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ABSTRACT

Electrical instability of operation of the thin film transistor is
the major problem preventing the development of active thin film microcircuits.

A study of various instabilities in CdSe thin films and rns

is presented in this thesis.

The CdSe semiconductor has been considered

both as a separate film layer, and as the major layer in the CdSe TFT.
Comparison of instabilities in the thin semiconductor films and in the
TFT has been made to separate and identify individual instabilitycausing mechanisms in the TFT.
In particular, slow negative drift is studied in depth in CdSe
films, and results related to a similar effect in the 'al!.

A model of

slow trapping of conduction electrons in the semiconductor is described in terms of adsorption of oxygen at the film surface.

An Elovich

type charge-limited adsorption relation is found to fit observed changes

in CdSe film conductivity with oxygen adsorption.
A picture of the conduction process in polycrystalline CdSe is
presented as involving grain boundary potential barriers.

It is shown

that the n-type majority carrier conduction exhibited by CdSe thin
films is due to selenium donor vacancies, and that trapping by oxygen
adsorption involves the exhaustion of a shallow donor energy level to
a deeper level associated with selenium vacancies.
Factors affecting thin film CdSe properties during the deposition
process are shown to greatly change electrical characteristics and
instability observations.

Conclusions are made of the importance of

these in reduction of instabilities in the TFT.

Suggestions for the

application of these conclusions, and for further research into the
problem of TFT instability are made with the hope of eventually realizing the fabrication of a workable TFT.
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1.

1.1

INTRODUCTION

Microelectronics technology
A major revolution was begun within the electronics industry in

December,

1947

with the manufacture of the first practical solid-state

amplifying device, the transistor.

The changes rapidly taking place

during the last two decades continue today in every sector of technology utilizing electronic devices.
During the 1950's the solid-state diode and transistor replaced
the vacuum tube in a great many electronics systems.

By the beginning

of the 1960's advances in silicon planar technology led to the emergence of the silicon monolithic integrated circuit.

This powerful

innovation had a tremendous impact not only on the component industry,
but on every level of design and production of electronics.

Practicable

solid-state microelectronics had finally arrived, bringing with it a
host of interrelated problems in processing, packaging and complexfunction circuit design and testing.
The small, low-cost, packaged microcircuits manufactured from tiny
chips of single crystal silicon semiconductor realized the reproducibility, reliability, and packing density long sought after for the
highly complex electronics in the planning stage.

Automation in pro-

cessing and high yield during production runs along with increased
demand for these ICs has kept cost at a reasonable level for even the
most complex functional chips, both linear and digital.
Because, however, of the use of a low resistivity base material

2

for all the circuit elements, many tradeoffs are made in obtaining a
final workable circuit design.1

Narrow ranges of individual component

parameters and limited achievable tolerances are sacrifices made in
exchange for easier chip processing.

Increased numbers of circuit

elements are necessary to achieve the monolithic equivalent of a discrete component design with the circuit element isolation inherently
necessary with this type of IC.

Improvements in production techniques

and the use of computer-aided design are helping to push back these
limitations all the time.23'11
Two special types of microelectronics circuits utilize the cheap,
high quality active elements of the silicon planar process in conjunction with the wide range of values and high tolerances of passive
elements possible with thick and thin film electronics technology.5,6,7
As shown in table 1.1 below, hybrid thin film microelectronics offers
a packing density comparable to that of silicon ICs.

Type of Circuit

Conventional vacuum tube

Theoretical Packing Density
(Components / Ft3)
1 -

x

Conventional transistor
Micromodule construction

5 x 103

5

1:

Thin film microcircuits

106

Silicon ICs

107
11
10 cells/ft3

Human brain

TABLE 1.1

Comparative Packing Densities
(After Levine, S.N.)8

The hybrid's great advantage lies in the use of an insulating substrate upon which the circuit is formed.

This not only eliminates the

unwanted resistive paths and stray capacitive coupling plaguing more
efficient use of silicon wafer ICs, it makes possible a one to one
correspondence with discrete component designs on a much smaller scale,
and a wide range of resistors, capacitors and RC networks of high
precision.
Thick film hybrids make use of a relatively simple and inexpensive
silk-screening process of forming passive circuitry from conductive,
resistive and dielectric pastes and inks.

These materials are basically

small particles and powders in an organic binder which, when applied to
the insulating ceramic substrate in the desired geometries, are fired
in an oven to form a finished passive circuit.

Active elements in the

form of small, silicon chips are then bonded to the passive networks,
and the entire assembly is encapsulated to form the resultant hybrid
product.
Thin film hybrids are formed either on insulating glass, or ceramic
substrates, or onto a silicon wafer containing transistors and diodes
over which an insulating layer of silicon dioxide has been formed.

In

the first case, a wide range of resistive and capacitive elements of
high tolerance may be fabricated, generally by electron-beam vacuum
evaporation, onto the substrate.

Then, as in the thick film process,

active elements are bonded to the passive network at appropriate positions on the substrate to form a complete microcircuit.

The formation

of passive elements directly onto a silicon chip (into which transistors,

or diodes have previously been diffused) reduces the number of steps
required in the fabrication of the complete IC.

The use of cermet

(ceramic-metal) thin film resistances of silicon monoxide and chromium,
for example, has reduced the dimensions required for thin film resistors, previously fashioned of nichrome, such that full integration with
respect to size, as well as element isolation is accomplished.
The fewer number of processing and handling steps in thick and
thin film production runs in comparison to the numerous diffusion,
etching and metallization stages in silicon IC production is somewhat
offset, in the first two hybrid situations discussed, by the mating of
active chips to passive network substrates.

Hence no great saving in

either cost, or total simplicity of fabrication is offered by these
hybrid techniques.

1.2

Thin film microelectronics
Microelectronic circuitry consisting totally of thin films of con-

ductor, dielectric and semiconductor material on an isolating substrate
initially received much attention in the last decade as a serious com10
petitor to monolithic silicon microelectronics.9'

The apparent

benefits of ease in automation of the relatively few processing steps
thus resulting in lowered production cost, and of isolation of the
active and passive elements promised cheap, complex microcircuitry
comparable to existing silicon ICs.
Notwithstanding the encouraging initial success in fabricating
both active and passive components and interconnections by several different methods of thin film productior1:11'12, problems were encountered,

mainly due to lack of sufficient knowledge of the thin film material
properties.

This gave the go-ahead to the rapidly emerging silicon-

based technology with its already prodigious knowledge of properties
and production of silicon devices.

The die was cast and the semi-

conductor industry tooled up to manufacture an ever-increasing number
of silicon chip integrated circuits.
Weimer, in 1962, announced the first successful thin film tran13
sistor to be produced.

The chief obstacle to development of total

thin film microelectronics was soon found to be and remains the fabrication of _a thin film transistor which is reproducible, electrically
14,15,16
stable, and reliable under long-term operation.

The ranks of

the investigators who had quickly hailed Weimer's instant success with
a simple vacuum-evaporated device gradually thinned with each problem
encountered on the way to developing a successful and workable thin
film transistor.
The concept of a solid-state equivalent of the vacuum tube utilizing the field-effect principle, although predating the invention of the
17
bipolar transistor by twenty years,
remained unfeasible, both technologically and economically until the sufficient development of bipolar
18,19
semiconductor techniques.

Lilienfeld's original patent describing

control of the flow of electric current in a very thin solid by electrostatic means describes very well the operation of both the silicon metaloxide-semiconductor (MOS) transistor and thin film transistor (TFT)
produced for the first time in the last decade.
While the problems, many of which are common to both types of field-

effect transistor (FET), have been overcome to such an extent in the
MOSFET that ICs incorporating this device are gaining an ever-increasing
20
portion of the microelectronics market,
those problems inherent to the
TFT have not all been solved.

Very few TFTs have been produced with the

entire elimination of electrical instability and these have not been
generally reproducible.

As evidenced by the increasing use of thin film

techniques in hybrid circuitry, research into both basic material properties and microcircuit fabrication techniques has continued at a slow,
but steady pace.

Recent interest in thin film devices of all kinds and

new applications which have been found for these have prompted an increase in the study of materials and device geometry design, as indicated
by the wide range of topics covered in new papers published in this
field.
Recent studies of the radiation tolerance of microelectronics
systems,21 including CdSe thin film transistors,22 indicate a significantly greater tolerance of the thin film device to fast neutron exposures (>10IteV).

Bipolar transistors failed at neutron exposures of

2
1015 nAm while TFT drain current and transconductance were found to
decrease by only 6% and 13% for a total neutron exposure of
n/cm2 and a simultaneous Ydose of 160 Mr92.

14.11. x 1016

Clearly the TFT has shown

a much larger (2>one order of magnitude) tolerance to radiation than
conventional bipolar transistors.

This is a very good point in favor

of development of TFTs if only for such special purposes as equipment
used in a high radiation environment.

It is interesting to note that

thin film Cr-SiO cermet resistors show similar radiation stability.

Cermet resistance is changed by only a few per cent at radiation levels
over an order of magnitude larger than those resulting in catastrophic
failure of diffused silicon resistors.

1.3

Scope of the present study of the TFT
Research into the fabrication of the thin film, insulated-gate,

field effect transistor (IGFET) was initiated in the early 1960's in
the Materials and Devices Laboratory of the Department of Electrical
Engineering, University of Saskatchewan.

This research was initially

concerned with methods of producing simple, operational device structures
and circuits, and with studying basic properties of thin films of the
23
materials used in TFT fabrication.
Later efforts were made to study
the problems of instability, reproducibility, and derivation of models
of conduction and instability in the TFT.24
Foremost in this study of the TFT is the problem of electrical
instability of the device over extended periods of operation.

Since

the working transistor can be neither reproducible, nor reliable if
such instabilities as have been observed cannot be identified and at
least reduced within tolerable limits, the advantages of thin film
microelectronics must remain unexploited.

Many variables including

temperature, pressure, cleanliness of the production system, as well as
materials purity are involved in TFT fabrication.

It soon becomes quite

evident that any study of TFT performance, instability characteristics,
and underlying mechanisms is an extremely complex task considering the
interdependence of the many variables in producing such a device.
The major portion of the contents of this thesis, then, deals with

the overall problem of the TFT's instability and, in particular, delves
more deeply into one major type of electrical instability, or drift.
The approach taken in studying this multi-•layered thin film device has
been one of logical, step by step comparison of instability characteristics and causes in simple one, or two layered structures with those
of the more complex TFT.

In this way it was found an extremely complex

and interwoven combination of factors could be isolated for separate
study of their contribution to the overall problem.

Hopefully the

knowledge obtained from this study will eventually lead to solutions
to the many problems, and result in a stable and practicable TFT.
The following chapter (chapter two) gives a brief description of
the TFT, its basic structure and fabrication, and models which describe
its operation as a transistor.

A recent model derived for polycrystalline

TFTs is gone into in brief so that in a later chapter when CdSe thin films
are discussed further, a logical tie-in may be seen between the observations made for simple films and TFTs.

From a simple treatment of models

of conduction in the TFT, inferences are drawn about the factors affecting
the stability of the device.
Chapter three presents one class of TFT instability, positive drift,
and some experimental observations of the corresponding changes in transistor parameters with time.

Several models are reviewed which have been

suggested for representation of drifts observed, and some interesting
observations illustrating these are included.

Mention is made of the

possibility of a mechanism which is later seen to play a large part in
another type of instability, negative drift, also giving rise to a

positive drift phenomena.

Following this discussion some preliminary

recommendations have been made for the reduction of positive drift in
the actual TFT.
The second class of instability, negative drift, is dealt with in
chapter four.

A brief outline of conditions within the TFT structure

contributing to a fast type of negative drift is given, while the major
part of the material in this chapter is devoted to a theoretical and
experimental dismission concerning slow negative drift.

Experimental

results are interpreted in terms of the action of acceptor-type oxygen
adsorption in the semiconductor layer.

A relationship is derived from

the experimental plots of changing resistance of CdSe films with changing air pressure from high vacuum to atmosphere.

This is found to be

similar to that used to generally describe gaseous adsorption on semiconductor surfaces.

These results are then related to the negative

drift observed in Tn.'s.
Chapter five deals mainly with the polycrystalline nature of the
semiconductor layer of the TFT, and gives a model of conduction resulting from consideration of the polycrystalline structure of the
material.

Experimental plots of conductance versus reciprocal tempera-

ture for a number of CdSe film samples give support to the hypothesis
that the major contribution to conduction in these films is due to
selenium donor vacancies.

They also show the large effect of oxygen

on such films as described in chapter four to be due to a change in
electron occupancy of these donor vacancy sites.

While the previous

chapter dealt with the implications of oxygen adsorption causing a

10
negative drift phenomena in the TFT, chapter five describes the physical
process by which this drift takes place in CdSe films and hence in TPTs.
The basis on which the TFT conduction model described in chapter two has
been arrived at is discussed to give further support to it.
The sixth chapter presents the experimental apparatus and techniques which were used in the gathering of the data for this thesis.
It briefly states a few of the pertinent and interesting details of the
procedures used to obtain meaningful results.

A short summary of

experimental results ends the discussion.
Chapter seven draws strong inferences from the experimental results
in regard to their importance to fabrication of CdSe TFTs and in relation to problems of reproducibility and stability.

Recommendations for

further study and improvement of TFT fabrication are made in light of
knowledge gained from this study of the problem.
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2.

2.1

THE THIN FILM INSULATED GATE FET

General
The term thin film transistor (TFT) as used by Weimer to describe

the first such device produced, in fact, refers to a particular type of
thin film device, namely the insulated-gate, field effect transistor.
This thin film version of the IGFET operates with the same principle of
conduction modulation as the MOS-type transistor.

The cross-sectional

view of a typical TFT structure shown in figure 2.1(a) illustrates the
basic sequence of film layers combined to form the functional TFT..
Close similarity to the MOS type is seen in figure 2.1(b).

Instead of

the semiconductor providing a thick base on and in which the MOS device
is made, the TFT semiconductor layer is very thin, and is supported by
a thick glass or ceramic substrate.

Ohmic contact and insulated gate

electrodes complete the device which is only about 10 millionths of an
inch in total thickness.

2.2

TFT operation
The modulation of current in the TFT, in essence, is, as in the

conventional IGFET, a process of capacitive injection, or withdrawal of
charge carriers into and from the conduction channel between drain and
source by the action of an applied potential to the insulated gate
electrode.

A conduction model based purely on this capacitive effect

has been proposed and substantiated successfully with experimental
25
results by Borkan and Weimer.

12

Insulator

Semiconductor

Gate
Source
Drain
12'

Inert Insulating
Substrate
(a) TFT
Diffused
Conducting
Channel

Gate
Thermally Grown
Insulator
Drain
Source

Silicon
(b) MOS Transistor

Figure 2.1

Cross section of TFT and MOS Transistor

13

Assumptions made in the derivation of the expression for the drain
current of the TFT are
1) a homogeneous semiconductor layer thin in comparison to the
insulator layer and having constant mobility.
2) ohmic drain-source contacts.
3) only majority carriers existing in the semiconductor layer
(electrons in the case of n-type CdSe).
Equation 2.1

is

the result of the analysis of TFT operation under

these simplifying assumptions.

Id =

pea,

k

Vo

Vd2

g

L2

2.1

2

where,
I is the drain current in amperes.
d
0g is the total gate capacitance across the insulator
in farads.

F
L

is the drift mobility in cm2/Volt. sec.
is the length of the source drain gap in cm.

Vg is the applied gate potential relative to source.
Vd is the applied drain potential relative to source.
V is the gate voltage required for the onset of conduction.
o
the simplified model,

V
o

where,

n q
o

Cg

2.2

In

n is the total number of charges initially present in
o
the drain-source channel at V =0
g
q

is the magnitude of electronic charge.

If V is a positive term, drain current is essentially zero until
o
V

exceeds

. This type of positive turn-on operation is called the

enhancement, or enrichment mode of operation.

If, instead, Vo is

negative, the device has a negative turn-on potential and operates in
the depletion mode since a gate potential of -Vo is required to reduce
the intrinsic conduction to zero.
In the following figures of 2.2 and 2.3 both enhancement and
depletion mode T/2 characteristics are represented along with the
corresponding cross-sectional views indicating fields and conduction
channels in the device during each mode of operation.

That portion of

the I-V curve below the knee can be fitted with the reduced form of
equation for (Vg - Vo);>>.V :

µ
Cg
L2

'

V(
- V)
d g

2.3

Above the knee, in the saturation region of the plot, the drain
current becomes relatively independent of drain voltage.

- V <
o

In this case

V
d

resulting in a field reversal at some point along the conduction
channel.

Between this point and the drain, then, lies a region of

high resistance effectively "pinching-off" the conduction channel, and

15
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Characteristics of enhancement TFT operation
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Figure 2.3

Characteristics of depletion TFT operation
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keeping the drain current past this point relatively constant.
ing complete saturation for (Vg-V0)<

=
I lmax.
d(sat.)

Peg (V
2L2

Assum-

Vd, equation 2.1 reduces to

- Vo)

•

g

A measure of the control which the gate has over drain current,
the transconductance, in the saturation region is expressed by

Id sat.

3v

= v - V
g
.0

g

pCg
(Vg - Vo)
L2
( .2 11Cgid sat.

2.5

2
L
High frequency and high speed switching performance can be judged
by the gain-bandwidth product,

21riC .

In the saturation region

12(vg - vo)
G.B.

2.6
211L2

From equation 2.6 one can see the need for a high mobility semiconductor material, and a small source-drain gap in obtaining good high
frequency operation.

Another factor in achieving the best possible

gain-bandwidth product is minimization of gate-to-drain and gate-tosource capacitances inherent in the geometry of the device.
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In a model that takes into consideration dielectric polarization
such as that due to ion drift and trapped charges in the insulator,
these effects are equated with a change in electric field at the insulator-semiconductor interface.2
- q n
o

-

Hence V

is now written as

E.t

2.7

Cg

where,
E. is the component of electric field at the interface
not directly due to applied gate voltage.
t

is the insulator thickness.

All of the preceeding equations describing TFT performance were
based on the initial simplified picture of the semiconductor layer
being an homogeneous film of constant properties and relatively thin.
In actual fact, the semiconducting film used in the TFT structure is
not homogeneous as supposed, but is composed of interconnected, small,
individual crystallites with numerous intercrystalline boundaries, and
is not always a thin layer in comparison to insulator thickness.
The assumption of a thin semiconductor layer is of importance in
the discussion of depletion operation of the transistor.

The region

of semiconductor close to the semiconductor-insulator interface will become depleted of electrons by the action of the negative gate bias.

The

thickness of this region may be such that it is appreciable in comparison to the insulator thickness.

If this is so, and in actual fact it

usually is, the capacitance, Cg, is not a constant due to the insulator

19

26
alone, but varies with Vg as the depletion region thickness varies.
In the enhancement mode of operation, electrons are transferred to the
semiconductor creating an induced conduction channel of increased
carrier density, hence creating no change in gate capacitance.

In

this case, however, an unmodulated parallel conduction channel below
the induced channel contributes to the finite saturated drain output
resistance.

Looking at figure 2.2, this is shown as an increase in the

slope of the saturation portion of the family of I-V characteristics.
Further, although the mobility of the film has been assumed constant in the Borkan-Weimer model derivations, observations made on the
operation of CdS TFTs have revealed a strong dependence of the charge
carrier mobility on the applied gate voltage, Vg.27
28
An extended theory by Neumark
derives relations with greater
generality, to avoid the assumption of a semiconductor thin compared
to that of the insulator.

This theory includes the semiconductor

depletion-layer capacitance for the case of a relatively thick semiconductor layer and sufficient depletion, while the relations reduce
to those given by the Borkan-Weimer model for a thin conduction channel
under enhancement mode operation.

The basic assumption of a homogeneous

semiconductor of constant mobility remained unchanged and only recently
has a theory based on the polycrystalline nature of the actual device
been expounded.
This new conduction model as put forth by Graeffe29 is based on
30
Petritz's
barrier model which is valid for the conduction mechanism
in a polycrystalline, semiconductor film.

The barrier model is gone
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into in greater detail in a later chapter so that only a brief mention
is made here in describing its application to the derivation of TFT
characteristics.

Using this model the discrepancies between Hall and

field effect mobilities often noted in the operation of a TFT are explained.

Measurements of I along with specified geometric parameters
d

and applied voltages when substituted in equation 2.1 have given calculated values of mobility (field effect mobility) which varied with
Vg, often approaching the value of single crystal bulk material and
27
exceeding the Hall mobility measured in similar films.

Graeffe's

model as will be shown in the following discussion includes factors
which gave rise to these observed peculiarities.

The validity of

relations derived for the new model has been tested and verified by
observations of the operation of depletion-type CdSe TFTs, and has
been found to offer closer agreement between theory and experimental
results than the Borkan-Weimer, or Neumark models.
As discussed later in chapter five, surface conductance in poly30
crystalline films can be written as
2
GI Nc

exp (- 0/kT)

2.8

1.4.NbkT

where,
n is the charge carrier density per unit area in the
b
crystallite regions
v is the thermal velocity of the carriers
Nb is the number of barriers per unit film length
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0 is the potential energy barrier between crystallite
regions and grain boundary regions equal to kT In %Alb.
no and nb, carrier densities in crystallite and boundary regions,
For an increase in Vg in an n-type semi-

are both controlled by Vg.
conductor, increases in n

and nb are given by29

+ e LVg
= n
co
c

v(x)lcg

2.9

q

CVg

vocjeg
2.10

where,
nco and nix, are initial densities, and Oc and Ob, the ratios
of induced untrapped charge to induced total charge in crystallite and boundary regions, respectively.
V(x) is the voltage x-distance along the conduction channel
from the source due to the voltage drop from applied Vd.
An expression of Gs as a function of x is obtained by substitution
of equations 2.9 and 2.10 in 2.8.

Using this in the relation for channel

current through a small section of the channel
dV(x)
wGs(x)
dx
29
an expression for I is derived as
d

1-k

- V0) 111.1. _ Vd2
2

2.11
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where,
is channel width

w
lin

the effective field-effect mobility,
q

eb

4NbkT
-q nbo
C e
g b

Equation 2.11 is identical to the Borkan-Weimer expression 2.1
where

'LHALL,

a constant, has now been replaced by

NE, a function

of

grain boundary parameters, eb and Nb, and V by the barrier dependent
o
expression including the n.

DO

and eb factors.

Equation 2.11 is valid only for Vg>Vd, or the enhancement mode of
operation.

29
Graeffe
also derives similar expressions for full de-

28
inclusion of
pletion and depletion-enhancement modes using Newmark's
depletion layer capacitance, and the grain boundary-barrier conduction
model.

These have not been included in this section since they do not

show any new factors, which have not been shown by equation 2.11, other
than dielectric constant and thickness of the depletion layer.
The development of the models of TFT operation presented has been
included to indicate the large effect grain boundaries have on TFT
operation.

In later discussion of polycrystalline CdSe thin films,

and mechanisms influencing their conduction behaviour, factors affecting changes in their properties may be seen to have potential in relation to observed instabilities in TFTs.
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Graeffe's model of TFT operation briefly summarized in the preceeding pages has been tested using CdSe - A1203 - Al TFT structures,
and has been found to predict device performance more accurately than
previous models not based on a grain-boundary, barrier-type conduction
mechanism.
A further inconsistency of the Borkan-Weimer, simple injected
charge concept of TFT operation which can also be explained in Graeffe's
model is the successful field-effectoperation of double gate TFTs. TFTs
having dual insulated gates, one on either side of the semiconductor
layer have been fabricated.

By applying a transverse electric field

with opposite potential polarity on the gates, modulation of channel
current equal to and greater than that of single gate devices has been
achieved.31

Conventional injected charge modulation of channel current

is ruled out in this case because of the connection of gate potentials.
Abraham and Poehler, who made these devices, postulate a modulation
means by which carriers are excited by the electric field from donor
levels within several hundredths of an electron volt of the conduction
band edge.32

A more reasonable explanation may be that offered by

Graeffe's model in which intercrystalline barrier potentials may be
reduced by the action of the electric field, thereby increasing con29
duction in the channel area.
The built-in gate bias expressed by equations 2.2 and 2.3 can be
varied in a wide range of both positive and negative values by the
choice of materials and fabrication processes, as well as layer thickness variation.3334 Because of the limited range of Cg for effective
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modulation of I
the major variable in the expressions for V
d'
or nbo.

no

is no,

is proportional to the thickness of the semiconductor and

the average volume density of donors and acceptors assuming no variation
in charge density across the thickness of the thin semiconductor layer.
Hence n is positive for a depletion mode operation and negative for
o
the enhancement mode.

In most instances a TFT with V.0=0 and enhancement

operation is preferred.35
The value of Vo must remain constant and unaffected by applied
voltages throughout the life of the active device in order that a workable TFT be obtained.

It has been this one essential quality of a good

thin film active component utilizing field effect modulation that has
been the most elusive in the achievement of stable, reliable and reproducible thin film microcircuits.

The following two chapters, three and

four, discuss the observed instability characteristics of the TFT under
two broad classifications.
shift in V

These instabilities can be related to a

with time under applied stresses of voltage, temperature,

humidity and other ambient conditions.
2.3 Fabrication of the TFT
In simplest terms the manufacture of such an active thin film
device requires some means by which semiconductor, insulator and conductor film layers may be laid down in sequence on an insulating substrate in a specified geometric arrangement

This commonly takes place

in a vacuum system pumped by an ion pump, or a vapor-diffusion pump
with foreline trap to prevent problems of contamination of the substrate
and bulk film materials during the fabrication process.36,37

The most

common methods and the one which was used exclusively in this laboratory for the deposition of films, is that of vacuum evaporation by
resistance element heating.

Electron-beam evaporation under vacuum,

vapor-deposition, sputtering and electro-plating are among other more

38,39
complex means of building thin film layered structures.
Important considerations for the vacuum system used in the simple
vacuum evaporation technique are pumping rate and ultimate vacuum.
Since purity of film composition depends not only on the initial material placed in the evaporation system, but on the amount of residual gas
incorporation in the vapor stream during deposition of the material on
the substrate, a higher pumping rate not only reduces this impurity
source, but handles outgassing of the evaporated material itself.
Higher vacuum increases the mean free path of residual molecules, lowering the probability of collision with the evaporant and hence decreasing the amount of incorporated gases in the film.
For compound materials such as CdS, or CdSe used in the semiconductor layer, source, or evaporation temperature is important in
that, at the ranges of pressures and temperatures used,decomposition of
the material may occur.4°'41

Also, substrate temperature determines

42,43,44

the composition and texture of the film deposited on it.

Sub-

strate cleanliness is of great importance, too, both in terms of sticking factor and contamination of the first layer to be deposited.45
Geometric configurations required for thin film elements and
interconnections are generally obtained with a movable mechanical
masking system.

The small source-drain, contact electrode spacing is
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obtained using fine diameter wire along with movement of the mask
during deposition of the material.

2.4 Materials
The materials used in fabricating the TFT at this laboratory are
cadmium selenide (CdSe) for the semiconductor layer, silicon monoxide
(SiO) for the insulator, and aluminum for the contact, and insulatedgate electrodes.

All materials have a purity of at least

99.9%.

The

reasons for the choice of those materials listed are many, and have
proved adequate to select materials for initial tests in obtaining
operational TFTs.46'47
Aliminum forms a good ohmic contact with CdSe27 and is relatively
easy to evaporate.

It also forms a strong bond with the gold wire used

in the thermocompression bonding of leads to the TFT.
CdSe is a compound semiconductor, the component elements of which
have very close lying vapor pressure versus temperature of evaporation
curves.48,42

This makes possible evaporation of the material with

minimum decomposition and change in stoichiometry for the proper
pressure-temperature conditions.

The wide bandgap of CdSe is suitable

for an enhancement type of TFT in which initial carrier concentration
is small.

Conduction modulation may be accomplished easily by the

field effect capacitive action, while raising of electrons to the conduction band at ordinary temperatures is thus normally small.

CdSe is

an n-type semiconductor because of doping of the material due to selenium vacancies, and because of a relatively low hole mobility.

De-

vices using this type of wide gap, majority carrier material can be
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made fairly radiation tolerant as indicated in chapter one.
Silicon monoxide is a material frequently used for its good insulating properties and has been found to work fairly well as a TFT
dielectric material.

It is relatively easy to evaporate in comparison

to some other materials, and with the proper deposition conditions good
50
thin film insulating properties can be obtained.
Indications, however, are that other materials,such as

some

51
of the rare earth oxides,

may provide the same good insulating qualities, high breakdown field
strength and high dielectric constant.

Added features of these alter-

nate choices are ion migration blocking structure and freedom from
52
pinholing as often seen with Si0.

2.5

Introduction to the problem of TFT instabilities
The general problem in the utilization of the TFT in total thin

film integrated circuitry is summed up in the phrase - "lack of stable,
reproducible, reliable electrical characteristics".
Two broad classes of unstable operation of the TFT are defined as
"positive" and "negative" drift.

As shown in figures 2.L. and 2.5 the

family of Id characteristics pay drift, or change position in time in
one of two ways.

For a constant applied gate voltage and drain voltage,

channel conductance, and thus Id, increases with time under predominantly positive drift conditions.

Conversely, Id decreases with time

for the predominantly negative drift case.

Although one of the two

types invariably dominates, both effects are normally observable in a
complex interaction with each other as illustrated by figures 2.6, 2.7
and 2.8.

Here I has been measured as a function of time after applicad
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tion of a constant applied gate potential and drain voltage for TFTs
and constant source-drain voltage for CdSe and SiO coated, CdSe films.
It is to be noted that drifts in both directions (towards both increased
and decreased conduction) are observed in TFT structured films down to
the basic uncovered CdSe semiconductor film.

Although not all drifts

common to the TFT can be traced to and observed in simpler CdSe films,
some appear to be common to both.

Hence it was concluded that a study

of instabilities in the TFT could be made by applying observations and
conclusions made with simpler CdSe films to its use in TFTs.
Chapter three covers in greater depth the positive drift case,
some possible causes, and preventative measures while chapter four
presents models of negative drift phenomena.

In particular, experi-

mental evidence is given for depletion of CdSe films by the action of
oxygen from the ambient air.

This particular effect of negative drift-

inducing oxygen can be related to a shift in TFT V parameters
0

and is

discussed at length in chapter five in terms of the semiconductor
barrier-conduction model.

Evidence for the physical process taking

place in the depletion process for CdSe films is presented as well.

31+

3.
3.1

him POSITIVE DRIFT MODEL OF TFT INSTABILITY

General
The predominant type of drift instability is the positive drift

case.

This is illustrated, as seen in figures 2.4 and 2.5, by the

initial large change in Id.

The negative drift in I-V characteristics

may be observed in most cases as a smaller change in I over a longer
d
period of time.
The time scale in which the material in this study is concerned
is of the order of seconds to hours.

Although faster changes in Id in

time are apparent, the most troublesome and least understood effects
seem to have the longer time constant, of the order of several hours.

3.2

Ion drift
The major cause of the positive type of drift phenomena has been

found to be that which had initially plagued the MOSFET, the movement
of small, mobile positive ions in the insulator layer.53,54

As shown

in figure 3.1 for an enhancement type device, application of a positive
gate potential causes positive ions located in the insulator bulk and/or
at the interfaces to migrate through the porous insulator structure to
reach the semiconductor-insulator interface.
The effect of the ions is to add to the field terminating in the
semiconductor and hence increase the channel conductance by additional
capacitive injection of electrons.
I increases further with time.
d

As more ions contribute to the field
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The ions have been identified as sodium ions in the many studies
undertaken to eliminate this problem in MOSJi±'1' development, and it
appears reasonable to assume that the same contamination is present in
the ITT.55,56
24
Results by Swystun
indicate a large increase in magnitude of
positive drift instability following absorption of water vapor.

This

is thought to be primarily caused by dissociation of alkali metal ions
from anions by the presence of water, or by the release of protons (H+)
by hydrolysis of the absorbed water under high fields at the semiconductor-insulator interface.

Gutierrez and Wilson57 attribute large

decreases in positive drift instability with a heat treatment primarily
to the desorption of water vapor.
_
Previous work in this laboratory by Bradley58 has given an estimate
of mobility of instability-inducing ions in TFTs fabricated here of

-6

about 10

2
-1
cm sec

. These results were derived from tests using

a technique also developed here in which the magnitude of positive drift
was reduced drastically by as much as three orders of magnitude.

This

value of mobility has been stated as close to that value of ionic conduction in water.
Turriff and Bradley59 were able to practically eliminate the instability caused by the presence of mobile insulator-layer ions by
physically removing them from the TFT structure after device fabrication.
Application of an electric field of 300 v/cm in a plane parallel to that
of the glass substrate, and hence, parallel to the insulator layer, for
some 10 hours gave rise to an accumulation of ions near the electrodes

37

and resulted in ion depletion in the TFT gate insulator.

The portions

of substrate near the electrodes were then physically removed so the
accumulated ions could not diffuse gradually back into the device.

The

increase in effective gate voltage (previously often greater than 100%
of the applied value) was reduced by two to three orders of magnitude
to a negligible level.
The effect of even a few ppm concentration of ions in the insulator
material can be seen to be substantial in causing a change in the effective gate potential.

Assuming an impurity concentration of 10 ppm

or 0.001 per cent of mobile ions, and 1022 atoms per cubic centimeter
of insulator

for a typical 1000A (10-7 m) thick insulator layer there

12
2
will be 10
ions per cm of surface area.

If we assume an initially

uniform distribution of these ions throughout the insulator, then the
average distance moved by the ions is 500A.

Hence the number of charges

transported to the semiconductor surface by the action of these positive
ions drifting with applied gate field will be 5 x 1011 cm 2. This corresponds to a potential shift of 1 to 2 volts, quite a significant
change in Vo since a normal range of 17.0 values usually found is between
plus and minus 2 volts.
Rated impurity of contaminant material, particularly sodium, in
the Si0 bulk material available from a number of manufacturers is of
the order of 10 to 100 ppm.

So it is very likely for the large magni-

tudes of positive drift observed to be caused by sodium ions.

These

could well be introduced into the insulator through bulk material,
impurity, and through unclean handling procedures for substrates and
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vacuum system.

3.3 Field induced drift
Several observations made are not, however, explained by the simple
positive insulator ion model.

The first can be seen in figure 2.8 where

for a period of approximately 10 minutes current in a simple CdSe film
exhibited a positive drift.

Figure 2.7 also indicates a large positive

drift in an SiO coated CdSe film with no gate electrode.

The change

in I with time shown in figures 3.2 and 3.3 for depletion type trand
sistors fabricated here indicates a positive drift in characteristics
for negative, as well as positive, applied gate voltages.

Obviously,

the action of positive, and for that matter, negative ions moving under
applied field in the insulator would be such that the current would
decrease not increase with time as is observed.

This indicates an

additional mechanism associated with positive drift in TFTs.
Muira and Matukura60 suggest the reaction in the insulator near
the semiconductor-insulator interface under the strong electric field
there (, ,106 v cm 1) as

Si02

Si02_x + XV++ + 2xe- + 0x

3.1

where V++ is an oxygen vacancy ion in the film.
A similar reaction has been proposed by Seraphim and Friedman without
61
the field stress condition.
The insulator layer of the TFT has been fabricated in this laboratory by the evaporation of SiO at low rates (<1 A/sec) and pressures
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(<5.10-6

torn) on unheated substrates.

While it has been established

that true chemical Si0 exists in the gas phase, Yorks() gives the probable composition on condensation as Si + Si02. He also indicates that
films approach the properties of Si02 as evaporation rate decreases
(<10 A/sec).

11
Glang
also reports partial oxidation of Si0 towards a

composition close to Si02 for such low evaporation rates and pressures.
The possibility of at least a partial SiO composition has, therefore,
2
been assumed to be present in the TFT insulator layer of the TFTs used
in these observations.

If this is so the reaction of equation 3.1 may

well be an explanation of this additional positive drift mechanism.
As will be seen later in chapter four, trapping of conduction
electrons due to gaseous surface adsorption along with the presence of
other surface states plays a large role in determining the conductivity
of the semiconductor and, hence, of the TFT drain-source channel.

These

adsorbed ions at the surface of the semiconductor may move with applied
drain-source field and may have sufficient conductivity to modify the
62
operation of the device.

If these ion electron-traps may be made to

release their trapped electrons by a high field stress, the increase in
electron concentration to the channel may in this way also contribute
to the positive drift in a TFT.

Just as more than one cause of positive

drift may be present, under certain conditions the presence of a negative drift phenomenon may provide a means for a positive drift effect.

3.L.

Observations of positive drift in CdSe thin films
The majority of the TFTs produced in this laboratory have shown

large positive drift characteristics.

Both ion-pumped and vapor-

1+2

diffusion pumped systems have been used in TFT fabrication with no
really consistent results favoring one or the other so far as reducing the instability is concerned.
Because of the ever-present problem of lack of repeatibility from
run-to-run, only qualitative observations were made of the differences
between those TFTs produced in ion and in oil systems.

It was noted

that the predominately positive instability measured immediately after
removal from the oil system appeared of a smaller order of magnitude
than previously deposited ion-system TFTs; but after a period of some
hours, similar magnitudes of drifts were observed.

Atmospheric hum-

idity may have been the prime factor in inducing these results.

Ob-

viously, some means of comparing drifts in vacuum, hence eliminating
this as a major factor, would be beneficial in obtaining a better comparison between systems.

In vacuum, one would assume the measure of

instability from ionic sources to be related more closely to initial
material purity and system cleanliness.

Other researchers report no

63
difference in systems used.
The effect of ambient humidity on the magnitude of positive drift
24
and Tickle.53
present in TFTs has previously been reported by Swystun
Observations show the humid air from one's own breath at a distance of
several feet from a TFT under study to cause changes in I-V characteristics of up to 100% of initial values.
Tests in vacuum and in air have been made on CdSe films with
narrow gap electrodes similar to spacings found in normal TFT structures
(...., 100 pm).

These show positive drift characteristics of Id with time

After a fast initial rise

as illustrated in figures 3.4(a) and (b).

of current with applied voltage, or reversal of polarity of applied
voltage a much slower increase of current with time is observed.

This

kind of drift was observed consistently in films in which aluminum
contacts were first deposited, the system opened to air, leads
attached, and then returned to vacuum for evaporation of the CdSe
layer.

Samples with the entire fabrication taking place without break

in vacuum, in general, showed very few such cases of this type of
drift.
It is assumed that the faster changes may have resulted from ion
movement in the field from source to drain along the semiconductor
surface due to adsorbed ions, and that the slower change to higher
conductivity may have been due to a field induced desorption process.
Drift was found to be more frequently observed for films which may
have had more contamination on electrodes and hence the semiconductor
surface by virtue of being exposed to the atmosphere between contact
and semiconductor depositions.

Gaseous and water vapor adsorption may,

hence, have caused this observed drifting.
From these additional results it is further seen that the elemental
layer, the semiconductor, in the TFT has drifts inherent to its own
conditions, and that a study of CdSe films would show effects possibly
closely corresponding to those in TFTs.

The simpler structure and

reduced number of interfaces make the task of studying TFT instability
somewhat easier.
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3.5

Suggestions for reduction of positive drift
A great deal of study has gone into the effects of ionic contam-

ination in the insulator of the MOSFET and the TFT.

As a result rigid

process control, and cleaning procedures have been instituted in MOS
production lines.

New insulator materials, and combinations of these

into layered structures impervious to ion migration have been developed
for MOS devices and ICs.
In TFT studies, reduction of positive drift by physical elimination
of insulator ions indicates that with proper initial cleaning procedures,
perhaps by glow-discharge, or sputtering surface cleaning, or electron
beam vacuum heating, plus the use of higher purity, ion-free materials
the major cause of positive drift may be significantly reduced.

As far

as other sources of drift are concerned, eradication, or reduction of
the effect of ambient gases and humidity on the devices may be helpful
in controlling both positive and negative drifts.
The use of alternate TFT insulators such as aluminum oxide, or a
rare earth oxide, instead of SiO, or Si02 has been found to greatly
reduce ion mobility and add to the stability of the device.

Suitable

encapsulation with such materials in vacuum may protect the total
device from humidity and gaseous adsorption, as well.
In order that the fabrication process of the TFT be kept quite
simple, and easily automated, it would be desirable for the control of
instability factors to be limited to pre-production cleaning techniques
and material selection.

Several methods are available by which the TFT

may be stabilized involving a more complicated fabrication procedure,

1+6
and post-fabrication treatment.

As mentioned in section 3.2 instability-

inducing insulator ions may be removed by application of a substrate
field and physical removal of part of the substrate.

While this re-

quires a more complicated process in resulting in a final product, it
is an effective solution to this one problem.

Another technique of

elimination of ions from the insulator field involves the use of field
plates in the vapor stream in vacuum while the insulator film is being
deposited.

The action of the field is intended to deflect the ions in

the vapor stream out of the vapor impinging on the substrate.

While

having the advantage of being part of the fabrication process, it
requires additional vapor-current monitoring and deflection-field control equipment.

Further mention of this technique is made in chapter

six.
If it is found that material purity and system cleanliness cannot
be obtained in order that significant reduction in ion concentration in
the insulator be attained, then the techniques mentioned may be the only
alternatives practical.

TFT NEGATIVE DRIFT

General

4.1

Although in most cases overshadowed by the more predominant
positive type of drift instability, a degradation in conduction of a
TFT takes place which gives rise to both fast and slow negative drift
characteristics.
Figure 4.1 shows the type of response a step gate voltage has on
a TFT with both fast and slow trapping states.

The ideal curve or

step function can be calculated from the geometry and material properties of the device.

From a comparison of predicted and observed

response one can see that some form of electron trapping is taking
place both in that time region less than measurement response time
(milliseconds) and in a much longer time period of seconds to hours.

4.2

Surface states
Because the surface of the semiconductor layer represents a gross

discontinuity in the structure, the atoms cannot form the regular bonds
normally existing within the periodic structure of the material.

As

a result new energy levels are formed from perturbations of the regular
ones.

Some of these surface state levels lie within the normally for-

bidden energy gap.

Since their energies are lower than the conduction

band edge, they act as traps for electrons.

These trapped electrons

are rendered immobile and can only diffuse thermally and drift with an
applied field if they are released.

An electron of trap energy Et

Ideal Response
Fast trapping

Slow trapping

t =0

time

V applied
d

Figure 4.1

TFT Trapping

1+9

lower than the conduction band edge may be thermally excited to the
conduction band, the probability being proportional to the Boltzman
factor exp (-EtAT).
Except at very low pressures, atomically clean surfaces normally
do not exist because gases, or other impurities, are adsorbed by the
unsaturated surface bonds.

Hence for those surfaces on which any com-

posite layer has grown as a result of interaction with the ambient, or
direct evaporation of an oxide thereon, it is reasonable to expect
additional states in the forbidden gap.
Two classes of surface states have been observed from a large
number of experiments performed on various semiconductor surfaces.
States of the first class are given the name fast surface states
because they exchange charge with the bulk material with time constants
ranging from milliseconds to microseconds and less.

They are con-

sidered to exist at, or near,the semiconductor-oxide interface, and
are usually unaffected by ambient conditions.

4.3 Fast trapping
Due to the amorphous nature of the oxide insulating layer (Si0x),
64
allowable states for electrons may exist in the insulator layer itself.
The insulator material represents a barrier of relatively high potential
so that tunneling of electrons into the oxide material would be a more
62
probable mechanism than ordinary conduction.

Since the probability

of tunneling decreases very rapidly with distance only that portion of
the insulator immediately adjacent to the interface could contribute to
this mechanism.

5o
Experiments with MOS capacitors indicate trap concentrations
filled by tunneling at both gate-oxide and oxide-semiconductor interfaces.

The density of traps determined from these experiments was

27
found to be greater at the metal-oxide interface than the latter.
This is because of the growth of the thermal oxide on the silicon being
always under controlled conditions,keeping the density of semiconductoroxide and oxide states low.

The evaporation process depositing gate

metal on the oxide, and any related contamination of the oxide surface
by the evaporation process greatly increases the relative trapping
state density at the gate-oxide interface.
In the TFT, the oxide layer is evaporated and not thermally grown,
onto a polycrystalline, not single crystal, film of semiconductor.
Hence trap density at both surfaces is expected to be even greater than
in the MOS case.
For electrons in the semiconductor at the interface, the trapping

6

time constant,;, has been derived by Heiman and Warfield

5

to increase

exponentially with distance from the semiconductor-insulator interface.
The equation is based on a tunneling effect and is
Kx
e

CT =

4.1
N 1)cr
s

where,
N is the concentration of electrons at the surface.
s
is the group velocity of the wave packet represented by
electrons approaching the energy barrier of the insulator.

dir is the trapping cross-section of an insulator electron
trap.
K

is the constant determined by the height of the energy
barrier and effective electron mass.

x

is the distance into the insulator from the interface.

Fast trapping states with time constants of less than a millisecond appear to be physically located at the semiconductor-insulator
interface, and also closely adjacent to it in the oxide layer itself
because of this exponential distance function.
Precise measurements by Many and Gerlick, and Harnik and Margoninski66 on germanium surfaces have shown the density of fast states to
-2.
be approximately 1011 cm

Swystun24 has found the density of fast

states on CdSe TFT surfaces to be of the order of 1011 cm 2 also.

A

theory by Tamm67 gives the number of states associated with clean surfaces, or perfect crystal planes to be of the same order as the number
-2
15
cm .
of surface atoms giving a density of approximately 10

It

follows that the actual density observed will be much less than that
predicted for a clean surface because of the existence of impurities
bonded to the semiconductor for any normal surface exposed to ambient
atmosphere.

The effect of any grown, or evaporated oxide on this

surface will reduce the density of unsaturated bonds, and also the
density of fast states available.
not understood

The structure of the fast states is

but in addition to those caused by the intrinsically

defect-prone nature of polycrystalline thin film semiconductors, misfits
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between the oxide and crystal lattices may account for some of these.

4.4

Slow trapping
The second type of trapping states gives rise to observed slow

drift characteristics with time constants of the order of minutes and
hours.

From equation 4.1 we see that a possible explanation could be

trapping at more remote locations in the insulator film.

However,

very slow trapping of this kind has been observed in Cd.Se films without
any evaporated insulating layer of great thickness.

Hence another

trapping mechanism is indicated and has been investigated experimentally.
The role of adsorbed ions in determining chemical and physical pro68
perties of semiconductor surfaces is well known and documented.

The

bulk electrical properties of semiconductors show a great deal of dependence on surface conditions.

This coupling of surface and bulk

phenomena results from the formation of a depletion layer, the depth of
which is determined by accumulated ionic surface charge.

In other

words, as the surface accumulates a layer of ionized gas molecules by
the uptake of charge carriers from the bulk, the electric field from
this accumulation layer is such that it limits the movement of subsequent charge to the surface, and holds a certain thickness of semiconductor near the surface devoid of charge carriers.

This is the

depletion region.
Brattain and Bardeen were first in showing the surface potential
barrier change with variation in ambient gas conditions, both kind and
concentration.

This relation between ambient gas and charge exchange

with slow surface states developed into theories of chemisorption.
Various gases, including water vapor, have been found to affect
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semiconductor surfaces.

The most significant of these is oxygen.

Clean, freshly evaporated thin film surfaces are highly reactive and
adsorb foreign matter readily.

The adsorption of gases on these sur-

faces is commonly divided into chemisorption and physical adsorption.
Chemisorption is characterized by strong, short-range chemical bonding,
an example of which is oxidation, and by its accompanying liberation of
large quantities of heat. Physical adsorption is characterized by longrange, van der Waal's interaction and low heat of adsorption.
adsorption is an example of this.

Noble gas

The distinction between the two is

often not very distinct and many experimental results may show both
acting on the solid surface simultaneously.
The effect of oxygen on single crystal, semiconductor surfaces has
been much investigated and is characterized by the existence of three
well-defined ranges:

a rapid initial adsorption up to a coverage of

about one monolayer, a much lower logarithmic subsequent adsorption up
to several more monolayers, and finally, a region where adsorption
becomes too small to be detected, presumably the point at which an
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equilibrium process is set up.

Other gases, notably water vapor,

have also been found to chemisorb attaining coverages in the order of
a monolayer.
It was found that on a number of semiconductor surfaces adsorbed
oxygen may form either acceptor or donor-type states.

Somorjai, in

studying the effect of oxygen uptake on electrical conduction in thin
films of CdSe, reported that chemical and physical adsorption occurred
69
He
simultaneously forming acceptor and donor states, respectively.

found the physically adsorbed oxygen to be weakly bound and easily
desorbed, or liberated from the surface by simply reducing pressure
below the saturation level.

Chemisorbed oxygen, however, could only

be desorbed in vacuo at temperatures above 600°C.

Results obtained by
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Wagner and Breitweiser,
again on CdSe thin films, were interpreted
similarly, as a conversion of physically adsorbed oxygen to chemisorbed
oxygen accompanied by a charge exchange with the conduction band.
Although adsorption of oxygen on covalent semiconductors, notably
germanium and silicon, can occur without the creation of a net surface
charge, adsorption on an ionic semiconductor is depicted as occurring
by completion of electronic shells by positive and negative ionization
of the species involved.

Conduction electrons arriving at the surface

of the semiconductor are captured by a physically adsorbed oxygen atom
which is thereby converted to chemisorbed oxygen.

The electric field

established between the negative surface ions and ionized donors in the
semiconductor sets up a surface potential barrier which limits the
arrival of conduction electrons, and hence the rate of adsorption.
Figures 4.2(a) and (b) illustrate in terms of band bending the effect
of chemisorption of a negative adsorbate at the surface of an n-type
semiconductor.

In figure 4.2(a) there is no chemisorption taking place

as would be the case for an atomically clean surface at high vacuum.
Hence there is no energy change at the surface and the band edges are
flat to the surface.

In the process of chemisorption available states

corresponding to a physically adsorbed layer of negative adsorbate on
the surface capture conduction electrons from near the surface con-
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verting the physically adsorbed atoms to negative ions.

This results

in a space charge region within the bulk near the surface composed of
ionized donors.

As the capture of conduction electrons takes place at

the surface a barrier is formed because of the field between the negative ion layer and the semiconductor space-charge region.

The bands

are, therefore, bent upwards at the surface as in figure 4.2(b) by an
amount eV , the energy barrier built up by increasing field.
s

Electron

diffusion to the surface states decreases with increase of this barrier
limiting the rate of chemisorption, and finally balancing with the rate
of thermally released electrons from the adsorbate layer to the conduction band.
The rate equation of the surface density of chemisorbed ions is
taken by Tanaka and Huruhata71 to be the same as that given by Mark72 in
an analysis of the same effect on CdS single crystals.

This is given in

equation 4.1 below to illustrate the factors affecting the adsorption
process.

d 0=
dt

C y exp
o

-eV
d

Ufa-

4.1

kT

where,
a- and Cr denote the surface density of chemisorbed and
physically adsorbed ions, respectively.
C

is the capture cross-section of the adsorbate to the
conduction electron.

2.) is the thermal velocity of the electron.
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n

is the conduction band electron density.

I

is the rate of desorption caused by hole capture.
e02
V d denotes the diffusion potential
2E N+
and the rest of the symbols have their conventional meanings.
Assuming the change of adsorbate density corresponds to the change
of conduction electron density and neglecting the surface recombination
and change of electron mobility, the conductance change AG(t) caused
by chemisorption as given by Tanaka and Huruhata71 is shown in equation
)4.2.

AG (t) = G - G(t) = G
s
o

4- 1)

14..2

0
where,
G
s

is the initial conductance.

G(t) the conductance at time t.
and

F

N

G =
0

m

kT

S d
a

to =

2
exp (ba-ra

2b gocG dEcr
s
m
Tm

s

+ 8 ns

oc = 8/(F1.eE)
N
+

is the ionized donor density in the space charge region.

a

= 0- 0 V

b

=

0

2/
e /2 EN kT
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and where,
E is the electric field in the channel, d is the distance between
electrodes, Or and ns the initial density of surface chemisorbed ions
and conduction electrons, respectively, 8 the ratio of volume of conduction channel to the area of chemisorbed surface, F is the crosssection of conduction channel perpendicular to the current, and the
rest have the conventional symbolism.

The physical meaning of 0-m

refers to the total number of conduction electrons and trapped electrons
per unit surface area.
We can see for t>>t equation 4.2 reduces to equation 4.3 below
o
as t/t

becomes »1.

AG(t) =

Go In (t/t )

0

4.3

Wagner and Breitweiser70 develop the same type of logarithmic
dependence of conductance with time for the chemisorption process
arriving at the equivalent expression of equation 4.3 in differential
form as below.

dG
= - oce PG

4.4

dt
This is derived from a form of the Elovich equation which has been
found to describe many adsorption processes occurring on semiconductor
surfaces.
Experimental results of all the investigators previously mentioned
in this section show that after an initial fast process producing an
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irreversible resistivity change, adsorption became charge transfer
limited and followed this Elovich type rate equation for oxygen interaction with the CdSe thin film surfaces.

71
indicate
Tanaka and Huruhata

the application of the Elovich type relation only between pressures of

10-3 and

10 torr, the smaller change of conductance at higher vacuum

being taken as a physical adsorption or weak chemisorption phenomena,
and the deviation at higher pressures assuming the rate equation invalid
for a surface density of chemisorbed ions comparable to the surface
density of the conduction electrons.

4.5

Experimental observations of ambient-induced trapping
In this laboratory the reaction of ambient air as it was admitted

to freshly deposited CdSe thin films was studied by monitoring the
resistance of films which had the same conditions of deposition as those
previously used in the TFT.

Initial geometries of the samples were as

in figure 4.3(a) with a mask arrangement of 0.003 in. and 0.0005 in. to
attain the narrow gap representing the normal TFT source-drain channel.
Results as shown in figures 3.4(a) and (b) previously indicated presence of a positive, small scale decrease of sample resistance with time.
For ease of positioning of masks and contacting probes, as well as reduction of observable positive drifts, geometries shown in 4.3(b) and
(c) were adopted for study of the large magnitude conduction decreases
observed with surface oxygen interaction.
across the contact gap from --103

The reduction of field

/cm to--lo

Am due to the increase of

gap width was felt to significantly lessen the importance of any fieldinduced instability such as ionization of water vapor, or a transverse
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movement of chemisorbed ions, as mentioned in chapter three.

Also

figure 4.3(c) could give an indication of variations in resistivity
across the slide thought due to temperature gradients on the surface
of the substrate.
After several trials to find the thickness of CdSe layer necessary
to achieve a film resistance in the 102 to 10311. range, a film of this
thickness was deposited onto the cleaned substrate and aluminum electrodes put down on the CdSe surface.

Spring-loaded contacts were then

brought into touch with the evaporated electrodes and a Keithley
electrometer connected to monitor the sample resistance.

Different

applied voltages and the resulting currents, measured initially, assured
ohmic contacts to the semiconductor sample.

Time was allowed for the

sample to come to thermal equilibrium in the system before measurements
were taken.

Initial tests were done under ambient room lighting; how-

ever, because of the photoconductivity of the material, the system was
light-proofed and later measurements done under dark conditions.
During the opening fully of the air admittance valve, the system
pressure as monitored on a thermocouple gauge was seen to rise from
high vacuum condition to atmospheric within several seconds.

Hence the

change in pressure was taken for all practical purposes as an immediate
and abrupt step function.
Very large increases in the resistance of the films were observed
to take place as ambient air was brought into contact with the film
surfaces.

Figures 4.4(a) and 4.5(a) illustrate two typical sample

measurements of the magnitudes of these resistance changes for pressure
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increases from ,-,40-7 torr to one atmosphere.

The initial fast rise of

resistance illustrated in figures 4.4(a) and 4.5(a) gives way to a
logarithmic dependence of R (and hence G) with time as illustrated by
figures 4.4(b) and 4.5(b).
expressed in equation

This log function is of the form of that

4.4.

Further resistance measurements of these CdSe films were made as
air was admitted to the system with several step pressure increases of
-1
-2
about 10
to 10
torr instead of directly increasing the pressure to
one atmosphere.

Resistance increase was monitored as the pressure was

increased at each step and was allowed to level off from the first rapid
increase before the next pressure step.

Figures 4.6 and

pical plots of R versus time for this type of test.

4.7

show ty-

These plots were

further expanded in a conductance (G) versus log time series of graphs
for each pressure increase as in figures 4.8(a) and (b) and 4.9(a), (b),(c)
and (d).

It can be seen from the graphs that after an initial rate of

increase in G with each pressure step, from

-2
torr to one atmos10

phere the tendency was toward a linear rationship between G and log
time.

This indicates a charge limited process relationship similar to

that predicted in expression

4.4.

As the density of chemisorbed mole-

cules increases at higher pressure, the interaction between the gas and
the semiconductor surface through the already appreciable thickness of
accumulated surface ions, is thought to follow a more complex type of
reaction resulting in a deviation from the log function predicted.
It is to be noted also that in equation 4.2, the Go term is a
function of mobility which has been taken as a constant.

If, in fact,
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29
and others, mobility in a polyas has been suggested by Graeffe
crystalline material is a significant variable, depending on intercrystalline barrier heights, which in turn are a function of oxygen
chemisorption and induced carrier density changes

the relation may

well deviate from the simple log function.
It was found also that at one atmosphere pressure for periods of
time of the order of tens of hours, the films became almost completely
non-conducting (R >101 SI).

This is thought to be a complete de-

pletion of the film due to further chemisorption of oxygen diffusing
through the initial chemisorbed layer and into selenium vacancies
within the film, and grain boundaries.
From figures L.8 and 4.9 it can be seen that the slope of the
previous plots,ZGAlnt

decreases with increasing pressure.

words, the rate of decrease of conductivity in time decreases.

In other
From

the definition of G we see that the slope, G , is inversely proporo
o
tional to the density of trapped charge on the surface, and hence to the
density of adsorbed molecules.

As this factor increases with pressure

the value of G

Figures 4.10 and 4.11 show for the few

will decrease.

pressure steps used in the experiments a log-log relation between slope
and pressure for sample L, up to atmospheric pressure, and a low pressure log-log,relation for sample L2.

71
make menTanaka and Huruhata

tion of the change in slope with pressure, but do not indicate any
known relation for this phenomena.

Since another term in G is N+,
o

the ionized donor density, it may be seen from future tests such as
this at different temperatures, that a different change in slope is

760 —
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present.

More research into this relation is needed before any better

explanation of the process may be found.
The simple one for one trapping of conduction electrons by chemisorption of physically adsorbed oxygen molecules cannot, however,
directly account for the magnitude of resistance changes observed in
the previously outlined experiments.

Even if a 500 1 semiconductor

film were almost totally depleted down to a final thickness of, say,
5 i, and we assume a homogeneous semiconductor, the resistance increase
would only be 100 times, or 2 orders of magnitude.

The results ob-

tained here, and elsewhere indicate changes in R of five to six orders
of magnitude initially, and greater with time.

This tends to indicate

an effect within the bulk material whereby such great changes in conductivity can take place not merely as a decrease in the number of
carriers available for conduction.
Results of experiments outlined in the next chapter show the
depletion of these films by chemisorbed oxygen takes place with a
change in donor energy levels of the polycrystalline semiconductor.

4.6

Trapping in the TFT
In the previous section the slow trapping observed in CdSe thin

films was shown to be a direct result of oxygen chemisorption on the
semiconductor surface.

The results of Wagner and Breitweiser and those

observations made in this laboratory show that a layer of Si0 evaporated onto the semiconductor surface reduces the effect of chemisorption
by several orders of magnitude of resistance change.
not eliminate the problem.

However, it does

The plot of R versus time for Si0 over-
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coated films follows that of CdSe films, but with a reduction in the
overall change between vacuum and air values of about three orders of
magnitude.

This reduction in the effect of chemisorption has been

assumed to occur because of a gettering effect of the SiO on the semiconductor-insulator interface adsorbed oxygen.
ferred reaction given by equation

45

The energetically pre-

may occur according to Wagner and

Breitweiser70 since SiO forms with considerably lower free energy than
2
the combined energy of Cd0 and SiO.

Cd0 + 2VSe

+

SiO

2Cd2+ + 2VSe
+ SiO2

4.5

The presence of Cd0 in CdSe films is a good possibility since for
the low rates and temperatures used in the evaporation and deposition
of the CdSe layer, a cadmium rich vapor may produce a film rich in Cd.73
Figure 4.12 illustrates the effect of an SiO layer deposited onto
CdSe.

The sample shown had a drop in resistance of over three orders

of magnitude with SiO overcoating.

Such a large increase of conduc-

tivity may well be due to the reaction suggested by equation 4.5 as a
similar change in the electron occupancy of selenium vacancies opposite
to that which will later be shown to be responsible for the decreases
in film conductivities accompanying oxygen chemisorption.

This will be

discussed further in the following chapter.
From these results we can see that a slow degradation in the conduction of a TFT may be due to the decrease in conductivity of the semiconductor layer with the formation of oxygen chemisorption-induced
surface states.

Fast trapping interface states are a result of the
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imperfect structure of the polycrystalline layer, and the mismatch
between this and the overlying insulator material.

Tunneling is the

method by which electrons are trapped in states in the oxide near the
semiconductor-oxide interface.

Slow trapping as a result of tunneling

to trapping states at a greater distance into the insulator layer is
not taken to be a significant phenomena compared to the much greater
effect which oxygen chemisorption has on the interface.
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5.
5.1

CdSe THIN FILMS

General
The CdSe thin film semiconductor used in the type of TFT fabri-

cated in this laboratory depends on a number of factors for its physical
structure and electrical properties.

It is a polycrystalline film com-

posed of interconnected, individual single crystallites the size and
number of which are extremely dependent on several factors.

Chiefly

they are temperature and rate at which the material is evaporated and
the temperature of the substrate on which the vapor condenses.

Also

important are the cleanliness and structure of the substrate itself.
The stoichiometry of the evaporated material varies greatly with
those parameters mentioned above; however, for the rate and substrate
temperature ranges given in Table 5.1 taken from experimental results
of a number of researchers, stoichiometric films were obtained with
immeasurably small incorporated amounts of the individual elements.

Evaporant
Temperature
o
C
700-900
TABLE

5.1

A/sec.

Substrate
Temperature
o
C

5-100

100-200

Evaporant
Rate

Typical Ranges for CdSe Evaporation Parameters

The films deposited in this laboratory and used for the experiments
described in this thesis were, unless otherwise specified, generally put
down on unheated substrates at low rates of approximately 25 i per
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minute.

The result of these deposition conditions will be shown in

the next section to be films with excess cadmium (i.e. cadmium-rich)
which has the effect of doping the material towards a low resistivity.

5.2

Bonding and conduction models for polycrystalline CdSe
Single crystal cadmium selenide has an atomic bonding which is

dual in nature.

Both ionic and covalent bonding contribute to the

structure and properties in the proportions 19% and 81%, respectively.74
Imperfection levels caused by elemental vacancies and incorporated
impurities introduce energy levels in the forbidden energy band gap as
shown in figure 5.1.

Lattice vacancies give rise to double energy

levels, the donor ionization energy, E0 - ED, being much smaller than
the acceptor ionization energy, EA - E. . The number of donors and
acceptors determine directly the number of carriers available for conduction at room temperature in CdSe because of the large band gap and
hence the large energy required to raise electrons from the valence to
the conduction band.

Therefore, the number of conduction electrons and

the number of holes are very nearly equal to the number of ionized donors
and acceptors, respectively.

Using Boltzman statistics, the percentage

of donors and acceptors ionized is directly proportional to the Boltzman
factor, exp (-EIAT) where EI is the ionization energy.
For comparable number of donors and acceptors, there will be many
more electrons than holes available for conduction because of the much
larger ionization energy for acceptors.
would be:

The ratio of electrons to holes

81+
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For cadmium rich films the number of cadmium vacancies will be small
compared with the selenium donor vacancies.

This coupled with a large

2
electron mobility ( 500 cm /v.sec) compared with hole mobility ( 50
2
cm /v.sec) gives rise to an n-type bulk conduction where holes assume
an insignificant role in conduction.
A model for conduction in a polycrystalline semiconductor material
has been hypothesized in which regions of different charge carrier concentration form a series of reverse-biased n - n+ barriers.30,75

An n

region, which has a higher electron carrier density than the normal ntype region, and its neighboring n region form a potential barrier.

The

magnitude of the barrier potential can be expressed as

V

=

kT
In

n+
n

q

This is the equivalent of a normal p-n diode whose potential barrier is
given by

kT
VB

= -

In
q

n
n

where,
n

and n are the electron concentrations in the p and n
n
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regions, respectively.
The regions of different resistivity could arise from variations
in stoichiometry, adsorbed surface species, or the existence of sep76
arate distinct phases at grain boundaries.
In the CdSe films deposited here in this laboratory there is a large probability that
excess cadmium enters the film because of deposition conditions.

This

may cause both deviations in stoichiometry toward a large percentage
of selenium donor vacancies plus a separate cadmium phase residing at
the crystallite grain boundaries.

In addition the adsorption of oxygen

at grain boundaries may deplete further the electron concentration
there as well as at the crystallite surfaces.
This grain boundary conduction model with associated energy band
diagram is illustrated in figure 5.2. Potential energy barriers arise
because of the different thermal equilibrium electron densities as
mentioned above.

The total resistivity of a barrier in series with a

76
crystallite is given by Neugebauer
as

= eb

5.1

eo

where,
b

d'o refer to the barrier and crystallite resistivities,
o

respectively.
If the electron concentration is

nCdSe

in the crystallites and

ntar in the boundaries, then the difference in concentration leads to
a potential barrier of amplitude,

76
, given by
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=

la

in

q

CdSe

5.2

nbar

as in a conventional p-n junction diode.

+
The n-n junction rectifies

in the same manner as a p-n junction, except that the backward resistance is relatively low.

The additional resistance introduced by the

boundaries is not attributed to the ohmic resistance of the boundaries
themselves, because of their almost negligible volume, but to the resulting potential barriers giving rise to a thermionic conduction
mechanism.
Because of conditions almost certainly leading to a carrier concentration difference between bulk and boundariese is considered
o
negligible compared witheb. In fact, if the resistivity of the crystallites were to be decreased by increasing the donor concentration without
affecting the boundaries, the resistance of the film would increase due
to the resulting barrier height increase.
For a sheet current density, j, over a barrier the following
30
equation has been derived.

qn v exp (-q 0/kT) exp (qVbAcT -1)

5.3

where,
n

is the charge carrier density, nedse.

q

is the charge of the carrier.

0

is the barrier height.

273 is the mean thermal velocity of charge carriers
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and

V

b

is the voltage drop across the barrier.

When a voltage, V, is applied to film contacts, the voltage drop
will occur across both barrier and microcrystallite regions.

The

voltage will mostly be dropped across the barriers, according to our
earlier assumption, and for N1 barriers per unit length of film

Vb

=

voltages

L for L - spaced electrodes.

At low

qVb/kT441, and equation 5.3 can be written as

= (q2j)

e- 0AcT

5.4

1-11aNiL
The expression for conductivity, 6, is thus
J

2 q n

E

4NikT

e- 0AcT

5.5

Now we have a choice of either an effective mobility, N u , where
0- = qn peff, or an effective charge carrier concentration, neff, where
0- = qnefo,.

The latter case would draw together n and the exponential

(-

However, van Heek77 con-

cluded that in an inhanogeneous material (consisting of low ohmic and
small high ohmic regions) the carrier concentration derived from the
Hall coefficient, RH =
ducting region -

nCdSe

1
, is the concentration of the higher connq
in this case.

90

Hence,

q
eff

exp (- 0/1a)

4.NikT

e

(- 0/k

5.6

and,

=

5.3

5.7

cinCdSelleff

The effect of oxygen chemisorption on conduction in CdSe thin films
The hypothesis of oxygen chemisorption trapping in thin CdSe films

was put forth and experimentally verified in the preceding chapter.

The

great effect of oxygen in reducing, or depleting the film of charge
carriers was clearly seen.

The physical mechanism of such a depletion

phenomena will be further elaborated on in this section.
The principal donors responsible for n-type conduction in bulk and
thin film CdSe as shown in figure 5.1 are intrinsic selenium vacancies
along with the donor impurities of Cl, Br, I and Al.

If we assume an

initially pure material with very small amounts of included impurity
atoms, we have a material whose donor concentration will be determined
by deposition conditions leading to selenium vacancies in the CdSe
crystals.
An indication of the donor level(s) making the most significant
contribution to conduction can be obtained from conductivity versus
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31,78
temperature measurements.

In figure 5.3(a) we see the Fermi

level, which is centered in the forbidden energy band gap in an intrinsic semiconductor, is near the conduction band edge in an n-doped semiconductor such as CdSe.

The corresponding 0- vs. 1/T plot in figure

5.3(b) shows the particular increase in conduction due to raising
electrons from the donor level, ED, to the bottom of the conduction
band edge with increasing temperature.

The probability of a donor

electron being raised from energy level ED to EC, the bottom of the
exp (- EC - ED)
kT
Hence, the activated conductivity is given by

conduction band, is given by the Holtzman factor

•U =

exp (-EA/1 )

5.8

where,

airo
and

EA

is a constant with units of conductivity
is the activation energy, EC - ED.

Working equation 5.8 into a different and more convenient form we
obtain the activation energy, EA, or the slope of the

In ci versus 1/T

plot.

EA

= -k

(ln(7)

5.9

(1 )
As the temperature increases we would expect those donor levels
nearest to the conduction band edge to become depleted first, and the
slope of the

in qvs. 1A

plot to change to a greater slope as deeper

levels participate in higher temperature conduction.

As the temperature
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range is neared where donor states are more fully emptied the intrinsic
portion of the semiconductor conduction state is shown by an activation
energy approaching the value of the forbidden band gap.

Figure

5.4

illustrates the progression possible as T increases through these
regions.
In the investigation of the effects of oxygen on CdSe films
carried out by Wagner and Breitweiser7° the temperature dependence of
high and low conductivity states indicated effective donor levels at
about 0.1eV and 0.5eV below the conduction band edge.

These activation

energy measurements were done in vacuum before depletion and then in
air after oxygen depletion of the films.

The indication from these

results was that the depletion mechanism involved ionization of a
selenium vacancy occupied by two electrons to a single electronoccupied vacancy by the uptake of one electron per site during the
oxygen chemisorption process.

The observed donor levels corresponding

to the activation energies measured were very close to those attributed
to selenium vacancies in CdSe crystals.
Also, thermally stimulated current measurements in CdSe thin films
have shown donor levels distributed in energy ranges centered at o.14eV
and 0.4eV according to a study by Shimizu.79

From figure

4.4

the ratio

of conductance for depleted and undepleted CdSe is approximately six
orders of magnitude.

This agrees quite well with the ratio of ioniza-

tion of deep to shallow donors given by donor levels of 0.14 and 0.6eV
at room temperature.

exp (-0.6AT) /exp

(-0.14AT) 'Lt.-10-6
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Conductivity vs. 1/T plot
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Experiments were undertaken in this laboratory to confirm the
change in activation energies and thus in effective donor levels
resulting from the effect of oxygen on the CdSe thin film samples,
and hence TFTs, fabricated here.

The temperature dependence of freshly

evaporated CdSe films was observed under dark conditions in vacuum
immediately after deposition, and then again after the admission of
air at one atmosphere to the film.

The change in activation energies

found with this oxygen chemisorption process is illustrated in figures

5.5

and 5.6.

Under high vacuum conditions, activation energies indi-

cated donor levels in a range from 0.1eV to 0.33a.

It should be noted

that in (a) parts of the figures a number of temperature cycles were
given the films, and that with prolonged heating a shift from lower
range values to higher values of activation energy was observed.

This

is assumed to be a conversion of a physically adsorbed oxygen layer to
chemisorbed oxygen resulting in charge trapping and an increase in
donor depth.

Temperature tests at one atmosphere show activation

energies of 0.72 and 0.73eV for these two samples.

Additional thermal

tests on previously deposited CdSe films show activation energies at
atmospheric conditions in a range of values from 0.46 to ,--1.1eV as
seen in the Orvs. 1/T plots of figures 5.7 through 5.9.

Sample M24

in figure 5.7 is an Si0 overcoated specimen and shows a minimum value
of activation energy and hence donor level.

This could be due to the

enhancement effect of Si0 on CdSe surfaces, as previously mentioned,
which somewhat limits the chemisorption process.
The change in activation energies shown in these figures is taken
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to mean a change in effective donor level in the CdSe film corresponding to the exhaustion of selenium vacancy sites occupied by 2 conduction electrons.

This exhaustion by the uptake of one electron per

vacancy site by each adsorbed oxygen molecule leads to the formation
of a set of selenium vacancy donor sites occupied by a single electron
having a higher ionization, or activation energy than the first.
Figure 5.8 seems to indicate a further depletion past the single
electron selenium vacancy level towards the intrinsic region where
conduction electrons are being elevated from the valence to the conduction band.

80
A G vs. 1/T plot by Tickle
shows an activation energy

for a TFT with V =0 corresponding to the band gap of CdSe itself.

This

result is for a 1.b1 with a depletion layer extending from the back
surface of the semiconductor to the insulator-semiconductor interface
where the surface conduction channel is formed.

Since front surface

trapping states are also present the film is totally depleted of carriers resulting from ionized donor sites and the only possibility left
for increase in conduction with increasing temperature is the case in
which valence electrons become conduction electrons with the
thermal ionization energy being necessary.

1.7eV

Somorjai found that only

in vacuum above a temperature of 600oC would the acceptor-type oxygen
69
be desorbed from the film to return it to its initial conductive state.
71
Tanaka and Huruhata
indicate full recovery of their CdSe film samples
from the effects of chemisorption with heating to about 150°C in vacuum.
Results obtained in this laboratory indicate only partial recovery
of depleted samples after heating in vacuum at 200°C for a period of
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-9
about one hour.

Figure 5.10 shows recovery of sample L2 to about 10

-12
from a depleted in-air conductance of less than 10
L.r.
It is thought that the initial portion of the curve showing a lesser
slope is indicative of a fuller desorption at the higher temperatures
of heating.

As the sample was allowed to cool the slope increased to

a value of 0.58eV.

The overall change from 0.73eV in air to 0.58eV

after heat treatment in vacuum is taken as a partial desorption of
oxygen from the sample.

Limitations of maximum heater temperature and

system pressure rise with time of heating prevented the finding of a
temperature and period of time for full recovery of the film.
Figures 5.8 and 5.9 also indicate photoconductivities resulting
in changes in conductivity of the films from dark to ambient light
conditions of one and two orders of magnitude at near room temperature.
Photon energy assists electrons from the valence band to traps, or
previously ionized donor states within the forbidden energy band, from
whence they are thermally assisted to the conduction band.

Hence the

observed decreases in activation energies with photoconductivity for
the temperature ranges used in the test.

5.4

Variation of CdSe resistivity with deposition parameter
Initial conductivities of the films used in the previous experi-

mental discussions were held within a certain range (--10-3 to 101J-cm-1 )
by maintaining similar evaporation rates and other variable vacuum
parameters as closely as was possible.

With increasing: evaporation

temperature and evaporation rate the resistivity of the deposited films
tended to increase for a constant substrate temperature as shown in
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figure 5.11.

Generally the dependency of resistivity versus evap-

oration rate characteristic is different for material obtained from
other sources and for different doping.
As seen from the figure, as deposition rate is increased resistivity increases quite rapidly in the 0 to

5

A/sec range tapering off

to a much smaller increase at rates >10 A/sec.

At lower rates a small

number of crystallites are initially nucleated on the substrate surface, and as evaporation continues a film is built up consisting of
relatively few, large crystallites and hence few intercrystallite
boundaries. As mentioned earlier, at lower rates a large number of
selenium vacancies may be incorporated in the crystallites giving the
film a low resistivity because of highly conductive crystallites and
few high resistivity intercrystallite barriers.

As evaporation rate

increases, crystallite size is reduced since the probability of forming
initial nucleation sites becomes greater at higher rates of arrival of
the evaporant at the surface of the substrate.

Crystallites and

boundaries become more numerous and as a result resistivity increases.
At even higher evaporation rates the vapor becomes more and more
stoichiometric and less cadmium-rich, tending to reduce the crystallite
conductivity by decreasing the donor selenium vacancies.

Coupled with

the increasing number of intercrystallite barriers film resistivity
increases.

At rates of 10 to 20 A/sec a tendency is seen to a constant

value of resistivity between 106 and 107n

cm.

It is thought that the

point had been reached in this range where near-stoichiometric conditions exist in the crystallite regions and the number of barriers,
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or boundary regions has been maximized.
to a fairly constant value.

Hence resistivity levels out

Scatter in points, particularly in the

lower range, may be due to a number of related factors.

These are

variation in substrate surface conditions and thus in initial nucleation
sites, and variation in the amount of oxygen incorporated in the film
from the vapor stream.

Also, since these measurements were taken in

air, we have seen that the resistivity changes greatly with oxygen
adsorption.

Depending on the time of measurement after removal of the

film from vacuum, scatter in points from the straight line may well be
as much as one or two orders of magnitude.
In depth studies of films evaporated at high rates were not undertaken; however, a few qualitative observations obtained in calibration
of the thickness monitor over a range of deposition rates are interesting, from the point of view of determining how these vacuum parameters may be varied to produce films of the desired properties.
The films used in the chemisorption study were formed under similar
conditions as those used in the TFT structure.

Low rates of deposition

and low temperatures of evaporation and substrate condensation were
found to produce low resistivity films which were largely depleted by
oxygen chemisorption upon contact with air, even with protective SiO
overcoating.

For these films the evaporated SiO layer considerably

decreased the film's sensitivity of total resistivity change to oxygen
ambient change

but in no way eliminated the effect.

Observations made of the film resistance during overcoating with
SiO show that before deposition of SiO there is an initial decrease in
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resistance of approximately one order of magnitude which occurs while
raising the source to evaporation temperature and before the shutter
masking the substrate from the source is opened.

Figure 5.12(a) shows

the fast decrease in resistance of the film during SiO heating to
evaporation followed by a partial return to the initial value. Photo
effect on the possibly

light

sensitive film was ruled out as a major

contributor to this change, since the usual large change in R measurements before and after the ion gauge filament was turned off after
deposition was not seen for this film.

The shutter blocking direct

radiation to the substrate would also block any conductivity-increasing
heat effect.

Evaporation of SiO onto the film surface, as in figure

5.12(b), shows the same large decrease in film resistance previously
mentioned.
Two explanations seem to be possible for this observation.

One

is that during the relatively slow deposition of the CdSe film some
acceptor-type oxygen is incorporated into the film, possibly in intercrystalline boundaries.

With the usual pressure rise seen after the

start of heating the SiO for evaporation, sufficient evaporated SiO
vapor may reach the substrate around the mask to 'getter' this oxygen,
perhaps by the reaction of equation

4.5.

The partial recovery indicated

in figure 5.12(a) may then be due to a drop in systempressure after the
source was allowed to cool.
Another possibility may be that with SiO evaporation and subsequent
increase in system pressure a donor-type of oxygen species is included
in the vapor reaching the substrate increasing conduction by donor
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adsorption.

While this is speculation, especially since acceptor-type

f
oxygen chemisorption is very slow at pressures of this magnitude 00-7
to 10

6

torr)

the existence of a physical adsorption of donor-type

oxygen has been reported by Somorjai69 in low pressure reactions with
CdSe films.
It can be concluded from these observations that the interaction
of the Si0 layer with the CdSe film is a complicated process involving
several reactions which may occur simultaneously with increase in
pressure to ambient conditions.

It is little wonder that inconsist-

encies appear in observations made of the effects of SiO overcoating
and of reproducibility of TFT parameters incorporating such films.
The previous discussion was still concerned with relatively low
resistivity films deposited at low evaporation rates.

Preliminary

findings on the effects of oxygen and Si0 on the higher resistivity

6

CdSe films ( 1o ftcm) produced at higher evaporation rates indicate
1) little change in resistance of a film with air admission
to the film (less than one order of magnitude decrease in R).
Illustrated in figure 5.13.
2) little change in resistance of the film with Si0 overcoating
in vacuum (less than one order of magnitude decrease in R).
The first observation may be caused by increased stoichiometry of
the film in the crystallite regions, and a film now rich in selenium
rather than cadmium.

This would reduce greatly the selenium vacancy

donor sites which were the sites of chemisorption in the low resistivity
films, and increase the cadmium acceptor-type vacancy sites.
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The second follows from the above explanation also since little
oxygen is adsorbed, SiO will no longer have the gettering effect.
equation

4.5 is

If

the reaction occurring' when SiO is deposited on CdSe

then we would expect little conversion of VSe

to VSe2 and Cd0 to Cd2+

since both would now be present in insignificant quantities.
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6. EXPERIMENTAL PROCEDURES AND OBSERVATIONS SUMMARIZED
6.1

Film deposition
A Varian VI-4B High Vacuum Evaporator System was used in the

fabrication of both TFTs and single layer CdSe thin Films. A simple,
versatile masking system permitting considerable control of TFT geometries during evaporation was used to form a series of

45 individual

TFTs onto a 3 inch by 1 inch Corning 7059 glass substrate with each
pumpdown and subsequent evaporation run.80

Single layer CdSe thin

film specimens were deposited in a mechanical system in which four
substrates and three masks could be individually selected during one
system pumpdown.
Film thicknesses were monitored electronically during the deposition sequence using a Sloan quartz-crystal oscillator, frequency-shift
system calibrated against an interference microscope.
Outgassing of the materials before actual evaporation in vacuum
was accomplished by heating each material to its evaporation temperature
and leaving these for a sufficient period of time for the pressure to
decline.

Difficulty was found in keeping the pressure of the system

low during SiO evaporation due to an apparent decomposition of the
material resulting in ()wen liberation.

This in combination with the

slow pumping speed of the Vac-Ion pump made it necessary at times to
deposit the SiO layer in successive steps with time allowed for bringing
the pressure down.
ranged between

As a result system pressures for SiO evaporation

3 x 10-7 torr to 5 x 10-6 torr. Evaporation was made
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from a Drumheller type source using material of

99.9+

% purity.

oration rates of approximately 30 1/min were utilized.

Evap-

Typical analysis

of impurities in Si0 material indicate approximately 100 ppm of sodium.
Aluminum evaporation was carried out from molybdenum source boats
using aluminum in the form of 0.062 in. diameter wire of

99.999%

purity.

A fast evaporation rate of greater than 500 Amin was used to avoid
prolonged heating by the high temperature Al layer and to minimize
oxidation of the material and hence the formation of a blocking contact
to the semiconductor as sometimes happens at lower rates and high pressures.

Pressures during aluminum evaporation were mainly in the 1 to

-6
3x10
torr region.
Cadmium Selenide in both powdered and sintered cake form of

99.995%

purity (undoped) obtained from Harshaw was evaporated from a baffled box
source at a rate of approximately 25 Amin. Pressures during evaporation could generally be kept to the range of 2 to 6x10-7 torr providing
outgassing of the material was previously done.

Thin layers of CdSe

evaporated at low rates appeared a light yellowish-brown in color and
tended to proceed to a dark black-brown color with increasing evapora80
tion rate and temperature as noted by Tickle.
Observations made with an insulating electrode mounted annularly
around the substrate area indicated charged particles in the vapor
stream of positive polarity during evaporation of all three materials.
However a negative beam current was monitored as deposition of aluminum
progressed.

It was also found that the heating up of sources without

materials resulted in negative beam currents being observed.

Ion

currents which change polarity during the evaporation of SiO have been
81
monitored by R.M. Hill.

In addition the beam current versus tem-

perature emission characteristics he found for a molybdenum boat evaporating gold gave a curve fitting closely Richardson's equation for
thermionic emission.

Indications are that charged surface regions due

to beam interaction with the substrate cause preferential nucleation at
the substrate surface.

Hence changing beam currents during material

evaporation may have a profound influence on the reproducibility of the
films in addition to any ion inclusion problems.

Beam current magni-

tudes were of the order of several tens of nanoamps and largest for SiO
evaporation.

Large currents were monitored from the open filament

ionization vacuum gauge and were also of the order of 50 nanoamps.
Attempts were made to apply a small electric field from iondeflection plates to the vapor stream and hence deflect the charged
particles in the evaporant such that none would reach the substrate.
Applying the field and monitoring the beam current as the field was
varied, the current could be maintained to a level less than several
pico-amps for some TFT depositions.

However significant and consistent

results in reducing drift were not forthcoming.
Temperature measurements in vacuum were made using a nichrome
wound radiation heater positioned close to the substrate back surface
and four spring-loaded thermocouples in contact with the front film
surface to obtain an average reading.

The maximum possible temperature

was limited to approximately 200°C by outgassing of nearby material

-6 torr. The heaters were

raising the system pressure past about 4x10
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constructed to have minimum light effect on the photoconductive CdSe
films.

The heating element was allowed to heat by radiation a metal

plate between it and substrate to provide heat to the substrate without
direct light radiation.

The glass bell-jar enclosing the system was

also shielded from ambient lighting during the measurements.
Hall effect measurements on the CdSe films were attempted, but no
Hall voltage was measured.

The difficulty apparently lay in the high

resistance of the films and the proper positioning of the hall probe
electrodes so that only the hall voltage was present in the readings.

6.2

Major experimental results
Observations have shown the large effect of insulator ion drift

on the operation of CdSe TFTs.

Sodium and hydrogen ions have been

assumed to be primarily responsible for the large positive drifts
occurring in the device's I-V characteristics.

Several results, how-

ever, indicate the existence of a positive drift condition which cannot
be explained by ionic movement in the insulator.
This particular positive drift phenomena has been tentatively
identified with a possible reaction at the semiconductor-inuulator
interface given by

SiO
2

++
SiO
+ xV
+ 2x
2-x
e

+ OX

The existence of an additional layer of adsorbed surface ions at the
interface resulting from a chemisorption of oxygen is also assumed to
play some part in positive drift, either in drift along the channel
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length with applied drain-source field, or in the release of trapped
electrons through field-induceddesorption.
Substantial improvements in positive drift conditions previously
brought about by the elimination of mobile insulator ions shifted
emphasis to the study of negative drift characteristics and mechanisms.
Slow electron-trapping was found to be taking place in CdSe thin films
as well as the more complex TFT structure.

Large magnitude changes in

the conductance of such films were observed in the process of exposing
such film surfaces to ambient atmospheric gases.
Oxygen was found to be adsorbed at the semiconductor surface with
creation of a negative surface ion layer resulting in electron depletion
from the bulk.

An Elovich-type adsorption rate equation was found to

apply as a first order approximation to the uptake of electrons from
CdSe films due to this adsorption process.

Deviations from this rela-

tion at high pressures may be due to changes in mobility with oxygeninduced barrier height increases in the polycrystalline films studied.
The large magnitude changes in conductivity associated with the
chemisorption of oxygen has been found to be due to a change in electron
occupancy of donor selenium vacancies within the CdSe film.

Uptake of

one electron per vacancy site with adsorption of an oxygen molecule
changes a VSe2+ to a VSe+ donor site.

The result is a much larger

activation energy necessary for thermal release of donor electrons to
the conduction band.
SiO encapsulation of CdSe films indicates, initially, that although
the SiO layer helps somewhat in reducing the depleting effects of oxygen,
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similar changes take place with change in density of surrounding ambient.

The gettering of surface oxygen by SiO is taken as the mech-

anism by which the smaller depletion results are observed.
A considerable range of resistivities of CdSe films have been
obtained with varying deposition rates.

6

lip to 10s1 cm resistivity

films have been evaporated at rates of up to 20 A/sec.

The change in

deposition rate is seen to drastically change the way in which the film
is affected by ambient atmosphere and overcoated insulator layers.
Early results indicate very little change in film conductivity with
either ambient gas, or insulator layer overcoat.

This indicates in-

creasing stoichiometry in the evaporated CdSe film, and a change in
the factors such as the vacancies affecting intrinsic conduction in
the films.
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7.

CONCLUSIONS

An investigation of the problem of instability in CdSe thin films
and TFTs was undertaken with the idea that from a study of this nature,
a workable TFT might eventually be produced.
A number of ins were fabricated and their typical instabilities
categorized and studied for factors relating to the observed inconsistencies in TFT performance.

Several types of TFT structures were

also produced in which film layers were omitted, and tests were performed on these, involving mainly their observed resistivities and
resistivity changes with time.

From similarities in 'drift' character-

istics of TFTs and partial TFT structures, it was concluded that it was
possible to study the instabilities present in certain kinds of simpler
CdSe and CdSe-SiO films, and to apply these observations to the more
complex TFT.
Several results obtained with depletion-type TFTs indicated the
existence of one, or more additional mechanisms contributing to the
positive drift case than have been previously reported in this labora-

tory.

As has been mentioned in chapter three and reiterated in the

previous chapter, a literature search revealed these same type of drifts
to have been observed by other researchers.

Their explanation was in

terms of an insulator reaction resulting in the creation of positivelyionized donor vacancies at the insulator-semiconductor interface and
excess electron release for conduction.

While the magnitude of this

instability has not been found to be as great as that thought due to
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mobile insulator ions, it has been shown to be a significant factor in
the understanding of the total instability problem.

In addition to

the sofar untested reaction mentioned above, the existence of adsorbed
oxygen surface-ions, which may be mobile enough to cause significant
changes in conduction of the CdSe films and TFTs over a period of time,
has been confirmed.
Because of large reductions in the magnitude of positive drift
obtained by previous workers at the U of S, the study of slow negative
drift in CdSe films and TFTs was undertaken in greater depth.

Again

following similar reasoning it was concluded that simple CdSe and CdSeSiO films in TFT configurations would show instabilities which would
contribute to an understanding of similar TFT problems.

The results

obtained in this manner of investigation have made up much of the
original experimental work put forth in this thesis.
In the study of CdSe films to examine changes in positive drift
in vacuum and in air, it was noted that these films underwent large
reductions in conductivity upon exposure to air after fabrication in
high vacuum conditions.

This was followed by a much smaller, but still

significant conductivity decrease taking place over periods of hours.
This was comparable to the slow drift observable in some TFT samples.
Experimental evidence of the manner in which this large reduction in
conductance was brought about was obtained by the monitoring of CdSe
sample resistances after having been deposited in vacuum and then
exposed to the atmosphere.
A literature search revealed a model of such changes with gaseous
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ambient condition change based on an Elovich-type theory of gas chemisorption on semiconductor surfaces.

The charge-limited, exponential

change of conductance with time, put forth as a model of oxygen adsorption, was found to describe adequately the type of process observed
during admission of air containing oxygen to CdSe thin films.

Further

tests involving heating of CdSe films in vacuum and in air, and observing the resulting changes in conductance were made.

From these it has

been concluded that the major physical cause of the large magnitude
reductions of film conductances observed with oxygen adsorption was due
to the diffusion of oxygen to selenium vacancies in the film, and to
the uptake of one of the electrons associated with the vacancy site.
The large change was, in essence, then due to a large change in donor
energy level effective in providing conduction electrons in the film.
The results indicate the change in levels was from a range from 0.11eV
to .336V to a range of 0.L5 to 0.75eV, approximately.

Further depletion

resulting in a further increase in the donor energy level of up to the
width of the bandgap for CdSe have been made also.

These show the

extreme to which oxygen adsorption may carry in CdSe films and CdSe
TFTs without suitable protection against such a process.
High resistivity CdSe films were found to be relatively insensitive to changes in ambient and to Si0 layer encapsulation.

While

much more work is needed to determine the nature of this result for
these films, a tentative explanation assumes a more stoichiometric composition within the CdSe, and a lower amount of oxygen included in the
film at high evaporation rates.

Although concerned mainly with the investigation of slow negative
drift, some mention is made of drifts associated with ionic impurities
incorporated in the films from the vapor stream.

Much more research

into the nature of these ions, and how they can be eliminated, perhaps
by the use of deflection plates during fabrication, should be attempted.
The large impurity percentage in the SiO bulk material used in the TFT
would seem to be a major contributor to positive drift, and the use of
purer material would indicate the relative amount of ionic contaminants
the material itself is making available to TFT drift.
The effect of ambient humidity on the positive drift of the TFT
has been seen to be large indeed.

The possibility of making tests in

vacuum, and then in humid air on CdSe films and TFTs would give some
indication of the relative contribution water vapor makes to the instability of the device.

More in vacuo testing of both CdSe thin films

and TFTs would be very desirable from the point of view of being able
to isolate, and even eliminate, the effects of certain factors, such
as oxygen and water vapor.

Then with the admission of air to the

samples one could observe the changes in device characteristics under
controlled conditions.

While the only testing so far of ambient atmos-

phere on the CdSe films has been that with air and nitrogen, it would
be a good idea to use pure oxygen in further testing of gaseous ambients.

This may give a better result to match the hypothesized log

adsorption relation when only the active gas is present.
From the information obtained on oxygen chemisorption in CdSe thin
films, and hence the TFT, it is deemed essential that further protection
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from changing ambient conditions be devised.

Indications are that an

encapsulation layer of a dense insulating material would provide better
protection from the effects of humidity and other gaseous reactants
than the SiO layer presently used.
x

Other types of insulators such as

yttrium oxide may be suitable for both gate insulator and encapsulation
of the TFT.

Very stable and reproducible capacitors have been produced

at Toshiba in Japan utilizing vacuum deposited thin Y203 films.82

Good

dielectric properties of this material have been consistently obtained
in vacuum deposition by electron-beam heating.83'84'85

Although the

effect of this material on CdSe films is not known it has been shown
that combinations of different insulation layers may result in obtaining TFTs with Vo close to zero, a requirement for good enhancement
86
TFTs.
Aluminum oxide is another material which shows promise for better
insulating and ion-movement retarding properties.

Oxide grown by anodic

oxidation of thin aluminum films has been used in the fabrication of
7
relatively stable devices.8

One big disadvantage of this type of oxide

layer is the' complex procedure for anodization of aluminum in an oxygenrich atmosphere, thereby negating the highly-automated evaporation procedure for TFT fabrication otherwise possible.

Aluminum oxide has been

electron-beam evaporated and a report indicates that TFTs using this
dielectric material have sufficiently overcome insulator instability
problems to be marketed in the form of three-input NOR gate ICs.88
It should be noted also that electron-beam heating has been shown
to be a highly-automated and easy means of producing thin film resistors
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and capacitors in IC networks.

Because of its concentrated heating in

a small area of the bulk material it is an excellent means of cutting
down on evaporant impurities introduced by source boats and localized
heating of nearby surfaces.

Electron emission from heated metal sources

may also be reduced by this technique. Point source evaporation attainable from electron-beam heating is a great aid in reducing diffusion
around mechanical masking arrangements.

Electron beams have also found

their way into masking and circuit pattern delineation for silicon IC
production, and promise is shown for the pattern-definition on certain
materials by either computor-controlled electron beam scanning, or
89
ultraviolet light.

This may be a longer way in the future than pre-

sent use of electron scanning techniques permit; however, once the
problem of TFT instability has been sufficiently mastered to produce
TFT ICs, production techniques such as those mentioned may well produce
very low cost integrated thin film microelectonics.
Although the use of encapsulating and better insulating materials
may be the solution to the problems of humidity, and oxygen-induced
drift and trapping, depletion by chemisorption has been used on numerous
occasions in air bakes of TFTs to produce good modulation and other performance characteristics.

Further study of the characteristics of CdSe

films produced under different conditions and their interactions with
ambient conditions both during fabrication and use in air are essential
in optimizing films for TFT operation.

The observation that very high

resistivity films have a large tolerance to ambient gas changes may
indicate not a need for better encapsulation, but for development of
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such high

layers for TFTs.

This would depend a great deal on the

effects of ambient changes on mobility as well as carrier concentration
in attaining a good transistor action for reasonable high-frequency
operation.
Mobility studies on CdSe films in this laboratory have been hampered by the difficulty in measurement of hall voltages in high resistivity material.

Measurements in vacuum and in air similar to those

reported on for conductivities would give much additional information
into the basic conduction mechanism in these films.

For Zn0 films, it

has been found that mobility of these films as well as their carrier
density decreases with oxygen chemisorption, and an explanation in
terms of barrier height increase with oxygen adsorption between crystallites has been offered.90

Information pertaining to CdSe films would

greatly increase the knowledge of overall effects of gas adsorption on
these films.

A different arrangement of probes in thin geometries such

as the TFT for hall voltage measurement in high resistivity films has
been developed, and applied successfully, and would be a technique of
some importance to be used in further studies in this laboratory.91
It is hoped that the results obtained and set down in this thesis,
as well as the preceeding suggestions for further study, may help future
workers in the field to obtain a better overview of the many factors
involved in the operation of such a seemingly-simple device as the ITV.
It is also hoped that further research into the operation of the CdSe

TFT may yet yield a workable device with tolerable instability characteristics.
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