A proper solution

of equation (C-1) is
v (z, t) = (Ae_'ij + Be‘jkz)e'jwt (C-2)
where k 1s the propagation constant defined by

k= v, , (C-3)

and the shear velocity, v,, is given by
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Firure C-=1., Geometry used in calculating the resonant
fregquency ol o conted quartz crystal.
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The bouncary conditions for such a system are discussed
(83 - ‘
by Mason.\->/ At the interfsace 2 = a, the stress component,

+ . 3
T4s and the displacement, v, must be continuous

T% (a) = T (2)

(C-5)
i 737 zaa 2 37 ly=a
v, (a) = v, (a) . (C-6)
At the free =sides of the plate the stress T, =0
Ty (0) = TZ (b) =0
(C-7)
avl AV,
= = O
M1y |z=o 2 57 Iz:b

The resonant frequencies of this cavity are dependent upon the
nature of the boundary conditions. The boundary conditions
for the compound cavity with free surfaces are assumed to be
ideal in the sense that any stresses at the free surfaces have
been neglected along with any slip at the guartz crystal-

evaporated film interface.

+ T, is the only non-zero component of the stress tensor for

iis geometry, mode, and direction of propagation.
£ J 3 s b
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After applying “hese countary condinions to solutions of
the form given Ir eaguaviocn {(C-2), one obtains the following
relation:

K 1 - w2k, (b - a)
J —2M1 ran (k,a) = © - Z — (c-8)
Ko g 1 + e2Jka(b - a)

where it is recalled that k, = w/Vg,, k; = 0/Vg,. Equation

(C-8) is an exact solution for the allowed frequencies of
oscillation of the compound cavity as a function of the film
thickness, (b - a). The right hand side of equation (C-8)

may be simplified by noting that k; (b - a) = kyz' << 1; i.e.,
the deposited film thickness is much smaller than the crystal
thickness. The new frequencies of oscillation will therefore

be only siightly perturbed from the natural resonant frequencies,
@ s of the quartz plate. The natural resonant frequencies of the

uncoated quartz plate may be calculated in a straightforward

manner and are found to be

by = 08 (nm 1,2 ) (c-9)

For the lowest allowed mode the left hand side of equation

(C-8) may be expanded as

a ;
tan (k,a) = tan ((Dl p Lo

Sl S1
(c-10)
[ga)a\ o Al

vql’ v

= tan (m 4

<2}
-
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Hence, equziion (C-0: coonmos

Koy hoa

Joth = o k2 (c-11)

and the resulting frequency constant is seen to be

z! f
YR L (c-12)
D oa a
H 1

where dm, is the amount of mass added, and A 1s the crystal
area. The proportionality constants (fpﬂ/pla) measured in
this study for those sources which depos;ted films on equal
areas of the crystal fit this dependence gualitatively; that is
the constantz are linearly proportionail toc the mass density of
the deposited film, The result is also valid for crystals

vibrating in the thickness-longitudinal mode.

This result agrees with that obtained by Behrndt(84) based
on a more eliementary derivation. If the crystal is excited
in the thickness shear mode, the thickness corresponds to a
half-wavelength of the fundamental freqguency; equation (C-9).
Differentiation of this equation with respect to the crystal

thickness, a, and introduction of

dm
da = = Cc~1
&= = (c-13)
1




Since an antinode is formed in thickness-shear oscillations on
the surface of the guartz plate, oniy the weight of the
material deposited will affect the frequency provided that dm
is sufficiently small. This means that a thin film of any
material will result in the same frequency shift as the
equivalent mass of guartz. This argument holds only for films
which are sufficiently thin compared with the thickness of the
quartz plate, and agrees with the result obtained by consider-
ing the fiim and quartz plate as a compound acoustical cavity.
Behrndt(84) has calculated the maximum permissible df for 1%
deviation from iinearity to be

(af) .. =5 x 1077 £_ (cps) (C-15)

max

where fo is the natural resonant frequency of the quartz plate.

The most dominant undesirable freguency shift in this
method is caused by changes in temperature of the quartz
crystal. These changes can usually be minimized by mounting

the crystal on a cooled holder.

The block diagram of the complete film thickness monitor
is illustrated in Fig. C-2 and the circuit diagram for the 5 Mc.

oscillator used 1s shown in Fig. C-3.
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Lo Bl OVRULUMINESCENT LAMP

SrPENDIX

Electroluminescent iight production is achieved oy

S

applying a nigh aiternering elicctric fieid to a sultable
phosphor. dypically, lamps are constructed by depositing a
thin (.003 to .006 in.) layer of phosphor in a dielectric
between two conducting surfaces, one of which must be trans-
parent to the emitted light. A phosphor, such as ZnS, is
deposited on & conducting glass substrate, and covered with an
evaporated aluminum electrode. Fig. D-1 illustrates the
measured emission spectrum of a green ZnS phosphor; the
intensgity of the emission is approximately linear with the

frequency of the applied electric field.

At precertv BEL lamps are of lower brightness than fluores-
cent lamps and therefore find a more restricted field of use
where space is limited, and where low to medium brightness is
needed, such as instrument panels. They will withstand intense
vibration and temperature variation without failure. In these
applicaticns many small segments (0.05 - 0.25 cm2) are used
to make up alpha-numeric or bar-graph displays. Logic
circuitry must be provided to switch each segment independently.
To switch the EL lamp off, a higher impedance must be placed
in series. The impedance characteristic of a 0.1 cm2 lamp
operating at 1Kc is shown in Fig. D-2. The lamp impedance may
be varied considerably by suitable choice of frequency and area.

The switch must be capable of withstanding the high voltage
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(120 - 350 V) reculia o toat conventicornsal transistors are

unsuitable. Switching devices that have been used(85) are

D

the silicon contrclled rectifier, the incandescent-photo
conductive gate, and the magnetlc gate. All of these devices
are large 1in size compared with the EL lamps and in contrast

to the proposed high voltage TFT, are incompatible with its

method of manufacture,
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