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ELECTROLUMINESCENT DISPLAYS BY SOL-GEL PROCESS

ABSTRACT

Thin film electroluminescent displays are attractive commercially as well as scientifically and
of technological interest in the design of large area, flat screen displays. The interest in
developing reliable luminescent materials for applications on flat panel displays has produced
a considerable research effort in this area. This effort has been directed to the techniques of
film deposition as well as to the different types of materials and dopants used as active
components on electroluminescent devices. Applications of ZnS and ZnS:Mn films in
electroluminescent displays have been increasing examined. Mn-doped ZnS is one of the
most studied materials for luminescent devices. Zinc sulphide is a semiconductor suitable to
be used as host matrix for a large variety of dopants because of its wide energy band gap.
The sol-gel process is now well accepted as a technology for preparing thin films. The
advantages of the sol-gel process are that it is simple and inexpensive and has the general
advantages of producing large area, high purity, homogeneous films at relative low
temperatures.

Electroluminescent thin film display structures require the fabrication of insulators, transparent
conductors and electroluminescent materials. In this project all of these materials have been
produced using the sol-gel technique. Insulating films of silicon dioxide and aluminium oxide
were fabricated from silicon and aluminium alkoxides respectively and their characteristics
measured. Transparent conductors were produced from aluminium-doped zinc oxide using
a zinc acetate precursor. The dependence of electrical characteristics upon aluminum
concentration in the films and upon post-deposition heat treatment in vacuum was examined.
The effect of changing the aluminum-to-zinc ratio from 0-4.5 at.% (atomic percent) and heat
treatment temperature in vacuum have been thoroughly investigated. Resistivities of (7-
10)x104 Qcm have been achieved for ZnO:Al films with Al/Zn 0.8 at.% heated to 450°C
in vacuum. Transmittance in the visible region is above 90%. Similar results were obtained
using aluminum chloride and aluminum nitrate as the aluminum precursor.
Electroluminescent films of zinc sulphide were produced by a novel method involving sol-gel
deposition of zinc oxide and a conversion technique where the films were annealed in a
sulphiding atmosphere to produce zinc sulphide. The characteristics of these films were
investigated using scanning electron microscopy, X-ray diffraction, infrared spectroscopy and

optical transmission spectroscopy.  Electroluminescent devices were fabricated using
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manganese and terbium doped zinc sulphide and the luminescent characteristics of the
displays were measured as a function of dopant concentration, applied voltage, driving
frequency and insulator type.

It is has been demonstrated that the sol-gel technique is a simple, cheap method for the

construction of electroluminescent displays.



Chapter 1

INTRODUCTION

1.1 Displays
Flat panel displays are becoming key devices of intelligent equipment as well as in
information system and other applications such TV receivers and computers. They have been
attractive over the years because of their inherent characteristics of low volume and light
weight. With advance of displays technology, many kinds of flat panel displays can be listed.
In the group of emissive flat panel displays, there are electroluminescent displays (EL),
cathodoluminescent displays such as cathode ray tube (CRT), plasma displays, vacuum
fluorescent displays (VFD), light emitting diodes (LED) and flat cathode ray tubes. In that
of non emissive ones, there are liquid crystal displays (LCD) and electrochromic
displays[1],[2],[3].[4]. At present with increase of commercial requirements and
practical applications the demand for quality in flat panel displays has been very great with
regard to viewing angles, high speed addressability, contrast ratio, luminance and power

consumption.

1.1.1 Electroluminescent Displays

The electroluminescent display is a solid state device operated by electric field. According
to current theory of electroluminescence, ’hot’ electrons obtain energy from electric field and
are released from the interface of the EL material layer and dielectric layer or conducting
layer. The electric field within the EL cell is intense; over 106 V/cm. The hot electrons are
accelerated by the electric field and collide with luminescent centres. This collision has a
radiated photon as one of its results. The mechanism of EL materials and the principle of EL
devices will be explained in the following chapters.

The EL display is a serious contender to replace the CRT in many applications. Computer
displays, especially in portable and military applications, are expected to use EL displays.
The EL display is reliable, very bright, has moderate power consumption, and has high
resolution. EL displays have many good points. These properties, together with its light
weight and very thin profile make it attractive for portable and ruggedized equipment. EL
display is very rugged as it is a completely solid state structure. LCDs are liquid state

devices, while both VFDs and plasma displays are gas state. Being a solid state device gives
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EL displays the edge in mechanical ruggedness and allows them to operate over wider
temperature ranges. All of these are desirable characteristics for a display used in portable,

vehicular, or military service.

1.1.2 Cathodoluminescent Displays

In cathodoluminescence, when a beam of energetic electrons hits a solid, a fraction are
backscattered. The remainder penetrate into the solid where they rapidly lose energy, mainly
by causing bound electrons to be ejected from their parent ions. These secondary electrons
in turn may generate further secondary electrons provided they have sufficient energy. The
final stages in the secondary generation process consist of the excitation of electrons from
states at the top of the valence band to those at the bottom of the conduction band. In
cathodoluminescent materials electron-hole recombination and luminescent emission then

takes place.

1.1.3 Cathode Ray Tube

The relative ease with which a beam of electrons can be directed and focused led to the early
development and retention of the cathode ray tube as an important tool for the analysis of
rapidly varying electrical signals as well as providing a versatile optical display devise.
Electrons are derived by thermionic emission by heating a specially impregnated cathode
surface and then focused onto the viewing screen by a series of metal electrodes held at
various potentials. A grid for the control of the electron flow is usually also included. The
electron beam is scanned across the viewing screen in a series of lines; when one line scan
is completed the beam is rapidly switched to the start of the line below. The whole assembly
is known as an ‘’electron gun’. Beam deflection is controlled by electrostatic or
electromagnetic fields acting at right angles to the beam direction. Electrostatic deflection
enables the highest beam deflection rates to be achieved, whilst electromagnetic deflection
enables higher beam accelerating potentials to be employed, which results in a smaller spot
size and higher screen brightness. When the beam strikes the viewing screen, radiation is
generated by cathodoluminescence.

Colour displays for home video viewing are obtained using the ’shadowmask’ principle. In
this three electron guns are used; they are slightly inclined to each other so that their beams

coincide at the plane of the shadowmask. Having passed through one of the holes in
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shadowmask the three beams diverge and on striking the phosphor screen are again physically
distinct. The phosphor screen consists of groups of three phosphor dots, placed so that when
the three beams pass through a hole in the shadowmask they each hit a different dot. Each
of the three phosphor dots emits one of the primary colours, so that any desired colour can
be generated by the relative excitation intensities. Some of the more commonly used
phosphors are zinc sulphide doped with silver, ZnS:Ag (blue), zinc cadmium sulphide doped
with copper, Zn"Cd”SiCu (green), and yttrium oxysulphide doped with europium and
terbium, Y20 2S:Eu,Th (red).

A somewhat different method of CRT colour display has been developed within the last few
years using the so-called ’penetration phosphors’. These utilize the variation in electron
penetration depth that can obtained by varying the beam voltage.

In conclusion, the CRT provides a very versatile display which can readily cope with complex
pattern. Its main disadvantages are its comparatively low screen area to volume ratio and the

necessity for a high voltage power supply.

1.1.4 Vacuum Fluorescent Displays

Vacuum fluorescent displays based on low voltage cathodoluminescence were developed in
Japan in the late 1960s. The displays consist of an oxide coated thermionic emitter in the
form of a filament, and anodes mounted in a vacuum envelope. The anodes are coated with
a low voltage phosphor, such as ZnO, which gives a bluish-green luminescence when
bombarded with electrons of energy around 20eV, with an efficiency of from 5to 10 Im/W.
the filament is located in front of the anodes, but is run at a low temperature so that it is
barely visible.

The effective resolution of a vacuum fluorescent displays is directly tied to the size of an
individual vacuum fluorescent element. The speed of VFDs are very high. An individual
element can be written or unwritten in less than 1 ms. The VFDs are available in the
following colours, blue, blue-green, green, yellow, orange, amber, and red. These colours are
produced by combination of differing phosphors in conjunction with a wide range of filters.
The VFDs have wide viewing angles, long operating lifetime and low power consumption and
operate in great temperature environments. But the high operating voltage level of VFDs is
difficult to implement in the densely packed arrays necessary to attain high resolution

information output.
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1.1.5 Plasma Displays

Monochrome plasma displays have been developed for use in office and factory automation,
and have played an important role in making equipment more compact. 640x480 and
640x400 panels have been developed as standard display devices for personal computers, and
a 1280x1024 panel has been developed for workstation terminals. A 1.5 m-diagonal plasma
display is the largest of the direct view display has been commercially available for use on
the stork market since 1990, and a full colour display has been developed for use in HDTV.
Plasma display, one of the oldest display technologies, still remains competitive for graph and
video application in spite of its relatively high operating voltage. Plasma display devices
utilise the light output of a cold cathode discharge. There are two processes for emission of
photons in a gas, excitation of the atoms or molecules by electron bombardment giving
radiation when they return to the ground state, and radiative recombination of ions and
electrons; both represent efficient methods of producing light. The luminous efficiency is
especially high for low voltage plasma.

Plasma displays depend on the glow produced when an electrical current is passed through
a gas (usually neon). Free electrons and ionized gas atoms are present during the discharge.
Under the influence of the external field the electrons acquire a high Kinetic energy and when
they collide with gas atoms (ions) they transfer this energy to the atoms, thereby exciting
them into energy levels above the ground state. The atom may then lose energy radiatively
and return to the ground state.

Colour in plasma displays is achieved by placing phosphors in plasma panels and exciting
those phosphors with ultraviolet rays of gas discharge. A major problem with colour plasma
displays is designing them to achieve high brightness and luminous efficiency. In addition,
almost all plasma displays use light from negative glow, which is known to be considerably
less efficient than light from the positive glow in a typical discharge region.

Basically the plasma panel consists of a two-dimensional array of discrete gas discharges
which can be selectively addressed by cross-bar electrodes. In many designs the discharges
are confined in separate cells formed by apertures in an insulating plate which is placed
between two glass plates on which the orthogonal system of electrodes is mounted. The three
plates are sealed together round the edges and filled with a gas mixture which is
predominantly neon at a reduced pressure, Ix1044x104 N/m2

The panels may be operated under AC conditions in which each set of electrodes acts
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alternately as anodes or cathodes, under DC conditions in which one set of electrodes acts
always as cathodes and the other as anodes. In the AC operation the electrodes need not be
in contact with the gas but may be isolated from it by an insulating layer. Two drive modes
may be distinguished: cyclic, in which each cell is illuminated only during the address pules;
and storage, in which a cell once addressed remains on until it is erased some time later. AC
plasma displays have the inherent characteristic of memory function due to the electrode
structure. AC plasma displays have an excellent display quality, an especially high contrast
ratio, a very wide viewing angle, and a capability of large area display in memory operation.
Usually the life of AC plasma displays is longer than that of DC ones.

The basic plasma pixel needs to have a potential of at least 200 volts before it will work.
The exact amount of voltage required depends on the panel’s geometry, type of gas used, and
gas’s pressure. The level of power consumption is moderate, and slight more than the EL
displays, but much less than a CRT of the same size. The plasma displays are among the
brightest of the flat panel displays. Only the electroluminescent panel (ZnS:Mn) is brighter
and more efficient at converting electricity to light. Plasma displays offer a high resolution,

wide angles (120°-160°) and a very wide temperature operating range (-30°C to 55°C).

1.1.6 Light Emitting Diode

The basic structure of light emitting diode (injection luminescence) is that of a p-n junction
diode operated under forward bias. Under forward bias, majority carriers from both sides of
the junction cross the internal potential barrier and enter material at the other side where they
are then the minority type of carriers and cause the local minority carrier population to be
larger than normal. This situation is described as minority carrier injection. Ideally in a light
emitting diode every injected electron takes part in radiative recombination and hence gives
rise to an emitted photon. In practice the efficiency of the device is less than the ideal
efficiency. The number of radiative recombinations that take place is usually proportional to
the carrier injection rate and hence to the total current flowing. Radiative recombination in
semiconductors occurs predominantly via three different processes, namely (1) interband
transition, (2) recombination via impurity centres and (3) exciton recombination.

The requirements for a suitable LED material as follows: firstly, it must have an energy gap
of appropriate width; secondly both p and n types must exist, preferably with low resistivities;

and finally efficient radiative pathways must be present.
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The LED is a current operated semiconductor device and a small consumer of power. The
current determine the brightness of LED. Although LED has many advantages, there are
many improvements and much work requied for a large area LED display.

Power consumption is moderate in LED dot matrix displays. It is comparable with small

CRT displays and much greater than LCD displays used in the same type of applications.

1.1.7 Liquid Crystal Displays

Although liquid crystal materials have been known for 100 years, large scale applications for
the materials in the form of electric displays did not occur until the mid 1970s when compact,
attractive calculators and watches with liquid crystal displays reached the marketplace and
soon became household item. Now low cost LCDs are being made by the hundreds of
millions. Today, more sophisticated LCDs appear in such products as portable computers and
hand-held colour TV sets; the fabled liquid crystal TV on a wall appears to be only a few
years in the future.

Liquid crystal displays are one of the most important of the ’passive’ types of displays.
LCDs consume the least power of all common display devices because no light generation
is required. There are two basic types of LCD available. These are (a) reflective, which
requires front illumination, and (b) transmissive, which requires rear illumination. Most
reflective types utilize ambient light for illumination with provision for secondary illumination
via a small incandescent lamp or LED if ambient levels become too low. At the heart of all
LCD devices is a cell formed between two glass plates each with a conductive coating. The
cell is filled with a liquid crystal material.

The liquid crystal state is a phase of matter which is exhibited by a large number oforganic
materials over a restricted temperature range. When in the liquid crystal phase, there
molecules can take up certain orientations relative both to each other and to the liquid crystal
surface.

One of the most importance electrical characteristics of liquid crystal materials is that they
show different dielectric constants e, and s+, depending on whether the externalfield is
parallel to, or perpendicular to, the molecular axis. If eBexit is referred to as apositive
material. In the nematic state the molecules are all arranged parallel to each other. There are
two subdivisions of the nematic type of ordering: homeotropic ordering where the molecules

are aligned perpendicular to a liquid solid interface and homogeneous ordering where the
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molecules are aligned parallel to the interface. The application of an external electric field
to a positive material will tend to make the molecules lie along the electric field since this
will tend to minimize their energy. There is a possibility of changing the homogeneous type
of ordering into a homeotropic type by the application of a field which is perpendicular to the
surface. This transition is found to take place above a critical field (E9. The most common
liquid crystal display uses a ’‘twisted nematic’ cell. When E=0 the molecules undergo a 90°
rotation across the cell. When a beam of polarized light is incident on the cell the strong
optical anisotropy of the liquid causes the polarization to undergo a 90° rotation. With a
strong enough electric field across the cell, ie. E»EC the molecular alignments will have no
effect on an incident polarized light beam. With no applied voltage the incident light is
polarized, has its polarization direction rotated by 90° as it traverses the cell, passes through
the second polarizer and is then reflected back along its path where the same process is
repeated. With no field applied, therefore, the device reflects incident radiation and appears
bright. When a field is applied the direction of polarization of light traversing the cell is not
rotated and hence cannot pass through the second polarizer. Little light will be reflected from
the device and it will appear dark. The amount of light reflected from an LCD is a function
of applied voltage.

The transmissive LCD displays do not have the reflector, and must be provided with rear
illumination, but otherwise they operate in a very similar fashion to the reflective displays.
The double layer supertwisted-nematic liquid crystal displays were developed by Seiko
Epson[5]. Colour filters have been added to the structure of double layer supertwisted
nematic liquid crystal displays for full-colour or multi-colour liquid crystal displays. Full-
colour active matrix addressing liquid crystal displays have advanced very rapidly due to
improvements in process technology. The active matrix LCD has diode or thin films
transistor in each picture element and has features of high colour image quality. The active
matrix LCDs have great viewing angles, low power consumption, high resolution and high
speed suited for multiplex service. At present they are expensive due to complexity of
manufacture.

Temperature is a critical factor in LCD operation. The LCD has a relatively narrow range
of operating temperatures when compared with any other display technology. Generally,
LCDs are intended for use at temperatures above freezing. The LC media is a liquid, and

cooling it increases its viscosity, making it respond sluggishly to the electric field. At high
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temperatures, the liquid crystals have sufficient thermal energy so that they will not hold their
twist in the off state. If LCDs are stored at temperatures above 85°C they may be
permanently damaged. One of the major advantages of all LCDs is their long lifetime but

low power consumption and low driving voltage.

1.1.8 Electrochromic Displays

Electrochromic displays have also been attractive for low powered passive displays. They
normally operate at low voltage of the order of a few volts and most have non-volatile
memory so that their maintenance power is low. Their main asset is their appearance; they
have a better colour contrast and wide viewing angle than the liquid crystal. Their main
disadvantage is lack of threshold and narrow range of switching voltage making controlling
and matrix addressing difficult. The phenomenon of electrochromism can be broadly defined
as the changing of the light absorption properties of certain solid state materials by an
externally applied electric field. The colour change usually remains after the field is removed
and can only be bleached by reversing the polarity. Although first observed in the 1930s in
alkali halides in connection with the production of colour centres in ionic crystals,

electrochromism has not been extensively investigated and is still not well understood.

1.1.9 Electrophoretic Displays

In electrophoretic displays, charged pigment particles suspended in a liquid are attracted and
deposited at the cathode under an electric field. If the particles are black suspended in a
milky liquid and the cathode is in the form of transparent segments disposed on the front
surface of a cell, then the appearance of the display will be a dark colour on a white

background with wide viewing angle and good contrast.

1.1.10 Other Displays

There are one or two displays worth mentioning although their future exploitation is rather
more doubtful. The ideas for active displays are electrochemiluminescence and the
fluorescent dye. Electrochemiluminescence can be defined as the raising of molecules capable
of luminescing to the excited state by electrochemical energy. The use of fluorescent dyes
has been proposed. Europium chelate solution provides a bright red fluorescence when

illuminated by ultraviolet radiation. For passive displays several ideas have been proposed
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for moving particles or segments in either electrostatic or magnetic fields. The electroscopic
displays are based on the idea of electroscope, i.e. the movement of a foil in an electrostatic
field. Another device depending on electrostatic forces is the gyricon. Insulating spherical
particles are coated on the two opposite hemispherical surfaces with material having different
contact potential as well as colour. In contact with a dielectric liquid, in spherical cavities
in an elastomer sheet, ionic double layers are set up with different charge densities associated
with the two different hemispherical surface. Application of an external electrostatic field

orientated the balls so that either the dark or light side of the spheres faces the observer.

1.1.11 Trend of Colour Displays

All flat panel displays such as plasma displays, electroluminescent displays and LCD displays
were originally monochrome, but colour displays were strongly demanded and have been
researched actively.

For electroluminescent displays, emissive materials for various colour have been actively
researched, and red, green and bluish green phosphors with acceptable efficiency have been
developed. But suitable blue phosphor has not been yet developed, which is the main barrier
against realizing colour EL. A mosaic arrangement of EL layers for the three colours has
been successfully obtained, but stacking three colour layers for high resolution is still under
development.

In the case of plasma displays, the photoluminescent type has been developed , that is , UV-
light is emitted by the discharge and phosphors for red, green and blue colour are excited by
the UV-light, The surface-discharge AC plasma display is especially promising for its life
time and simple structure which is suitable for large displays, and the problem of light
efficiency has been improved recently[6], Therefore, this panel is expected to be applied
to the direct view, large size colour display such as HDTV.

As for LCD, colour was considered to be most difficult to obtain, but in 1981 the additive
mixing system using a micro colour filter placed inside the LCD was proposed[7],[8].
This system was applied to the active matrix LCD and a small size colour television was
made in 1983. Since then, the colour LCD has progressed rapidly, and portable colour
television, colour view finder and colour display for lap top computers have put into practice.
The problem of these LCDs is low transmission, typically 3%. Therefore, back lighting and

a relatively big battery is necessary, which will become the largest problem for developing
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future compact computers.

1.2 Comparison of Different Type Displays

Here the characteristics of various displays are compared. These displays are manufactured
using CRT, LED, LCD, VFD, EL and Plasma display technology. Computer displays offer
the widest variety of different display types. Computer displays use CRT, LCD, EL, and
plasma panels in very large sizes and high resolutions. Amount and type of information to
be displayed, operating environment, and power availability should be considered as main
three factors for evaluating displays.

The following diagrams were obtained from literature[9] in which author, Mr. Perez,
surveyed over 300 different manufacturers of electronic displays to obtain the information.
From the diagrams the comparison for the fundamental characteristics of the displays can help

us to know the development and trend of displays.
1.2.1 Display Brightness

Brightness is an important factor to consider in the choice of a display. Fig.1-1 shows the

displays based on their brightness. Note that the LCD is not listed on Fig.1-1. This is

Brightness

CRT LED VFD EL Plasma
Display technology

Figure 1-1  Relationship of brightness and display technology.
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because the LCD is not a light producing display, but a light modifying display. Since LCDs

use ambient light for modification, they function best in high levels of ambient light.

1.2.2 Display Operating Voltage

Display operating voltage

th &5
8

)
S

10- -
CRT LED LCD VFD EL Plasma

Display technology

Figure 1-2  Relationship of display operating voltage and display technology.

Fig.1-2 shows the voltages required to operate a specific display technology. Operating
voltages vary from over 20,000 volts in the CRT to less than 2 volts for the LED. Low

voltage operation makes a display technology applicable to portable and battery operation.

1.2.3 Resolution
Fig.1-3 shows the resolution of various display technologies. The highest resolution belongs
to the CRT. Plasma displays are the second. The resolution of both the EL and the LCD are

limited by the resistance of transparent conducting electrode.

1.2.4 Speed
The question of speed in a display technology only becomes critical in higher resolution
systems. Fig.1-4 shows the speed of various display technologies. The LED, CRT, VFD, EL

and plasma display are capable of displaying entire pages of data in proper resolution without
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Resolution

CRT LED LCD VFD EL Plasma
Display technology

Figure 1-3  Relationship of display resolution and display technology.

Display speed
10

LCD VFD EL Plasma
Display technology

Figure 1-4  Relationship of display speed and display technology.

flicker. Because of the liquid phase construction and physics of the LC cell, the speed of

LCD is very low with high resolution.
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1.2.5 Display Power Consumption

Power consumption

O—:

CRT LED LCD Plasma
Display technology

Figure 1-5 Relationship of power consumption and display technology.

Fig.1-5 is a bar graph comparing the power consumption of different display technologies.
The y-axis of this graph shows the relative power consumption per unit of display area of
each display technology in a normalized and linear fashion. The LCD’s power consumption
is so low that it dose not register on the graph. The LED remains the most efficient self-
illuminating electric display device. For small scale or intermittent use, the LEDs can be used
with batteries as power sources. Even so, the LED consumes many times the power of the
LCD. At present the LCD remains the most practical display to consider for battery

operation.

1.2.6 Operating Temperature Range

The question of temperature range is not critical for displays operated in a controlled
environment, such as inside a building. If a display is to be operated in a vehicle, or outside
as a portable, then temperature range is critical factor. Fig.1-6 shows the operating range of
six different types of displays. The CRT offers the widest temperature operating range,
followed by the VFD and LED. EL displays have a slightly wider operating range than

plasma displays. The LCD has the narrowest temperature operating range of all displays so
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Figure 1-6  Relationship of display operating temperature range and display technology.

that it can be to difficult to use in an outside environment. If the limits of operating

temperature are exceeded the display can be permanently ruined.

1.2.7 Visual Angle

Fig.1-7 illustrates the viewing angles of several display technologies. The plasma panel has
the widest viewing angle, almost 160°. Although the viewing angle of an LED is wide it is
a function of LED’s lens. The narrow viewing angle of LCD has long been one of its major

problems.

1.2.8 Maximum Screen Size

Fig.1-8 shows the maximum screen area that can be produced by the sample display
technologies. The plasma panels are currently capable of producing gigantic displays with
many times the area of the other types. These large area plasma panels are actually composed
of smaller sub-panels. The CRT, VFD, LCD, and EL are all also available in large sizes.
LED displays are generally only manufactured in smaller sizes.

1.2.9 Longevity

Fig.1-9 shows the longevity of various display types. Longevity is a factor in the economics
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Visual angle

CRT LED LCD VFD EL Plasma
Display technology

Figure 1-7  Relationship of display visual angle and display technology.

Maximum screen size

CRT LED LCD VFD EL Plasma
Display technology

Figure 1-8  Relationship of display maximum screen size and display technology.

15

of electronic display use. The longer it lasts, the less often it has to be replaced. The longest

lived display technology is the LED. The LCDs come next. With their low voltage, liquid
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Longevity
120

CRT LED LCD VFD EL Plasma
Display technology

Figure 1-9  Relationship of display longevity and display technology.

phase operation, they will run for many years without losing their contrast. EL and plasma
panels will last for several years of continuous operation. Since the EL is a relatively new

solid state device it is very likely that this longevity figure will greatly increase in the future.

1.2.10 Efficiency

The high efficiency (lumens/watt), of the light emitting thin film phosphor layer does not
require much power to generate light, relegating most of the power dissipated, to the drive
circuits and their design. Plasma displays have an efficient light production mechanism (<.5
lumens/watt) and colour liquid crystal displays have colour filters with only -20%
transmissivity. Thus, both competing display light production mechanisms are inefficient.
But with the thin film EL device, the total power is limited by the effectiveness of the energy-
recovery of the drive circuits and the minimization of drive power by efficient circuit

schemes.

1.2.11 Driver
LCD, LED, FVD, EL display and plasma displays are matrix displays, so their drivers

produce complex waveform to drive the displays. FVDs, EL displays and plasma panels have
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very complex high voltage waveforms passing through their drives. The drivers are
semiconductor switches which can withstand the high voltages involved. These drivers have
evolved into ICs specifically constructed just for this purpose. The higher the voltage output
of drivers must be, the more expensive they are. In the meanwhile, power consumption of

the drivers is also a problem.

1.3 Electroluminescent Displays
1.3.1 Developing History of EL Displays
Electroluminescent displays have been improved and developed for many years so various
types of electroluminescent displays have appeared. Electroluminescent displays have
developed by the improvement of phosphors, film deposition and the relative technologies
used in fabrication of EL devices.
Electroluminescence discovered in 1936[10] was recognized as a new physical
phenomenon. However, EL remained unexplored as far as devices were concerned, due to
the immature development of both peripheral materials and technologies. In the early 1950’s,
EL attracted much interest for its practical use following the development of transparent
electrode material with both high transparency in the visible light region and high electrical
conductivity.
Worldwide research and development were actively done from the latter half of the 1950’s
to the first half of the 1960’s. In this period the EL cell fabricated was called powder-type
EL or dispersion type EL, because ZnS powder was bound with the appropriate polymer and
was formed into a thin layer. The first target of its practical application was the realization
of a new light source for wall illumination, and then as the next target, various optoelectronic
devices were considered such as a light intensifier and a flat display panel. However, the
brightness of the EL cell at that time was insufficient and too unstable for the practical use.
The so-called half life, which is defined as the time when the brightness decreases to half of
initial brightness, remained in the range of a few hundred hours to a thousand hours. In order
to improve these points, the research on materials, panel configuration and fabrication process
were energetically continued. However, the EL cell could not be essentially improved and
could not secure the position as a general application of flat panel illumination, except in
special applications such as an all-night lamp and an illumination lamp for measurement

instruments in the ship’s pilothouse.
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For the application of the EL cell in a flat display panel, powder type EL was used only for
displaying rigid patterns because of its poor contrast ratio due to the light scattering by
powder of the active layer and above mentioned problems. So, powder type EL could not
realize practical information panels which can display changing information. Thus, EL
development gradually faded away toward the end of 60’s.

A sign of emergence from the stagnation appeared in the following two papers presented in
1968. One paper presented by A. Vecht et. al.[11] showed that a DC drive of powder
type EL panel is available by surface treatment of the phosphor powder. The other paper
presented by D. Kahng[12] announced that thin film EL with high brightness could be
attained using molecules of rare-earth fluoride as the luminous centres.

With the spread of information transaction equipment headed by computers, the information
display device attracted growing interest as a man-machine interface, and the realization of
flat display device in solid state was required in this period. Considering their cost and size,
polycrystal EL devices had to be looked at again instead of mono-crystalline EL devices.
At the SID International Symposium in 1974, Inoguchi’s paper[13] "Stable High
Brightness Thin Film Electroluminescent Panels" announced that the problems such as low
brightness and short life, which remained unsolved in the initial stage EL, could be solved
at a stroke, and C Suzuki et. al.[14] also announced that this EL panel is capable of
displaying moving TV pictures with half tone. M. Takeda et. al.[15] presented a paper
"Inherent Memory Effects in ZnS:Mn Thin Film EL Devices". Analysing the success, the
following three points from technical view point can be cited: (1) The development of process
and deposition technologies of films improved the quality and the formation of II-VI
compound semiconductor thin films. (2) The symmetrical device structure of the EL active
layer sandwiched by insulating layer with high breakdown voltage, so-called double insulating
layer structure was adopted in order to apply stably a sufficiently high voltage to the EL
active layer and also in order to simplify the analysis of driving mechanisms and
characteristics. (3) It was tried to eliminate the mobile ions such as the Cu+ion which can
move easily under high electric field.

From the period of the initial stage EL development, there was a great demand to realize
"Wall Hanging TV" as a large flat display panel with high brightness, viewable angle and so
on without a vacuum tube, and the situation to date remains unchanged.

The thin film EL (TFEL) is expected to satisfy the above mentioned requirements. Large
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information display devices with an X-Y matrix configuration can be re-evaluated as follows.
First, concerning the contrast ratio of the display, the brightness of a selected pixel is required
to be suitably high and the scattered light in non-selected pixel adjacent to the selected pixel
must remain at a low level. In the TFEL consisting of all transparent thin films except back
metal electrode, high contrast ratio can be easily obtained because of an essentially low light
scattering level. Second, a distinct threshold and steep increase of brightness for the input
is required for avoiding interference in X-Y matrix configuration. TFEL with a double
insulating structure has no problem of such crosstalk in practical use because of a distinct
threshold. Third, with respect to the response time, rise time is required within a selected
period of refresh display cycle, fall time must be within one frame time. Luminescence of
TFEL can respond sufficiently to the signal of a TV picture mode because the rise time is a
few [isec, and fall time is a few msec in a general TFEL. Therefore, TFEL is suitable for the
information display device with a large capacity.

As concerns future TFEL development, the most urgent and important subjects are full
colouring in order to confirm a solid position in the flat display panel and to get a wider
market including general consumer goods. The brightness of red and green colour EL have
reached to practical level. But, the brightness and purity of blue colour have to make a
further step.

In order to produce a full colour EL panel, it is important to first make fundamental research
on EL materials of red, green and blue colours in well balanced brightness, and then efforts
will be made to develop the panel structure and process technologies. It would be appropriate
to get three primary colours using the same host material. For the moment, different host
materials will be used in the present developing stage.

Monochrome thin film EL technology has established its position in the display market as an
important flat panel technology. An increasing market share in the fast growing flat panel
market is forecast for thin film EL in the future. There is, however, still a lot of further
development potential in the thin film EL technology. It is quite obvious that reduction of
power consumption, increase of luminance and improvements of colour thin film EL displays
are needed. The prospects of growing tailored (or layered) colour phosphor film structures
using modem thin film growth techniques open completely new perspectives. How fast the
improvement of colour films will be realized depends more on innovations. Full colour thin

film EL displays will have a much more simple structure than full colour LCDs and
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consequently production costs can be expected to be lower, a fact that will be further
enhanced as the display size become larger. The visual appearance will also be superior once

sufficient luminance is achieved.

1.3.2 Current Status of EL Displays

The physical properties of EL devices need be understood for their development e.g.
excitation and emission process, efficiency, concentration quenching and structure of EL.
Many models and measuring techniques are used for supporting the basic theory. Many
papers were published in six meetings of the International Workshop on Electroluminescence
and in periodicals in recent years. At present much research theory is being studied for
increasing the efficiency and improvement of EL devices.

EL displays can be divided into DC and AC EL displays whose structures are different.
Generally AC structure is a three layers sandwich. The active layer is sandwiched between
insulating layers. In order to increasing luminance and efficiency a multi layer structure of
phosphor material layer has been developed for loss free carrier acceleration[16]. In order
to widen spectrum of EL and realize white light for colour, multi-layer structures have been
designed and researched[17],[18].

Monochrome ZnS:Mn thin film EL displays are available commercially. Considerable
research efforts have already been made on colour thin film EL phosphor so that multi and
full colour EL displays are also available in the future.

In order to realize colour displays, the basic structures (refer to description in later chapter
8) have been proposed to build multi-colour thin film EL displays. The first is a layered
structure. This can be implemented either on a single substrate or on multiple substrates.
The second type of structure is the patterned colour structure. This can be realized with either
a patterned phosphor or a patterned filter approach. The patterned colour structure utilizes
a single substrate and the standard electrode materials of monochrome thin film EL displays.
ZnS phosphors doped with rare earth ions produce luminescence with various colours, but one
of the serious problems of rare earth doped ZnS thin films is the low solubility of rare earth
ions into the ZnS lattice. Since rare earth ions are trivalent, they could be introduced into
ZnS films with charge compensators to keep charge neutrality such as ZnS:TbF[19],
ZnS:TbF3 [20], [21], ZnS:TbOF[22] and ZnS:SmF[23], With  charge

compensation luminance levels of ZnS:Th were achieved [24], but the luminance is still
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Alkaline earth sulfides are more ionic than ZnS. The ionic radii of rare earth (I11A) ions are
very close to those of alkaline earth (1IB) ions compared with Zn (I1A) ions. In addition, the
chemical nature of 11A and I11A ions resemble each other. Rare earth luminescent centres are
considered to be more effectively incorporated in these lattices without considering any
solubility problem.

In table 1.1 some phosphors are summarised.

Table 1.1 Some phosphors and their EL spectra.

Phosphors Colour

ZnS:Mn Yellow-orange
ZnS:ThF Green
ZnS.’SmCI Reddish-orange
ZnS:TmF Blue

CaS:Eu Red

SrS:CeK Blue-green
ZnS:PrF White

SrS:PrK White
SrS:Ce,K,Eu White

A range of phosphor colours is the key to colour EL displays. The development of new
electroluminescent materials of white colour or various colours of red, green and blue is a
final goal of EL researches both in fundamental and application. EL materials with rare earth
ions as luminescent centres and 11-VI compounds such as ZnS, CaS and SrS as host materials
have been researched.

The specification for the minimum white areal brightness required for full colour display is
35 cd/m2 Requirement of a white areal luminance of 50 cd/m2 has been suggested by
Pleshko[25]. In the long run HDTV may demand about 200 cd/m2 of white luminance
[26]. A patterned phosphor structure with equal fill factor for each colour requires a

26.5/65.8/7.7 luminance ratio for the red, green and blue primaries respectively assuming all
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colours have TV CIE coordinates[27], The following table 1.2 gives the pixel luminance
values needed to achieve both the 35 and 50 cd/m2white real brightness targets assuming 0.22

fill factor for each primary colour.

Table 1.2 RGB pixel luminance requirements for colour displays.
Colour Pixel luminance areal Pixel luminance areal
white=35 cd/m2 white=50 cd/m2
Green 104 cd/m2 150 cd/m2
Blue 12 cd/m2 17 cd/m2
Red 42 cd/m2 60 cd/m2

ZnS:Th is the most efficient green phosphor. Essentially equivalent green luminance values
of about 70 cd/m2 at 60 Hz drive have been achieved using ALE (atomic layer epitaxy)
deposition[28], Pure blue emission with sufficient luminance and efficiency is more
difficult, but a blue luminance of 10 cd/m2 has been achieved using a new ZnS/SrS:Ce
multilayer phosphor structure. The highest red EL luminance has been achieved using thin
film filter integrated into a ZnS:Mn thin film EL device. A luminance of 75 cd/m2 was
obtained at 60 Hz[29], Although colour phosphor materials have been developed, further
improvement of them is needed for increasing their luminance.

Deposition techniques and deposition conditions determine the crystal structure, surface and
cross sectional morphologies and electric and optical characteristics of every layer in EL
displays. The deposition methods of thin films are divided into physical methods and
chemical methods. In the fabrication of ZnS:Mn EL displays, by the low temperature
physical vapour deposition methods, thin columnar crystals with a zincblende crystal structure
were obtained. By the high temperature CVD methods, large grain columnar crystals with
a wurtzite crystal structure were obtained, and luminous efficiency is larger in CVD prepared
EL devices[30]. The deposition and treatment temperature determine the characteristics
of EL displays.

Monochrome displays and colour displays consist of multiple layers. Colour displays have
more complex structures which include active layers, insulating layers, conducting layers and

filters. Thickness and purity of every layer should controlled. Using physical methods the
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former layers do not easily react during deposition of later films. In CVD methods the former
layers may react with gases in deposition of later layer at high temperature so that the
characteristics of the former layers change. In general physical methods need vacuum
equipments so they are expensive. Chemical methods usually are less expensive and do not
use large high vacuum equipment for a large area display.

The advantages of EL displays make them useful in many applications. Sharp, Planar and
Finlux have developed the EL display industry continually. Sharp has developed and
produced the highest pixel count EL display to date: an 1152x900 array and also began
regular deliveries of 640x480, 16 grey scale state of art display. Planar systems also
introduced several new products including some low energy displays[31].

In general, the attainment of high efficiency and luminance, multi and full colour EL displays
depends upon research on basic theory and new materials, improvements of materials

characteristics, structure design and processing and deposition technology.

1.3.3 Advantage of EL Displays Compare to Other Displays

EL displays have many advantages that other displays have not. In displays many
characteristics of EL displays are currently moderate compared with other types. If they are
improved EL displays will replace other displays in many areas.

EL displays have the following advantages:

a. EL has excellent viewability.

b. EL is fast.

c. EL is solid state.

d. EL is inherently easy to produce.

e. EL has good luminous efficiency.

f. EL has good resolution

g. EL is long life.

h. EL displays have a relative simple structure.

No other technology has the inherent capabilities that characterize EL.

The monochrome product performance will be improved in the following area:

a. Increased brightness.

b. Reduced power.

c. Decreased electrode resistance.
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d. Elimination of the circular polarizer as a means of contrast enhancement.

e. Reduction in operating voltage.

The present development of LCD displays has made great progress in commercial products.
The thin film EL flat panel display technology has great potential. There are good reasons
to anticipate that the power consumption of thin film EL displays can be decreased to a level
sufficiently low for battery operation. Improvement in the performance of the primary colour
phosphors is still needed so that commercial display requirements can be satisfied. When
compared to production costs and investments of corresponding LCDs, thin film EL colour

display are expected to be very competitive because of a simple device structure.

1.3.4 Development of EL Displays in Future

An ideal electroluminescent device should be bright, efficient, available in a range of colours,
cheap, long-lasting, robust and preferably made of non-toxic material. For addressable
displays there may be additional requirements such as fast enough response and the existence
of a drive threshold.

Power consumption, screen resolution, number of grey scales and number of the colours are
required to follow the market. Battery operated pc (personal computer) products will be an
increasing percentage of the growing portable pc market, lower power is a solved problem
at present for requirement of market. In addition, for lower power colour display, thin film
EL technology has a unique opportunity. It is the only flat panel display technology for
which, there could be no appreciable difference in the power required for the multicolour
display, as compared to the monochrome display, for the same brightness levels, if the
efficiencies were at the required level.

The growth in screen information of personal computers is required now for many
applications such as CAD (computer aided design). In the past, this has been driven primarily
by the convenience of having a screen which can display a full page of information. In
addition, the requirement for the number of grey scale for monochromatic displays and the
number of colours for colour displays has also been increasing. For the lower cost
monochrome displays, grey scales to simulate colour and to provide smoothness of shading
has been driving the increase in requirements. For colour, smoothness of shading more than
colour differentiation has driven the number of colour up, especially for applications such as

CAD.
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1.4 Deposition Technology of Thin Films

Thin film technology is simultaneously one of the oldest arts and one of the newest science.
Thin film science and technology play a crucial role in the high tech industries that will bear
the main burden of future. While the major exploitation of thin films has been in
microelectronics, there are numerous and growing applications in telecommunications, optical
electronics, coatings of all kinds, and in energy generation and conservation strategies.
Methods of preparing thin films may be divided essentially into two main groups, namely,
chemical methods and physical methods. Physical methods such as sputtering and vacuum
evaporation can result in the formation of very pure and well-defined films, but they requires
lowered pressure in the working space and make use of vacuum techniques. Chemical
methods are deposition technologies of films under chemical reaction conditions. Chemical
methods have the ability to produce a large variety of films and coatings of metals,
semiconductors, and compounds in either crystal or vitreous form, possessing high purity and
desirable properties. Furthermore, the capability of controllably creating films of widely
varying stoichiometry makes chemical methods applicable to many fields among deposition
techniques. Other advantages include relatively low cost of equipment and operating
expenses, suitability for both batch and semicontinuous operation, and compatibility with
other processing steps.

The fabrication of EL displays, light emitting diodes, liquid crystal displays, plasma displays,
vacuum fluorescent displays and electrochromic displays requires conductive films, transparent
and conductive films, luminescent or fluorescent films as well as dielectric and insulating
layers. The qualities and characteristics of films and displays and the process of fabrication

relate to the methods of film deposition.

1.4.1 Chemical Methods
Chemical and electrochemical methods include electrolytic deposition, electroless deposition,
anodic oxidation, chemical vapour deposition and so on, but only some of them have been

used in fabrication of EL displays.

1.4.1.1 Chemical Vapour Deposition
Chemical vapour deposition (CVD) is widely used method in semiconductor technology for

preparation of thin films of high purity and is the process of chemically reacting a volatile
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compound of a material to be deposited, with other gases, to produce a nonvolatile solid that
deposits atomistically on a suitably placed substrate. It consists of surface reaction, on a solid
surface, involving one or more gaseous reacting species. To carry out such deposition,
several types of chemical reactions are available. One of them is pyrolysis; another is
photolysis of gaseous compounds. With new technology and for some purposes chemical
vapour deposition is classified into atmospheric-pressure CVD (APCVD), low-pressure CVD
(LPCVD), metalorganic CVD (MOCVD), photo-enhanced CVD (PHCVD), plasma-enhanced
CVD (PECVD), laser-enhanced CVD (LECVD), electron-enhanced CVD and so on which
promises many interesting and useful applications in the thin film deposition processes and

techniques.

1.4.1.2 Spray Pyrolysis

Spray pyrolysis involves spraying of solution, usually aqueous, containing soluble salts of the
constituent atoms of the desired compounds onto heated substrates. Whether or not the
process can be classified as CVD depends on whether the liquid droplets vaporize before
reaching the substrate or react on it after splashing. The technique is very simple and is
adaptable for mass production of large-area coatings for industrial applications. Various
geometries of the spray set-ups are employed, including an inverted arrangement in which
larger droplets and gas phase precipitates are discouraged from reaching the substrate,
resulting in films of better quality. The size of the droplets and their distribution affect the

uniformity of the surface.

1.4.1.3 Dip technique

The dip technique consists essentially of inserting the substrate into a solution containing
hydrolysable metal compounds and pulling it out at a constant speed into an atmosphere
containing water vapour. In this atmosphere, hydrolysis and condensation processes take
place. Finally, the films are hardened by a high temperature cycle to form transparent metal
oxides.  Any hydrolysable compound including halides or nitrates but preferably
metalorganics are suitable for this process. The important control parameters are the viscosity
of the solution, the pulling speed and the firing temperature. The rate of heating also needs
to be controlled to avoid cracking of the films. The technique has been used commercially

to deposit large-area coatings (about 10-12 m2 for a multitude of applications[32]. The
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dip technique will be discussed in the following chapter.

From this brief survey it is already clear that the majority of chemical methods of preparation
of thin films are only applicable to a small group of materials. Some of methods are
excellent and are frequently used in many technologies and applications. It is worth
mentioning that for industrial purposes relatively simple methods were developed which allow
deposition of thin or thick films of large-area such as spraying, spray-pyrolysis and dip

coating.

1.4.2 Physical Methods

Physical deposition of films is the physical processes. The objective of these processes is
controllably transfer atoms from a source to substrate where film formation and growth
proceed atomistically. The main properties are

1. Reliance on solid or molten sources

2. Physical mechanisms (collisional impact or evaporation) by which source atoms enter the
gas phase

3. Reduced pressure environment through which the gaseous species are transported

4. General absence of chemical reactions in the gas phase and at the substrate surface

(reactive PVD processes are exceptions).

1.4.2.1 Evaporation

Vacuum and also reactive evaporation using different sources have been employed to deposit
various films. The important control parameters are the evaporation rate, substrate
temperature, sources-to-substrate distance partial pressure. Vacuum evaporation is currently
the most widely used method for the preparation of thin films. The method is comparatively
simple, but it can in proper experimental conditions provide films of extreme purity and, to
a certain extent, of preselected structure.

The process of film formation by evaporation consists of several physical stages:

(1) transformation of the material to be deposited by evaporation or sublimation into the
gaseous state;

(2) transfer of atoms (molecules) from the evaporation source to the substrate;

(3) deposition of these particles on the substrate;

(4) their rearrangement or modifications of their binding on the surface of the substrate.
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Atoms or molecules are liberated by heating from every material in its solid or liquid phase
and that in a closes system a certain equilibrium pressure, which is called the saturated-vapour
pressure, is established at a given temperature. The dependence of this pressure on
temperature is rather strong.

(@) Direct evaporation

Thin films have been deposited by thermal, electron beam or laser beam evaporation of
sources for thin film deposition.

(b) Reactive evaporation

Reactive evaporation of films has been achieved by the vacuum evaporation of the
corresponding metal, alloy or other material sources in an reactive material atmosphere onto
substrates heated to a certain temperature.

(c) Activated reactive evaporation

In the activated reactive evaporation (ARE) method, the reaction between the evaporated
species and the gases is activated by establishing a thermionically assisted plasma in the
reaction zone. A dense plasma is generated in the reaction zone by employing a thoriated
tungsten emitter and low voltage anode assembly. The technique has been used to deposit
excellent quality films.

(d) Post-treatment of metal or alloy films

Thin films of metal or alloy evaporated can be improved by the post treatment of the

respective metal films or alloy films.

1.4.2.2 Sputtering

Sputtering is one of the most extensively used techniques for the deposition of films. Both
reactive and non-reactive forms of d.c. and r.f. sputtering, and recently, magnetron and ion
beam sputtering have been used. Regardless of the type of sputtering, however, roughly
similar discharges, electrode configurations, and gas-solid interactions are involved.

(@ Sputtering

Sputtering is a process operating an atomic or molecular scale whereby an atom or molecule
of material is ejected when the surface is struck by a fast incident particle. The momentum
of incident atom is transferred to the atoms in the target material and this momentum transfer
can often lead to the ejection of a surface atom -the sputtering process. In order for the

sputtering process to be efficient, the incident particle also has be of atomic dimensions.
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(b) Reactive sputtering

In some cases, gases or gas mixtures other than Ar are used. Usually this involves some sort
of reactive sputtering process in which a compound is synthesized by sputtering a metal target
in a reactive gas to form a compound of the metal and the reactive gas species. Reactive
sputtering is also used to replenish constituents of compound targets lost by dissociation.
Elevated substrate temperatures or a post-deposition heat treatment results in changes of
microstructure, which depend primarily on the sputtering rate and sputtering pressure and
conditions. The dynamics of the reactive sputtering process has been studied in detail and
the conditions which determine the appearance of various phases in films, and hence control
the stoichiometry, have been identified.

(c) lon beam sputtering

lon beam sputtering processes were invented to provide independent control of the deposition
parameters and, particularly, the characteristics of the ions bombarding the substrate. lon
beams are used in thin film deposition in two main ion source configurations. In the dual-
ion-beam system, one source provides the inert or reactive ion beam to sputter a target in
order to yield a flux of atoms for deposition onto the substrate. Simultaneously, the second
ion source, aimed at the substrate, supplies the inert or reactive ion beam that bombards the
depositing film. Separate film thickness rate and ion current monitors, fixed to the substrate
holder, enable the two incident beam fluxes to be independently controlled.

In the second configuration, an ion source is used in conjunction with a deposition material
source. The process, known as ion-assisted deposition, combines the benefits of high film
deposition rate and ion bombardment. The energy flux and direction of the ion beam can
regulated independently. Unlike r.f. sputtering, ion beam sputtering involves minimal intrinsic
heating and electron bombardment and hence constitutes a low temperature deposition
method.

(d) Chemical sputtering

Chemical sputtering involves the reaction of an excited neutral or ionized gas with a surface
to form volatile compounds. This technique is mainly used for plasma treatment of organic
surfaces and for etching in plasmas. However, it is sometimes a factor in film deposition.
When targets containing reactive anions are sputtered, some of these anions are sputtered as

secondary ions and accelerated toward the substrates where chemical etching reactions can

occur.
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1.4.2.3 Reactive lon Plating

Reactive ion plating is a promising alterative to high temperature deposition processes. The
technique is essentially a reactive evaporation or magnetron sputtering of metals alloys, aided
by a low power r.f. discharge directed towards the substrate. The resulting bombardment of
energetic ion or atoms provides energy to the surface of the substrate and of the growing film,
obviating the need for substrate heating. The presence of ionized reactive species also
facilitates their reaction with the evaporated or sputtered atoms. The influence of various
control parameters such as negative substrate bias, residual gas composition and deposition
rate on the properties of films is important factor of film quality.

Perhaps the chief advantage of ion plating is the ability to promote extremely good adhesion
between the film and substrate. A second important advantage is the high "throwing power"
when compared vacuum evaporation. This results from gas scattering, entrainment, and
sputtering of the film, and enables deposition in recesses and on the area remote from the
source substrate line of sight. Relatively uniform coating of substrates with complex shapes
is thus achieved. Lastly, the quality of deposited films is frequently enhanced. The continual
bombardment of the growing film by high energy ions or neutral atoms and molecules serves

to peen and compact it to near bulk densities.

1.5 Major Parameters and Characteristics of Thin Films
The desired material characteristics of the deposited films will be in most cases the decisive
factor for the selection of a preferred deposition technology. In many, if not most, instances
the characteristics of a thin film can be quite different from the bulk volume ratio. In
addition, the morphology, structure, physical and chemical characteristics of the thin film can
also be quite different from those of the bulk materials. The surface and /or interface
properties of the substrate to be coated can influence thin film characteristics drastically due
to surface contamination, nucleation effects, surface mobility, chemical surface reactions,
adsorbed gases, catalytic or inhibitory effects on film growth, surface topography, and
crystallographic orientation, and stress effects due to thermal expansion mismatch.
The major physical and chemical parameters of thin films of EL displays to be considered can
be listed as follows:
Electric:

Conductivity for conductive films
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Resistivity for resistive films
Dielectric constant
Dielectric strength
Dielectric loss
Stability tinder bias
Polarization
Permittivity
Electromigration
Radiation hardness
Thermal:
Coefficient of expansion
Thermal conductivity
Temperature variation of all properties
Stability or drift of characteristics
Thermal fusion temperature
Volatility and vapour pressure
Mechanical:
Intrinsic, residual, and composite stress
Adhesion
Density
Fracture
Morphology:
Crystalline or amorphous
Structural defect density
Conformality/step coverage
Planarity
Microstructure
Surface topography
Crystallite orientation
Optical:
Refractive index

Absorption
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Spectral characteristics
Dispersion
Chemical:
Composition
Impurities
Reactivity with substrate and ambient
Thermodynamic stability
Etch rate
Corrosion and erosion resistance
Toxicity
Hygroscopicity
Impurity barrier
Gettering effectiveness

Stability

1.6 Objectives of the Project

The interest in developing reliable luminescent materials, and deposition technology and EL
device structure for applications on flat panel displays has produced a considerable research
effort in this area. This effort has been directed on film deposition techniques as well as on
different types of materials and dopants usable as active components on electroluminescent
devices. Applications of ZnS and ZnS:Mn films in electroluminescent displays have been
studied more and more. Mn-doped ZnS is one of the most studied materials for luminescent
devices. Zinc sulphide is a semiconductor suitable to be used as host matrix for a large
variety of dopants because of its wide energy band gap. The luminescent properties of this
material doped with Mn have proved to be adequate for electroluminescence applications.
Manganese is generally incorporated in the ZnS lattice as a Mn2+ion in substitutional sites.
The excitation and decay of this ion produces a yellow luminescence at approximately '-590
nm associate with a transition between energy levels.

Thin films of zinc sulphide have been prepared by a wide variety of techniques, including
reactive evaporation, RF sputtering, DC and ion beam sputtering, chemical vapour deposition,
atomic layer epitaxy and spray pyrolysis. The above methods usually required complex

equipment or vacuum condition. Compared to conventional thin film forming processes the
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sol-gel film formation requires considerably less equipment and is less expensive, and is an
efficient and simple method for the deposition of large area metal oxide film. The method
of conversion of ZnO films is simpler and less expensive and yields large area, pure,
homogeneous and controllable dopant concentration zinc sulphide films.

Electroluminescent display devices consist of several films which include phosphor film,
insulating films and transparent conducting film. In order to realize the electroluminescent
devices using the sol-gel process, the first thing is to complete the deposition of the phosphor
film.

Because of the limitation of deposition technology a fabrication method for large area,
cheaper and superior characteristic EL displays is an unsolved problem. Because of the
advantages of the sol-gel process it was chosen as deposition method in fabricating a large
area and less expensive EL display.

The objective of this work was completed with the deposition of several films:

(1) Electroluminescent layer:

Deposit ZnS, doped Mn ion ZnS and doped rare earth ion ZnS films and measure the
characteristics of EL films.

(2) Insulating films:

As insulating film of EL device A120 3and Si02were deposited respectively. The insulating
films have a good dielectric properties and deposited easily in manufacturing EL devices.
(3) Transparent conducting film:

The transparent conducting film ZnO:Al was chosen to be deposited in the work.

(4) Structure of EL device

The designed structure of EL devices should suit using the sol-gel process.

(5) Measurement of EL device

The characteristics of EL devices was measured. The characteristics include the EL spectra
of phosphor materials and the relationship of brightness and applied voltage, driving
frequency, Mn concentration, thickness of active layer and different insulating films.

In short, the objectives were to find a method for manufacturing the thin film EL display
device using the sol-gel process. The depositions of several type films with the sol-gel

technology and their properties were studied for the foundation of other applications.
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SOL-GEL TECHNOLOGY

2.1 Introduction

2.1.1 Historical Development of Sol-gel Science

A sol is a colloidal suspensions of solid particles in a liquid. The sol may be produced from
inorganic or organic precursors and may consist of dense oxide particles or polymeric clusters.
A gel is the substance where one molecule reaches macroscopic dimensions so that it extends
throughout the solution. Sol-gel science has been researched for many years and the
technology of sol-gel has been used in many areas.

The first metal alkoxide was prepared from SiCl4 and alcohol by Ebelmen[33], who found
that the compound gelled on exposure to the atmosphere. However, these materials remained
of interest only to chemists for almost a century. It was finally recognised by
Geffcken[34] in the 1930s that alkoxides could be used in the preparation of oxide films.
This process was developed by the Schott glass company in Germany and was quite well
understood, as explained in the excellent review by Schroeder[35].

Inorganic gels from aqueous salts have been studied for a long time. The network structure
of silica gels was widely accepted in the 1930s, largely through the work of Hurd[36],
who showed that they must consist of a polymeric skeleton of silicic acid enclosing a
continuous liquid phase. The process of supercritical drying to produce aerogels (aerogel is
one of dried gels which is dried by supercritical extraction of solvent.) was invented by
Kistler[37] in 1932, who was interested in demonstrating the existence of the solid
skeleton of the gel, and in studying its structure. Around the same time, mineralogists
became interested in the use of sols and gels for the preparation of homogeneous powders for
use in the studies of phase equilibria. Roy working in the ceramics community prepared
homogeneous powders with these methods[38],[39]. That work, however, was not
directed towards an understanding of the mechanisms of reaction or gelation, nor the
preparation of shapes (monoliths). Much more sophisticated work, both scientifically and
technologically, was being carried out in the nuclear-fuel industry, but it was not published
until later[40],[41]. The goal of this work was to prepare small spheres (tens of jam
in diameter) of radioactive oxides that would be packed into fuel cells for nuclear reactors.

The advantage of the sol-gel processing was that it avoided generation of dangerous dust, as



Chapter 2 35

would be produced in conventional ceramics processing, and facilitated the formation of
spheres. The latter was accomplished by dispersing the aqueous sol in hydrophobic organic
liquid, so that the sol would form into small droplets, each of which would subsequently gel.
The ceramics industry showed more and more interest in gels in the late 1960s and early
1970s. Levene and Thomas[42] and Dislich[43] developed independently controlled
hydrolysis and condensation of alkoxides for preparation of multicomponent glasses. Several
companies made ceramic fibers from metalorganic precursors on a commercial basis [44],
[45], [46]. Yoldas[47],[48] and Yamane et al.[49] produced monoliths
by careful drying gel. This is a bit ironic in retrospect, as it is evident that monoliths are the
least technologically important of the potential applications of gels.

The range of substrates that can be coated is not limited to the capability of withstanding a
high firing temperature because of the associated low temperature for processing the gel.
Thus it is possible to put an inorganic sol-gel coating on plastic. The majority of coatings
have been applied by this technique in order to achieve some specific optical quality. The
literature about coating solutions cites examples of more than 45 years ago. Much of the
progress leading to commercial coatings has been pioneered by Schott in Germany.
Because it is possible to progress from sol to gel in a controlled manner, it is also possible
to control the viscosity. This is extremely useful in the production of fibers. The expression
is that solutions must exhibit spinnability in order to form fibers.

Great strides have been made in the past few years in understanding the fundamental aspects
of preparing homogeneous multicomponent ceramics (crystalline and amorphous) from
alkoxide-derived gels with the development of the technology that preceded the science of
sol-gel process.

Sol-gel processing is now well accepted as a technology for preparing thin films, coating,

fiber, monoliths, microsphere and fine powders.

2.2 Applications of Sol-gel Process
Applications for sol-gel processing derive from the various special shapes obtained directly
from the gel state (e.g., monoliths, films, fibers, and monosized powders) combined with
compositional and microstructural control and low processing temperatures. Compared to
conventional sources of ceramic raw materials, often minerals dug from the earth, synthetic

chemical precursors are a uniform and reproducible source of raw materials that can be made
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extremely pure through various synthetic means. Low processing temperatures, which result
from microstructural control (e.g., high surface areas and small pore sizes), expand glass-
forming regions by avoiding crystallization or phase separation, making new materials
available to the technologist. In the opposite sense, microstructural control results from low
processing temperatures, since metastable porous structures created in solution are preserved,
leading to applications in filtration, insulation, separations, sensors, and anti-reflective
surfaces. The advantages of the sol-gel process are summarized:

1. Better homogeneity from raw materials.

2. Better purity of materials.

3. Low temperature of preparation which leads to:

a. Conservation of energy;

(o

. Minimization of evaporation losses;
. Minimization of air pollution;

C
d. No reactions with containers, thus purity;

(L]

. Bypassing of phase separation;

—h

. Bypassing of crystallization.

4. New non-crystalline solids outside the range of normal glass formation.
5. New crystalline phases from new non-crystalline solids.
6. Better glass products from special properties of gel.

7. Special products such as films.

Some disadvantages of the sol-gel methods are:

High cost of raw materials.

Large shrinkage during processing.

Residual fine pores.

Residual hydroxyl.

Residual carbon.

Health hazards of organic solution.

N o o A w Db P

Long processing times.

Thin films benefit from most of the advantages of sol-gel processing just cited while avoiding
these disadvantages; as of 1989, thin films are one of the few successful commercial
applications. However even films suffer from cracking problems associated with attempts to

prepare thick films (>Ipm).
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Sol-gel processes have been applied in producing films, fibres, monoliths, powders,

composites, and porous media because of the potential advantages of sol-gel process.

Thin films and coatings
Films and coatings represent the earliest commercial application of sol-gel technology. Thin
films (normally <lum in thickness) formed by dipping or spinning use little in the raw
materials and may be processed quickly without cracking, overcoming most of the
disadvantages of sol-gel processing. In addition, large substrates may be accommodated and
it is possible to uniformly coat both sides of planar and axially symmetric substrates such as
pipes, tubes, rods, and fibers not easily handled by more conventional coatings. Since then,
many new uses for sol-gel films have appeared in electronic, protective, membrane, and
sensor applications.
Some applications of films and coatings:
1. Optical coatings
Coloured
Anti-reflective coatings
Optoelectronic
Optical memory
2. Electronic coatings
Photo anodes
High-temperature superconductors
Conductive
Ferroelectric-Electro-optic
3. Protective coating
Corrosion-resistant
Mechanical
Planarization
Scratch- and wear-resistant
Strengthening
Adhesion promoting
Passivation (electronic)

4. Porous coating
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5. Miscellaneous coatings

Monoliths

Monoliths are defined as bulk gels cast into shape and processed without cracking.
Monolithic gels are potentially of interest because complex shapes may be formed at room
temperature and consolidated at rather low temperatures without melting.

Some applications of monolithic gels:

1. Optical glasses and fiber-optic preforms

2. Graded reflective index glass

3. Ultra-low expansion glass

4. Near net shape optical components

5. Aerogel transparent insulation

6. Substrates

Powders, grains and spheres

Potential advantages of sol-gel powders over conventional powders are controlled sized and
shape, molecular scale homogeneity, and enhanced reactivity (lower processing temperature).
Some applications of gel-derived powders, grains and spheres:

High-temperature superconductors

Electronic

Refractory compositions

Waste immobilization

. Abrasive grains

. Nuclear fuel

N o g b w DN

. Beads and microspheres

Fibers

Sol-gel methods may be used to prepare some fibers such as continuous, refractory,
polycrystalline fibers that exhibit high strength and stiffness in addition to chemical durability.
Applications of gel-derived fibers:

1. Reinforcement

2. Superconducting
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3. Electrolysis
4. Optical

Composites

Composites combine different types of materials to obtain synergistic properties unattainable
by one material alone. Sol-gel processing can be used to form the matrix phase, the
reinforced phase or phases (fibers, particles, etc.) or both in ceramic-ceramic composites.
Because of inherently low processing temperatures, mixed organic-inorganic and ceramic-
metal composites are also possible.

Applications of sol-gel composites:

1. Fiber-reinforced sol-gel matrix

2. Ceramic-ceramic or ceramic-metal

3. Glass or ceramic-organic

Porous gels and membranes

High surface areas and small pore sizes characteristic of inorganic gels are properties
unattainable by conventional ceramic processing methods. These unique properties may be
exploited in applications such as filtration, separations, catalysis, and chromatography.
Applications of porous gels and membranes:

1. Membranes

2. Porous glass substrates

3. Catalyst supports

2.3 Theory of Sol-gel Process

2.3.1 Hydrolysis and Condensation

A sol is a colloidal suspension of solid particles or polymers in a liquid. A colloid is a
suspension in which the dispersed phase is so small (-1-1000 nm) that gravitational forces
are negligible and interactions are dominated by short-range forces, such as van der Waals
attraction and surface charges. If a monomer can make more than two bonds, then there is
no limit on the size of the molecule that can be formed. If one molecule reaches macroscopic
dimensions so that it extends throughout the solution, the substance is said to be a gel. The

gel point is the time at which the last bond is formed that completes this giant molecule.
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Thus a gel is a substance that contains a continuous solid skeleton surrounding, supporting
and enclosing a continuous liquid phase. Gels can also be formed from particulate sols, when
attractive dispersion forces cause them to stick together in such a way as to form a network.
The sol-gel process uses inorganic or metal organic compounds as raw ingredients. In
aqueous or organic solvents these compounds are hydrolysed and condensed to form inorganic
polymers composed of M-O-M or M-O-M’ bonds. For inorganic compounds hydrolysis
proceeds by removal of a proton from an aqueous reaction to form a hydroxy (M-OH) or
(M=0) ligand. Condensation reactions involving the hydroxy ligands result in inorganic
polymers in which the metal centres are bridged by oxygens or hydroxyls.

The most commonly used metal organic compounds are metal alkoxides M(OR)x Where R
is an alkyl group CrH2#. However, several factors have been known in sol-gel processing:
() The lower electronegativity of the transition metals causes them to be the more
electrophilic and thus less stable toward hydrolysis, condensation, and other nucleophilic
reactions.

(2 Transition metals often exhibit several stable coordinations. When coordinatively
unsaturated, they are able to expand their coordination via olation, oxoation, alkoxy bridging,
or other nucleophilic association mechanisms.

(3) The greater reactivity of transition metal alkoxide requires that they be processed with
stricter control of moisture and conditions of hydrolysis in order to prepare homogeneous gels
rather than precipitates.

(4) The generally rapid kinetics of nucleophilic reactions had led to further fundamental
studies of hydrolysis and condensation reaction of transition metal alkoxides. Normally the
alkoxide is dissolved in alcohol and hydrolysed by addition of water under acidic, neutral, or
basic conditions.

A macromolecular oxide network is obtained through hydrolysis and condensation. The

reactions are usually expressed as follows, Hydrolysis:

MiIOR"+Hp-MWIiOKi*+HOR (2-1)

Condensation:

M(OH)(OK)x x+M(0R)x-(0K)x 1M -0-M (0K )x_1+HOR (2-2)

The overall reaction being:
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M(OR)x+-H20"M O x ROH (2-3)
2 2

Chemical additives are always used in order to improved the process and obtain better
materials. Acid or base catalysts can influence both the hydrolysis and condensation rates and
the structure of the condensed product. Acids serve to protonate negatively charged alkoxide
groups, enhancing the reaction kinetics by producing good leaving groups, and eliminating
the requirement for proton transfer within the transition state. Hydrolysis goes to completion
when sufficient water is added. The relative ease of protonation of different alkoxide ligands
can influence the condensation pathway as demonstrated by consideration of a typical partially
hydrolysed polymer. Usually base additions promote the hydrolysis. Condensation Kkinetics
are systematically enhanced under basic conditions in some case.

The simplest method of preparation of multicomponent systems involves making a solution
of all components as alkoxide precursors in a suitable organic solvent and then reacting the
solution with water to form the oxide mix. The reaction can be represented as follow:

M(OR)a+M'(OR)b+M//(OR)c+xH20"MOa +M’Ob +M"Oc +YROH (2-4)
2 2 2

Making multicomponent system coatings is easer in some cases and is more difficult in other

cases. The reason for the difficulties is the different hydrolysis rates of various alkoxides.

2.3.2 Gelation

Gels are sometimes defined as "strong"” or "weak" according to whether the bonds connecting
the solid phase are permanent or reversible. The simplest picture of gelation is that clusters
grow by condensation of polymers or aggregation of particles until clusters collide: links
formed then between the clusters to produce a single giant cluster that is called a gel. The
sudden change in rheological behaviour is generally used to identify the gel point in a crude
way. The time of gelation is sometimes defined as corresponding to a certain value of
viscosity; it may be defined as the time at which the solution loses fluidity. The reactions
that produce gelation do not stop at the gel point. There is a substantial fraction of oligomers
that are free to diffuse and react, and even the spanning cluster retains enough internal
mobility to allow further condensation reactions. Therefore, the properties of a gel, such as

elastic modulus and viscosity, continue to change after the time of gelation. The process,
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known as aging, may result in substantial structural reorganization of the network, including
coarsening of the pores or precipitation of crystals, or simply a stiffening of the network

through formation of additional cross-links.

2.3.3 Aging of Gels

The chemical reactions that cause gelation continue long after the gel point, producing
strengthening, stiffening, and shrinkage of the network. Processes of dissolution and
reprecipitation may coarsen the pore structure, and separation may occur into mixtures of
solid-liquid, liquid-liquid, or solid-solid phases. These changes have a profound effect on the
subsequent processes of drying and sintering.

Gelation is a spectacular event, when a solution suddenly loses it fluidity and takes on the
appearance of an elastic solid. The processes of change during aging after gelation are
categorized as polymerization, coarsening, and phase transformation. Polymerization is the
increase in connectivity of the network produced by condensation reactions. Coarsening or
ripening is a process of dissolution and reprecipitation driven by differences in solubility
between surfaces with different radii of curvature.

The condensation reactions that bring about gelation also result in syneresis i.e. spontaneous
shrinkage of gel and progressive strengthening and stiffening of the gel during aging. Since
the same mechanism is responsible for all of these phenomena, they depend in the same way
on such factors as pH, temperature, and composition of the solution. In liquids in which the
solid phase is soluble, dissolution and reprecipitation processes cause coarsening as the
material is transported to a surface of lower curvature. This may result in loss of micropores,

decrease in surface area, and stiffening through growth of interparticle necks.

2.3.4 Drying of Gels

The process of drying of a porous material can be divided into several stages. At first the
body shrinks by an amount equal to the volume of liquid that evaporates, and the liquid-
vapour interface remains at the exterior surface of the body. The second stage begins when
the body becomes too stiff to shrink and the liquid recedes into the interior, leaving air-filled
pores near the surface. Even as the air invades the pores, the drying continues to occur from
the surface of the body. Eventually, the liquid becomes isolated into pockets and drying can

proceed only by evaporation of the liquid within the body and diffusion of vapour to the
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outside. The driving forces and transport mechanisms are important during the drying of gels,
which affect the structure and quantity of the gel products. The driving forces for shrinkage
include chemical effects, such as condensation reactions, and physical effects, such as
capillary pressure. Fluid transport occurs through a pressure gradient or diffusion down a
chemical potential gradient, and deformation of the network may involve elastic, plastic, or
viscoelastic strains. As the liquid is removed by evaporation, the tension that develops in the
pores produces a contraction of the network. When the pressure is not uniform warping and

cracking of the gel may result.

2.3.5 Avoiding Fracture

Drying produces a pressure gradient in the liquid phase of a gel, which leads to a differential
shrinkage of the network. When the exterior of the gel shrinks faster than the interior, tensile
stresses arise that tend to fracture the network at the exterior. The material on either side of
the crack can contract more freely, so it is favourable for the crack to grow into the drying
surface. It seems odd that compression of the network by the liquid causes a fracture to
occur. In fact, if the pressure in the liquid were uniform, the whole network would be
isotropically compressed and the gel would shrink without the risk of cracking. However, the
higher tension in the liquid at the exterior causes greater contraction of the network in that
region. Since that contraction is inhibited by the slower-contracting interior, the network at
the exterior is effectively stretched, and this promotes cracking. Thus, it is the differential
contraction that produces macroscopic tension in the network and this leads to cracking.
Cracking occurs when the stress in the network exceeds its strength. Fracture of brittle
materials depends on the presence of flaws that amplify the stress applied to the body, i.e, if
a uniform stress is applied to a body containing a long crack, the stress at the tip of the crack
is related to the length of the crack and the uniform stress and failure occurs when that stress
exceeds the strength of the material. Cracking is sometimes attributed to the existence of a
pore size distribution in gel.

A variety of strategies have been employed to avoid fracture from drying stresses, including:
developing gels with larger pores (having lower capillary stress and higher permeability);
aging to increase the strength of the gel, as well as increasing the pore size; using chemical
additives to lower interfacial energies or encourage diffusion within the pores; supercritical

drying to eliminate entirely the liquid/vapour interfacial energy, thereby preventing fracture
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and reducing shrinkage.

2.3.6 Structural Evolution during Consolidation

Surface tension forces created in a gel during solvent removal cause the network to fold or
crumple as the coordination of the particles is increased. Porosity develops when, due to
additional cross-linking or neck formation, the gel network becomes sufficiently strengthened
to resist the compressive forces of surface tension. Thus the dried xerogel (xerogel is a dried
gels which is dried by evaporation) structure will be a contracted and distorted version of the
structure originally formed in solution. Structural evolution in crystalline systems may be
dominated by effects of phase transformations which often occur in conjunction with
dehydration or when metastable transitional phases are involved. In crystalline systems,
microstructural evolution is dominated by phase transformations that accompany gel
dehydration or that result from phase metastability. Both phase transformations and
crystallization of amorphous systems may involve changes in the coordination numbers of the
network-forming species. In transformations that occur by nucleation and growth, the
addition of "seeds" that serve as multiple nucleation sites appears to be a viable approach to

microstructural control.

2.3.7 Sintering of Gel

Sintering is a process of densification driven by interfacial energy. Material moves by
viscous flow or diffusion in such a way as to eliminate porosity and thereby reduced the
solid-vapour interfacial area. =~ Amorphous materials are sintered by viscous flow and
crystalline materials are sintered by diffusion, so the paths along which material moves, and
the relationship between the rate of transport and the driving force are quite different[50].
Viscous sintering is driven by the energy gained by reduction in the surface area of the
porous body. Given a microstructural model, it is possible to relate the change in surface area
to the overall change in dimensions. As for viscous sintering, the driving force densification
of crystalline materials is surface energy. One important respect in which crystalline and
amorphous materials differ is that the plane of contact between crystals, called the grain
boundary, has a specific interfacial energy. This energy reflects the fact that the crystal
planes in the respective particles do not match perfectly at the boundary. The existence of

the grain boundary energy means that the energy gained by eliminating porosity is partially
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offset by the energy invested in creating necks between the grains. It is advantageous to
sinter the gel while it is amorphous and then crystallize after complete densification. In gels,
where the area is enormous, the driving force is great enough to produce sintering at
exceptionally low temperatures, where the transport processes are relatively slow. The
kinetics of densification of gels are complicated by the concurrent processes of
dehydroxylation and structural relaxation. This leads to the remarkable result that faster
heating permits complete densification at a lower temperature. For crystalline gels there are

the further complications of grain growth and phase transformations.

2.4 Film Formation
Certainly one of the most technologically important aspects of sol-gel processing is that, prior
to gelation, the fluid sol or solution is ideal for preparing thin films by such common
processes as dipping, spinning, or spraying. Compared to conventional thin film forming
processes such as CVD, evaporation, or sputtering, sol-gel film formation requires
considerably less equipment and is potentially less expensive; however the most important
advantage of sol-gel processing over conventional coating methods is the ability to control
precisely the microstructure of the deposited film, i.e., the pore volume, pore size, and surface

area.

2.4.1 Physics of Film Formation

2.4.1.1 Dip Coating

Dip coating is a method of the film deposition. The batch dip coating process can be divided
into five stages: immersion, start-up, deposition, drainage, and evaporation. There are six
forces in the film deposition region governing the film thickness and position of the
streamline: (1) viscous drag upward on the liquid by the moving substrate, (2) force of
gravity, (3) resultant forces of surface tension in the concavely curved meniscus, (4) inertial
force of the boundary layer liquid arriving at the deposition region, (5) surface tension
gradient, and (6) the disjoining or conjoining pressure[51]. In dip coating, the substrate
is normally withdrawn vertically from the liquid bath at a speed U. When the liquid viscosity
and substrate speed U are high enough to lower the curvature of the meniscus, the deposited
film thickness t results from the balances of the viscous drag which is directly proportional

to (r|U/t) and to the gravity force (Qtg) [52]:
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<:C( N ) 5 (2'5)

where the constant C is about 0.8 for newtonian liquids; r] is liquid viscosity, q is liquid
density and U is substrate speed.

When the substrate speed and viscosity are low (often the case for sol-gel film deposition)
this balance is modulated by the ratio of viscous drag to liquid-vapour surface tension r

according to the relationship derived by Landan and Levich[53]:

2

(2-6)

The thickness of coating layer depends on:

(1) the speed of withdrawal from the coating solution.

(2) the concentration of solution.

(3) the viscosity of solution.

(4) the angles of withdrawal.

(5) the surface tension of solution.

(6) the vapour pressure, temperature and relative humidity above the coating bath.
(7) the precise control of air velocity.

(8) the temperature of substrate and solution.

2.4.1.2 Spin Coating

Spin coating is also a method of film deposition. When a substrate is spun the solution on
the substrate forms a film. Spin coating is divided into four stages: deposition, spin-up, spin-
off, and evaporation. An advantage of spin coating is that a film of liquid tends to become
uniform in thickness during spin-off and, once uniform, tends to remain so provided that the
viscosity is not shear dependent and does not vary over the substrate. This tendency arises
due to the balance between the two main forces: centrifugal force, which drives flow radially
outward, and viscous force (friction), which acts radially inward. The final thickness of the
film depends on the initial thickness, time between spin-up and spin-off, angular velocity, the

evaporation rate in spin coating and liquid viscosity.
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Besides the dip coating process, other techniques have been developed. Instead of
withdrawing the parts from the solution the level of tank solution can be lowered and the
substrate to be coated remain stationary.

Although the process and the chemical reaction initially appear simple, the dependency of
various process parameters is complex. Great care in relation to these influences is required

and so guarantee reproducible coating thickness and layer quality.

2.4.2 Precursor Structure

The size and extent of branching of the solution precursors prior to film deposition and
relative rates of evaporation and condensation during film deposition control the pore volume,
pore size, and surface area of the final film. The viscosity progressively increases due both
to the increasing concentration and further condensation reactions promoted by increasing
concentration. Although the underlying physics and chemistry that govern polymer growth
and gelation are essentially the same for films as bulk gels, several factors distinguish
structural evolution in the film. (1) the overlap of the deposition and evaporation stages
establishes a competition between evaporation and continuing condensation reactions. In bulk
systems, the gelation and drying stages are normally separated. (2) Compared to bulk
systems, aggregation, gelation, and drying occur in seconds to minutes during dipping or
spinning rather days or weeks. The short duration of the deposition and drying stages causes
films to experience considerably less aging (crosslinking) than bulk gels. Fluid flow, due to
draining, evaporation, or spin-off, combined with attachment of the precursor species to the
substrate, impose a shear stress within the film during deposition. After gelation, continued

shrinkage due to drying and further condensation reactions creates a tensile stress in the film.

2.4.3 Deposition Conditions

The overlap of the deposition and drying stages in dipping and spinning establishes a
competition between evaporation and continued condensation reactions. Thus the porosity of
the film depends on the relative rates of condensation and evaporation. During film formation
the condensation rate can be controlled by varying the pH of the coating bath, evaporation
rate can be controlled by varying the partial pressure of solvent in the coating ambient. The
reduction in the condensation rate retards the stiffening of the film during deposition and

drying: the precursors initially interpenetrate and then collapse by the high capillary pressure.
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The response of particulate systems to changes in relative rates of condensation and
evaporation depends on whether the particles are attractive or repulsive. If the particles are
attractive, a reduction in evaporation rate is analogous to an increase in the condensation
rates. It provides greater time for aggregation to occur, increasing the film porosity.
Conversely, an increase in the evaporation rate is analogous to a reduction in the relative
condensation rate, resulting in denser films. If the particles are repulsive, however, a
reduction in the evaporation rate provides additional time for the particles to order. All of
the particulate systems show an increase in refractive index (decrease in porosity) with
withdrawal speed U while the "polymer" sample shows the opposite trend. Both increased
shear rates and slower drying may contribute to theapparent ordering at high U. Molecular
dynamics calculations indicate that repulsive particles tend to align in planes in shear
fields[54]. The time requiredfor alignment and registration of the sheets of repulsive
particles is provided by slower drying of thick films compared to thin ones.

Both dipping and spinning establish shear fields that could influence the structure of the
depositing film such as porosity, composition of rigid rod or linear polymers. The structures
of films prepared from polymeric or particulate precursors by liquid-based coating methods
depend on geometric factors such as precursor size and extent of branching or aggregation
prior to deposition and concurrent phenomena during deposition. Unlike bulk gels, for most
film formation methods the aggregation, gelation, and drying stages significantly overlap,
establishing a time scale for aggregation or ordering, gelation, and aging that depends on the
evaporation rate of the solvent, typically alcohol or water. Generally, this has the effect of
producing denser structures than the corresponding bulk (monolithic) xerogels, because little
aging can occur in the brief time span of film formation. Control of both the precursor
structure and the deposition conditions result in precise tailoring of the film microstructure

and properties: porosity, pore size, surface area, and refractive index.
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MEASUREMENTS OF THIN FILM CHARACTERISTICS

3.1 Introduction
Properties of thin films are determined by their morphology, chemical composition, the
content and type of impurities in bulk and on the surface, the crystal structure of the bulk and
surface, and the types and density of structure defects. Thus, all parameters should be known
and controlled during preparation, deposition and post treatment for obtaining thin films of
high quality and requirements.
The investigation of the physical properties of thin films which has become an independent
and important branch in the physical science has progressed much during this century. This
deals with systems which have only one common property, namely, that one of their
dimensions is very small, though all other physical properties of such systems may be
different, as well as methods of investigating then.
Usually, the physical characteristics of three-dimensional bodies are investigated. Their
characteristic properties are often related to a unit volume, i.e., it is assumed that they are
volume independent. This assumption is legitimate as long as the dimensions are "normal”,
i.e., more or less within macroscopic limits; but as so as one dimension becomes so small that
there is considerable increase in a surface-to-volume ratio, this assumption is no longer valid.
Further changes can be observed if the other two dimension also decrease. In practice, the
physics and technology of thin films deal with films of between tenths of a nanometre and
several micrometers.
The most conspicuous phenomena associated with thin films are optical ones, especially that
of interference colours. The optics and its theory of thin films were advanced by many
physical scientists. Thin films interference provide the means for exact measurement of thin
films thickness and fundamental applications in optical and other fields.
From the beginning of this century the electric properties of thin films have been studied,
from measurement of conductivity to the study of superconductivity, as well as the emission
of electrons from thin films. This research has made extraordinarily rapid advances in recent
years.
Detailed investigation of the structure of thin films and processes involved in their formation

has been made possible by two physical methods, namely, electron microscopy and electron
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diffraction. Electron microscopy enables us not only to study the morphology of the films,
but also to observe the process of formation of film by deposition directly in the viewing
field. The diffraction of electrons due to the wavelike nature of electrons passing through a
crystal lattice was discovered by Davisson and Germer in 1927. The electron waves cancel
or reinforce each other, depending on the direction of propagation, in such a way that after
the impact of electrons upon a screen or photographic plate they give rise to a number of light
spots. It is possible to discover from their positions and intensities whether a substance is
amorphous, polycrystalline, or monocrystalline and, if necessary, what kind of lattice it has
and how it is oriented. A special case of diffraction is low-energy electron diffraction
(LEED). The basis of both phenomena is identical, the only difference being that low-energy
electrons only penetrate to a depth of few atomic layers and therefore yield information only
about the state and structure of an extremely thin layer at the surface of the sample and,
accordingly, are suitable for the study of surface processes and properties.
By keeping the sample near room temperature and measuring the infrared absorption, spectra
are obtained which are dependent on particular bonds. Infrared spectroscopy is most used for
analysing organic compounds but is applicable to inorganic