Introduction to
Flat Panel Displays

By

Jiun-Haw Lee

National Taiwan University, Taiwan

David N. Liu
" Industrial Technology Research Institute, Taiwan

Shin-Tson Wu
University of Central Florida, USA

]ohﬁ'Wiley & Sons, Ltd

IPR2023-01178
Element Exhibit 2006 / Page 1 of 24




This edition first published 2008
© 2008 John Wiley & Sons Lud.

Registered office
John Wiley & Sons Ltd, The Atriwm, Southern Gate, Chichester, West Sussex,
PO19 85Q, United Kingdom

For details of our global editorial offices, for customer services and for information about how to apply for
permission to reuse the copyright material in this book please see our website at www.wiley.com.

The right of the author to be jdentified as the anthor of this work has been asserted in accordance
with the Copyright, Designs and Patents Act 1988.

All rights reserved, No part of this publication may be repraduced, stored in a retrieval system, or transmitted,
in any form or by any means, electyonic, mechanical, photocopying, recording or otherwise, except as permitted
by the UK Copyright, Pesigns and Patents Act 1988, without the prior permission of the publisher.

Wiley also publishes its books in a variety of electronic formats. Some content that appears in print
may not be available in electronic books. '

Designations used by companies to distinguish their products are often claimed as trademarks. All brand names
and prodact names nsed in this book are trade names, service marks, trademarks or registered trademarks of
their respective owners. The publisher is not associated with any product or vendor mentioned in this book.
This publication is designed to provide accurate and authoritative information in regard to the subject matter
covered. It is sold on the understanding that the publisher is not engaged in repdering professional services.

I professional advice or other expert assistance is required, the services of a competent professional should

be sought. :

Library of Congress Cataloging-in-Publication Data

Lee, Jiun-Haw. ‘
Introduction to flat pane! displays /by Jiun-Faw Lee,
David N. Liu, and Shin-Tson Wu.
p. cm.
Includes bibliographical references and index.
ISBN 978-0-470-51693-3 (cloth)
1. Flat panet disptays. I Liu, David N. I. Wu, Shin-Tson. II. Tide.
TK7882.161.436 2008
621.3815422—dc22
2008032204

A catalogue record for this book is available from the British Library.
ISBN: 978-0-470-51693-5 (H/B)

Set in 9/11pt Times by Integra Software Services Pvt. Ltd, Pondicherry, India
Printed in Great Britain by CPI Antony Rowe, Chippenham, Wiltshire

IPR2023-01178
Element Exhibit 2006 / Page 2 of 24




Field emission displays

8.1 Introduction

A field emission display (FED) has a simple structure and a high luminance efficiency. This type of display
does not need a backlight, color filter, polarizer or the other optical films that are required in a liquid
crystal display (LCD). Therefore, the structure of 2 FED is sirapler than that of a LCD. Additionatly,
FEDs have a shorter response time, a wider viewing angle and a larger temperature range than LCDs.
They can display static pictures and motion pictures, in cold ambient and hot ambient, for personal use
and public use.? The structure of a FED is similar to that of 2 cathode ray tube (CRT). Both FEDs and
CRTs use phosphors to produce brightness and depend on a vacuum 0 maimain the Hfetime of electron
emission. The operating mechanism of FEDs involves field emission electrons to excite  phosphor and
generate luminance. Field emission uses a high electric field rather than a thermionic approach to extract
electrons in a vacuum.?

8.2 Physics of field emission

Electrons may be emitted from a solid surface into a vacuum by many mechanisms, inchiding thermionic
emission, photoemission and field emission.** Thermionically emitted electrons are thermally excited
over the potential energy barrier while photoemitted electrons are excited over the potential energy
bartier by incoming photons. In field emission, electrons tunnel though the surface potential energy
barrier, which has been thinned and shaped by a strong electric field. A sharp emitter structure usually
offers a strong electric field even when the applied voltage is low. Since the ions generated by the residual
gas can damage the emitter, less residual gas and a lower operating voltage are needed. To achieve a
low operating voltage, an emitter material with a low work function and a sharp structure is required.
A vacuum is also required to eliminate residual gas and thus reduce emitter damage which, in turn,
mcreases emitter lifetime,

8.2.1 Work function and field enhancement

For a metal surface without an applied electric field, the surface potentiat energy E for a typical Fermi
level Fr and work function ¥ is as presented in Figure %.1,% where Z is the distance from the metal
surface and the surface barrier is the sum of Ey and ¥, This diagram is for electrons at a metal surface
in the absence of an electric field.
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Figure 8.2 Surface potential energy diagram with applied electric field. ..

The straight line of the surface barrier is smoothed by the image charge effect. However, the maximum
height of the barrier is as high as the sum of the Fermi level Ep and the work function ¥. An apphed
electric field bends the surface barrier line, as shown in Figure 8.2, where Ep, is the maximum surface
barrier.

Z.. is the distance from the metal surface to the position the maximum of the surface barrier. This
shaping of the potential epergy is the result of the image potential energy and a strong electric field.
As the applied electric field increases, the surface barrier is bent more and becomes thinner. When the
applied electric field is as high as 107 V em™, the surface barticr is sufficiently thin to enable electrons
to tunnel through the batrier,

Field emission displays.
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where emission current density J is in A cm™?, electric field F is in V em™, work function ¥ is in eV
and the Schottky lowering of the work function barrier is given by
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Since the image potential energy E; is equal to —e? /4w s4Z, where s is the permittivity in a vacuum,
the surface potential energy £{z) that iz seen by an electron on the vacuam side of the metal-vacuum
interface is asymptotically given by
E@=Ept W — —5— (8.1)
=5 oAz’ -
where E(z), Er and ¥ are in eV. When an electric field F is applied to the surface, the surface potential
energy that is seen by an eleciron becomes '
e?.
= ¥ — —ek 8.2
E(@=E:+ aredz e (8.2)
and the maximurm surface barrier E,, is given by
3
EnzEt W — | 25 8.3)
— 4me
A or
sctric field. En=FEp+W —3.79x 10°F eV, (8.4)
where F is in V m™. The surface barrier is maximum at Z,, where
Zo= (8.5)
v TV dmedF )
! or
zge :
Zn=19x107vFm. (8.6)
Several equations have been used to deseribe field emission. One equation, derived by Fowler and
Nozdheim in 1928,7 ignores the lowering of the bartier by the image effect.® ® This form of the Fowler—
Nordheim equation is
. -5 /K —6. 7 /3
JF) = 62 x 107%/Ex P exp —68x 107vW? ) @7
(¥ + Ee)/ & F
¥ where current density J is in Acm™?, electric field Fis in V cm ! and Fermi level Er and work function ¥
— are in eV. Another equation considers the lowering of the barrier by the image effect.’® ! This modified
L Z (A Fowler—-Nordheim equation is typically presented in the form
. -6 —6. 07/
field. sy 154 x 10 erxp( 6.8 x 107/ v(y))‘ 59
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the surface barrier. This
1 a strong electric field.
omes thinner. When the
thin to enable electrons

The functions v(y) and #(y) have been computed, and are presented in Figure 8.3." The approximation
#(y) = 1.1 and v(y) =0.95— y* can be applied to Equation (8.8).

Equations (8.7) and (8.8) clearly reveal that the electric field dominates the current density. Restated,
a strong electric field is required to yield a high current density.
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Figure 8.3 Comparison of approximate forms with exact solutions of the Fowler-Nordheim field emission functions
v(y) and £(y). :

In addition fo field emission, thermionic emission can become important as the temperature rises. In
thermionic emission, the metal is heated to exciie electrons and to move them over a potential energy

barrier. The equation of thermionic emission is

J=1207%774, 8.10)

where emission density J is in A cm?, absolute temperature 7" is in K, work function ¥ is in eV and the
Boltzmann constant & is 8.625 x 10~ eV K~.3 For thermionic emission, temperature dominates the cur-
rent density; in field emission, the electric field dominates the current density. Figure 8.4 shows the range
of thermionic current enission and field emission for an emitter with a work function of 4.5 eV 49
indicating that, in a strong enough field, most of the emission is field emission. However, at sufficiently
high temperature and low electric field, the emission is mainly thermionic emission. .

8.2.2 Vacuum mechanism

A vacuum is required to reduce the amount of residual gas. Meanwhile, the probability of undesired
ionization is reduced as the distance from the cathode to the anode decreases to Jess than the electron
mean free path (A,). The equation for the electron mean free path is

T
Ay = ————cm, :
= SR @10

where P.(v) is the average number of collisions made by an electron as it avels through 1 cm in &
gas at a pressure of 1 torr at 0 °C, v is the potential applied to generate the electron velocity, T is the
absolute temperature in kelvin and p is the pressure in torr. 16 Since P.(v) is typically about 70, p must
be less than 3.14 torr for 7' = 300°K. and d = 50 pum. However, the lifetime of the device increases with
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Figure 8.4 Ranges of thermionic emission and field emission for an emitter with & work function of 4.5 eV,

a higher vacuum since ion bombardment decreases. The typical vacuum in 2 field emission device is in
the region of 10~7 torr.

8.3 FED structure and display mechanism

A FED panel comprises a field emission array (FEA) plate and a phosphor plate. The FEA plate is
a structure that generates fiekd emission.”” Additionally, gated field emission is typically required to
modulate the emission of electrons."® Adding a third electrode (gate) between the anode and the cathode
canses gated field emission. The emitter is on top of the cathode. The gate is typically much closer to
the emitter than o the anode to control (or modulate) the clectron emission. This emission current is
extracted from the emitter and is a function of the voltage between the gate and the cathode. The voltage
between the anode and the gate governs the magnitude of the emission current flowing to the anode
and to the gate. A structure in which the gate is placed above the cathode is called a vertical structure.
Figure 8.5 shows the vertical structure of a gated conic ermitter in a FED.' In this figure, r is the radius
of the emitter, which is typically hundreds of angstroms; d is the diameter of the gate opening, which
is typically a few or a few tens of micrometers; k is the height of the emitter, which is typically a few
ot a few tens of micrometers; x is the tip elevation above the top edge of the gate, which is typically
less than 1 gmy; S, is the distance between the anode and the gate, which is typically from a few tens
of micrometers 1o a few millimeters; V. is the voltage beiween the gate and the emitter; and V; is the
voltage between the anode and the gate. Notably, the electric field F = f(r, 4, b, 5, V) and the emission
curtent density is J = f(F). :

In Figure 8.5, electrons are emitted from the emitter and, vertically excite RGB phosphors. The phos-
phors used in the field emission device are of the electron-excited type. However, the gate and the cathode
can also be arranged in a horizontal configuration, as presented in Figure 8.6. The gate is placed at the
same elevation as the cathode. Since the emitted electron must fly over the gate to reach the anode, the
gate receives more current than the anode. Modeling experiments show that the anode of the vertical
structurs collects more current than the anode of the horizontal structure vnder the same operating cof-
ditions. This is a shortcoming for a horizontal gated emitter, although this type of gated emitter has a
simple structure and process steps.
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Figure 8.5 Vertical structure of gated conic emitter in a FED.
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Figure 8.6 Horizontal gated emitter in a FED.

8.4 Emitter

The emitter has an important role in FEDs. Field emitter structures can be coni¢c, wedge-shaped or

tubular.® The emitting region of conic ermitter is its tip, while those of the other structures are edges. The
indt emitter, the carbon manotube (CNT) emnitter and the surface conduction

many emitters include the Sp
emitter (SCE).*' The Spindt emitter is a sharp cone while the CNT emitter has nanometric diameter

carbon tabes, The SCE uses 2 material called PAO with 2 nanometric gap structure to generate surface
electrons. Table 8.1 compares these emitters. These forms of field emission need a high vacuum of

Table 8.1 Comparison of Spindt emitter, CNT emitter and SCE.

Hem Spindt CNT SCE

Feature Sharp conic structure Nano-diameter of carbon tube Nano-gap of slit
Operating voltage (V) Few teng Few tens to hundreds Few tens
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typically 1077 torr. The operating voltages are typically from a few tenstoa few hundreds of volts. Since
a higher operating voltage of driver integrated circuits (ICs) is more expensive, higher operating voltage
indicates higher driver costs. Therefore, the driver costs for Spindt emitters and SCEs are low due o
their relatively low operating voltages. The major processes of formation of the Spindt emitier, the CNT
emitter and the SCE are conic formation, CNT formation and nano-gap formation, respectively. The key
difficulties in the formation of the Spindt emitter, the CNT emitter and the SCE are the large area of
evaporation, the challenge of CNT activation and the high gate drawn current, respectively. The high
gate drawn current of the SCE is due to its horizontal gated structure. This horizontal gated structure is
helpful to make a pano-gap slit between the cathode and the gate. In spite of the convenience to meke
a nano-gap slit for the horizontal gated structure, the emitted electron of SCE for this structure must fly
over the gate and results in high gate drawn current. The effective current applied to the anode is therefore
reduced and results in lower current efficiency of the SCE. Compared with the SCE, the Spindt and CNT
emitters using vertical gated structures have lower gate drawn currents and higher anode current. In
other words, Spindt and CNT emitters have lower power consumption for the same operating voltage.
Moreover, the emitter elevation also affects the gate drawn current for the vertical gated structure. When
the emitter elevation is low, the gate drawn current will be high. For the Spindt emitter, one can control
the emitter elevation and the gate drawn current effectively. However, the Spindt emitter suffers from
the uniformity difficulty for large-area evaporation. As regards the CNT emiitter, the control of emitter
elevation is a challenge and the emitter elevation is typically low. Therefore, the CNT emnitter usually
has higher gate drawn current than the Spindt emitter. In addition, the CNT emitter also suffers from the
effective activation difficulty or the low growth rate of the tube,

Notably, a smaller value of r of an emitter corresponds to not only a higher emnission caurent density J,
but also a smaller emitting area. If the emitter is too sharp, then the emission current  may be decreased
because the product of J and A is smaller. The emission currents vary from different tips.”® Restated,
one emitter may require a lower emitting voltage while another etitter may require a higher emitting
voltage. The variation of the emitting voltage among the emitters results in the problem of uniformity
and raises the challenge of modulating the gray levels of the display.

8.4.1 Spindt emitter

Many materials, including semiconductors, can be used in Spindt field emitters.?? Ideally, the field
emitter should be a material with a high melting point to withstand a large current, a low work function
to provide large emission and low vapor pressure to maintain the necessary vacuum in a sealed device. ™
An emitter should also be sharp to generate a sufficiently strong electric field for eleciron emission at low
voltage.”® Low-voltage operation reduces the probability of dielectric bredkdown, Table 8.2 presents
the common emitters silicon, % tungsten,* ¥ molybdenum,** LaB¢** and tantalum**2 used in
field emission devices, along with some of their properties.

Among these emitters, tungsten has the highest melting point and the lowest vapor pressure while
silicon has the lowest emitter radius. Since silicon can be formed using standard semiconductor fabrication

Table 8.2 Most common Spindt field emitters.

Ttem Si W Mo LaBs Ta

Melting point (°C) 1410 3410 2617 >1500 2996

Work function (V) 4.50 4.50 450 2.66 425

Vapor pressure (forr) 107 at 10 Mg - Txi0a  — 5x 107 0at
: 1200 °C 1800°C 1800 °C 1800 °C

Reported emitter radivs (&) <10 <200 400 — <200

IPR2023-01178
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¥igure 8.7 Typical process flow for a conic exitter.

technologies into sharp tips, ithas been studied and used widely as a field emitter despite its lower melting
point and higher vapor pressure than other materials such as tungsten, molybdenum and tantalum.
Field emitters must be sharp since the electric field varies with sharpness and electron emission depends

eld.* Sharp emitters also enable electron emission devices to operate at low

strongly on the electric fi
voltage.*” Figure 8.7 shows 2 typical process flow to form a conic eritter*® At the beginning of the

process, the cathode, the diclectric and the gate are patterned. Then, directional evapotation with axial
rotation is performed to form a sacrificial layer. After the sacrificial layer is formed, vertical evaporation

with axial rotation is performed to form a conic emitter. The final step in this process is to remove the

sacrificial fayer to form a gated field emitter.

8.4.2 CNT emitter

Spindt-type {sharp-cone-type) emitters have been widely studied in the last few decades. However, the
evaporation used in the Spindt emitter process for forming displays with large areasis difficult. Restated,
this is the main difficulty that maintains the uniformity of the sharp-conic emitter when a larger display
is desired. Accordingly, the use of a CNT as an ermitter is an alternative approach of forming FEDs ¥
CNT is a carbon material with a nanosized structure, Since it is tubular with a diameter of a few tens or

hundreds of nanometers, it is natwrally sharp and can act as a field emitter.

Dielectric

Indirect and direct ap
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activating it.5 Figure 8.
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Since the CNT is forr
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Figure 8.8 Typical mdirect approach for forming CNT emitters.

Indirect and direct approaches can be adopted to form CNT emitters. In an indirect approach, the CNT
is grown by arcing and then broken up into a powder. A solvent is added to this powder of CNT t6 form
a paste.® A CNT emitter is then formed by screen printing the CNT paste onto a substrate and then
activating it.5' Figure 8.8 shows the typical process, in which the maximum process temperature is close
to about 450 °C.% At the beginning of this process, the cathode, the dielectric and the gate are patterned.
The following process is to coat the CNT paste onto the substrate and then activate the CNT, while the
CNT paste is prepared in a separated process. ‘

Since the CNT is formed by high-temperature arcing, it has high puity. However, the uniformity of the

_ ONT emitter cannot be effectively controlled since pulverizing and screen printing randomly redistribute
. the CNT Accordingly, the direct approach to the formation of a CNT emitter is adopted to solve the

uniformity problem. Two methods, chemical vapor deposition (CVD) and electrophoretic deposition
(EPD), are used to form the CNT emitter. > Figure 8.9 shows the typical process of CVD for forming
CNT emitters. :

The cathode, dielectric and gate are patterned at the beginning of this process. The following process
is the deposition of a catalyst. A typical catalyst is Fe/Ni/Co and the process temperature is about 600 °C.
The process temperature can be reduced by using the plasma CVD process. The reaction for forming the
CNTis

C.H, —» 2C+H,. (8.12)

Although the CVD process yields a more uniform CNT, the growth rate is 2 little stow. Accordingly, EPD
can be adopted as an alternative approach for growing CNT. Figure 8.10 shows a deposition mechanism

IPR2023-01178
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Figure 8,10 Typical deposition mechanism in the EPD process.

of the EPD process. In this deposition mechanism, the substrate is placed in an electrophoresis solution.
The CNTs in the solution are charged and then move to the electrode. Following the motion, the CNTs

are deposited onto the electrode.
CNTs can be grown directly onto the substrate using either CVD or EPD. Although the uniformity

obtained nsing the CVD or EPD approach exceeds that obtained using the arcing method, the purity
obtained is lower. )
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8.4.3 Surface conduction emitter

In 2 SCE device, a palladium oxide (PdO) film is used as an emitter and a nano-gap is psed fo extract
the electrons from the surface of he PAO film.5” These electrons are called surface conduction electrons.
The stracture of the SCE display differs a fittle from the display structure using the Spindt-type emitter
and the CNT emitter. Figure 8.11 shows a typical structure of a SCE display, which is commoniy called
a surface electron display (SED). In this figure, the electron is horizontally extracted from the emitter to
the gate. An anode voltage is applied to coltect the & itted electron.

The gap between the gate and the cathode is about 10 nm. The cathode and the gate are made of
platinum. The emitter is PdO. The platinum film is patterned by photolithography while the PdO film
of the emitter is deposited by ink-jet printing. Figure 8.12 shows a typical process flow for a SCE. At

. Light
Phospher Phosphor Substrate
plate e Anode
AVSATIALY, A BM

Spacer

Cathode

plate —— Substrate

Figure 8.11 Typical structure of a SCE display (surface electron display).

QGate Cathode
Sub Gate and cathode
ubstrate patterning
Emitter +
N
Emitter
formation

Slit *
|
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Figure .12 Typical process flow for a SCE.
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the beginning of this process, the gate and cathode are patterned. The following step is to coata layer of
emitter material. After the coating of the emitter material is completed, a stit is formed with nanometyic
dimensions. This slit formation is critical since a slit with a nanostracture is required.

8.5 Panel process

The panel process involves 2 FEA plate and a phosphor plate and comprises assembly and aging pro-
cesses. Figure 8.13 shows a typical process flow. One of the main processes for the FEA plate is the
emitter formation process while the major process for the phosphor plate is the phosphor formation
process. Assembly and aging processes arc associated with panel alignment, vacuum-tight sealing and
characteristic stabilization.

As stated in a previous section, the three main emitters are the Spindt emitter, the CNT emitter and
the SED emitter. Figure 8.14 shows the display process of the Spindt emitter. The major process for the
FEA plate was described in the previous section. For the phosphor plate, black matrix (BM) formation
is commonly used to increase the contrast ratio of the display. Following BM formation, phosphor
formation is performed. Notably, red (R}, green (G) and blue (B) phosphors are deposited and patterned
in phosphor formation. After the FEA. plate and the phosphor plate have been formed, assembly and
aging are conducted so that the process of the FED panel is completed.

Figure 8.15 shows the display process ofa CNT-type emitter. The preceding section described the main
process for a FEA plate. The CNT paste is prepared in a separate process, as presented in Figure 8.15.
At the beginning of the CNT paste preparation, CONTs are formed and then purified. Following CNT
purification, a solvent and a binder are typically added to form the CNT paste. As to the phosphor plate,
BM formation is commonly employed to increase the contrast ratio of the display. After BM formation
has been completed, R, G and B phosphors are deposited and patterned. After the FEA plate and phosphor
plate are formed, the assembly and aging processes are conducted to complete the FED panel.®

Figure 8.16 shows the display process for a SCE. The previous section described the main process for
the FEA plate. Additionally, PO paste is prepared in separate processes, as presented in Figure 8.16.
The preparation of the PO paste begins with formation of PAO powder. Then, a solvent and binder are
typically added to form the PAO paste. As t0 the phosphor plate process, BM formation is commonly
adopted to increase the contrast ratio of the display. After BM formation, R, G and B phosphors are
deposited and patterned during phosphor formation. Following the formation of the FEA plate and the
phosphor plate, the assembly and aging process complete the FED panel.”

Screen printing,* photolithography and sandblasting are the three major approaches for forming layers
in the FED process. Among these major approaches, screen printing is the most commonty used approach
for the FED process. This approach can be adopted for the cathode, gate electrode, dielectric;, BM and
phosphors layers. Figure 8.17 shows the side view of a typical screen-printing process.

FEA plate Phosphor plate
process process
Assembly and aging
Processes

Figure 8,13 Typical process flow for a FED.
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Figure 8.16 Typical process flow for FED with SCE.
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Figure 8.17 Side view of screen printing.

The screen mask, the paste and the printing machine are three major elements of screen printing.® A
good paste should easily pass through a screen mask when a shear force is applied to the paste. However,
the pattern of the paste should become solid and stand still when no shear force is applied; such that
it does not diffuse and high resolution is maintained. After the paste is deposited, it must be dried and
fired. Drying removes the solvent: the process temperature is typically under 150 °C. Firing removes the
binder and melts the particle at a typical process temperature of raore than 400 °C. Figure 8.18 shows
the typical process temperature profile with process time. .

The critical aspect of the drying process is the uniformity of drying from the onter surface to the inner
core as well as from the edge to the center of the paste layer. In the firing process, the binder must be
fully removed and the accumulated stress must be reduced as much as possible.
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Figure 8,18 Typical process temperaiure profile.

Photolithography is another important approach used in the FED process which is also commonly used
in display and semiconductor processes. This process uses a photoresist to form a pattern and subsequent
etching of the desired material. Stripping the photoresist leaves the desired pattern.

8.6 Field emission array plate techniques

An optimal field emission device must have the following features: (1) a sharp emitter; (2) an emitter
with a low work function to enhance electron emission;® {3) an emitter with a high melting point to
withstand the high temperature caused by resistive heating;% (4) a small gate opening for a gated emitter
structure to increase the electric field;®® and (5) a thick dielectric fitm between the electrodes to maintain
the necessary operating voltage without breakdown or significant leakage. Field emission devices include
many devices that use an electron source, such as a scanning funneling microscope.®

The substrate in 2 FED not only provides a base for the film or paste deposition but also isolates
the vacuum. Therefore, substrates with a smooth surface. and a robust mechanical strength are required.
The additional issue associated with FED substrates is thermal expansion due to the high temperature
of the FED process. Sodalime glass is typically used in a FED substrate with a thickness of typically
2.3 mm. Since thermal expansion may produce an error in the image position,® sodalime giass with a
high strain point is used to eliminate the thermal expansion of the substrate and control the error in the
image position. As the FED panel is a high-vacuum device, the substrate receives an air pressure of about
1 atm from outside of the panel. Accordingly, deployment of spacers at particular positions of the FEA
plate or phosphor plate is demanded. Deformation can occur when the spacer deployment is insufficient.
Meanwhile, the glass should also be sufficiently strong to sustain the pressuze difference. Additionally,
the substrate in the FEA plate typically must have an exhausting hole. During the evacuation, normal air
is pumped through this exhausting hole.

The floating process is commonly adopted for the formation of sodalime glass, as shown in Figure 8.19.
At the beginning of this process, raw material is placed in the melting furnace. Molten glass is formed
and then floats on the surface of the molten metal. This molten glass therefore has a smooth surface.
Glass is formed upon annealing. The floating process is a traditional process for forming soadlime glass
and is cost-effective.

An electrode in a FEA plate typically comprises a cathode and a gate electrode. The cathode provides
an electrical base for the emitter and the cathode is typically silver paste with a thickness of 10 px. The
process for forming the cathode typically is screen printing, as shown in Figure 8.20. The silver paste
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Figere 8,19  Typical floating process for forming glass.

Screen mask

[ | Sorcen printing

v

Firing

Figure 8.20 Typical cathode formation using screen printing.

is screen-printed through a patterned screen mask. The pattern is formed on the substrate and then dried
and fired. A firm and solid patiern of electrode is therefore formed.

The alternative approach for forming a cathode is to.deposit photosensitive silver paste on the substrate
and then to form a pattern by photolithography. The line width resolution achieved using the photolitho-
graphic approach is 20 pm, which is better than the 50 wm of the screen-printing approach. Screen
printing is a commonly used approach for forming a cathode since the material cost is lower and-the
process steps are simpler,*

The dielectric is the layer between the gate electrode and the cathode. The layer must be a good insulator
to reduce leakage current. The dielectric layer is typically formed by screen printing with a thickness of
20 pwm or using 2 CVD process with a thickness of 2 pm. The thickness of this film is domdinated by the
need to minintze leakage current.

The gate electrode is used to control or to modulate the emission from the cathode, which is typically

silver paste with a thickness of 10 um. The cathode is typically formed by screen printing. The alternative
approach for forming the gate electrode is to deposit a photosensitive silver paste on the dielectric layer
and then to form a pattem photolithographically.

8.7 Phosphor plate techniques

The phosphor plate comprises substrate, anode and phosphor layers. Its major function is to generate
brightness, The substrate in the phosphor plate is similar to the substrate used in the FEA plate. The anode
in the phosphor plate is an elecirical base for phosphor. The anode voltage can reach hundreds or tens of
thousands of volts,

The phosphors used in FEDs are electron-excited.” The luminescence mechanism is cathodolumin-
escence.® The distance between the gate and the anode is kept short to keep electron emission as a
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Table 8.3 Common phosphors used in low-voltage applications.
Item Decay Relative Luminance Excitation
time (Ls) efficiency (%)  efficiency gmW-1)  epergy (V)
Blue-green  ZnO:Zn 8 0 5.0-10.0 200-400
Blue ZnS:Zn — ~1 0.5-0.8 200-400
ZnS:Ag,Al — 0.3-0.6 200-400
Green ZnS:Cu,Al 250 3 1.0-1.5 200400
Zn%sto,gsS:Ag.Cl —_ -— 4.5 200400
Red (ZoCd)S:Ag 150-300 4 0.5-1.0 200400
¥30.8:Fu — — 0.5-1.0 2004600
“fuble 8.4 Phosphors commonly used in high-voltage applications.
Item Decay time '(p,s) Relative Luminance Excitation
efficiency (%)  efficiency (Im W1y energy (kV)
) Bhuie ZnS:Ag 30-50 21 — 10-30
Green ZnS:Cu,Al  30-50 17-23 40-65 10-30
Red Y,0,8Eu 200 13 — 10-30
proximity focusing and not to spread wide. The applied voltage must be low since the distance is short.
Table 8.3 presents the phosphors commonly used in Jow-voltage applications.® ™ Most of the materials
have low Inminance efficiency in the range of the applied voltage. ZnO phosphor is a favorable excep-
tion with relatively high luminance efficiency.” However, the green saturation of ZnO is not high, with
S the green color being mixed with light blue color. Accordingly, ZrO is commonly adopted in mono-
and tﬁen dried chrome FEDs but it is not commonty used in color FEDs. Additionatly, the luminance efficiency varies
g with the applied voltage, Restated, the luminance efficiency typically increases with increasing applied
en the substrate voltage.
i Al g . . ». .
the photolitho- though a short distance between gate and anode can ensure a sufficiently narrow distribution of

emission spot sizes, only low-voltage phosphors, which typically have low luminance efficiency, can be
used.™ To increase luminance efficiency, high-voltage phosphor is used, as shown in Table 8.4.7 These
phosphors have relative high efficiency around the applied voltage. However, the distance between the
gate and the anode must be sufficiently large that the device will not break down.

Notably, the distribution of phosphor particle sizes is also important.™ Figure 8.21 shows the normal
distribution of the sizes of phosphor particles. Since a uniform distribution of phosphor particle sizes
typically provides a higher pixel resolution, large and small phosphor particles should be removed before
or during the phosphor process.

Outgas from the surface layers of the FED device may contaminate and degrade the phosphor. As
the phosphor is degraded, the brightness is reduced, The phosphor layer is typically formed by screen
priniing with a thickness of 30 pm for each color. Figure 8.22 shows the typical screen-printing process
of the phospbor layer. In this process, phosphor paste is deposited followed by drying and firing. Drying
removes the solvent material and firing removes the binder material.

iproach. Screen
sdower and the

agood insulator

[nchls typically
healternative

8.8 Assembly and aging techniques

The assembly process binds an FEA plate and a phosphor plate inte a display panel with vacuum-tight
sealing and evacuation.” After assembly, aging is required to expose defects and stabilize the quality of
the display. Figure 8.23 presents a typical assernbly and aging process. At the beginning of this process, a
spacer and sealing layer are formed. Then, panél alignment, sealing, evacnation and aging are performed.
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8.8.1 Spacer

The spacer maintains a uniform space between the FEA plate and the phosphor plate.™ Therefore, the
height of the spacer determines the distance between the gate and anode. In a high-vacuum device, such
as a FED, the spacer supports the substrates and prevents them from deforming or cracking. Accordingly,
the spacer not only should be a high-vacuum material but also must be tough with high compressive
strength. Its width is preferably less than tens of micrometers, since the area of the spacer cannot display.
For an insufficiently thin width of spacer, the resolution of the display is limited. The spacer is typicaily
from 100 to 1000 pm in height.” The spacer height is determined by the applied voltage. In general, a
high voltage is required to yield high luminance efficiency. At a low voltage of a few hundred volts, a
short spacer, about 100 um long, is sufficient to withstand the applied voltage. For a high anode voltage
of more than a few thousand volts, long spacers, of over 1000 pum, are required to prevent breakdown.

. Notably, electron emission spreads widely when the spacer is long. Hence, the emission spot in the

phosphor plate becomes lazge.™ In all cases, the spacer must have a high aspect ratio structure.

The material of the spacer is typically dielectric. Accordingly, the spacer is easily charged when
electrons travel fowards the apode. The charging mechanism in the spacer can undesirably discharge
during display. This phenomenon causes undesirable arcing inside the display cell. Slight arcing disturbs
the display quality. Seriously arcing damages the device. To prevent these phenomena, a spacer material
must be a slightly conductive dielectric rather than a normal dielectric.

Screen printing, placement and dispensing approaches can be adopted to form a spacer. Since the
screen-printing approach must be repeated many times, the spacer width is not easily controlled and the
process is time-consuming. Therefore, the placement approach, shown in Figure 8.24, is an alternative
and effective approach for forming the spacer, In this process, sealing pastes are deposited at the desired
Jocations of the FEA plate. After this step has been completed, spacers are placed on top of these scaling
pestes and then the sealing paste is cured. The dispensing approach provides a higher aspect ratio, which
is the ratio of the rib height to the width.”

8.8.2 Sealing layer formation and panel alignment

Typical sealing layer materials are glass frits and glass powder, which is a vacuum material and provides
a vacuum-tight sealing.® ' The material must have a low reelting point, and thus be compatible with
glass substrate. The use of epoxy material, commonly used in L.CDs, as a sealing layer is not appropriate

FEA plate

formation ) M'\W“%AM
\{

Adhesive

Adhesive layer
formation

*

Spacer
placement and curing

Figure 8.24 Placement approach for spacer formation.
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in the FED process since outgas is usually given out of the epoxy material after the sealing process. This
outgas can contaminate the display cell and degrade the performance of the display. The first step of the
sealing process is to dispense a sealing layer onto the sirrounding area of a FEA plate or phosphor plate.

The next step is to align the FEA plate and the phosphor plate. The accuracy of this alignment is
critical and can affect the display guality. The main challenge of this process is the alignment shift during
the high-temperature sealing process. The alignment of the FEA plate and phosphor plate is typicafly
maintained by clippers.

When the FEA plate and the phosphor plate are aligned and clipped, an additional sealing paste must
also be deposited in the area that surrounds the smail opening of the FEA plate. Then, an exhausting tube
is placed on the deposited area of the smail opening of the FEA plate. An alternative approach, called
tubeless sealing, does not use an exhausting tube. The advantages of this tubeless sealing approach are
the faster evacnation and thinner panel.¥ The evacuation is faster because the panel vacuum is obtained
from a ready vacuum of the whole chamber and this chamber vacuum can pump down before the panel

process. The panel can be thinner when a tip-off tail of the exhaust tube is absent. However, the gas

given off by the sealing paste using tubeless sealing can be sealed inside of the panel and can then
contaminate the panel. Tubeless sealing demands extra work to clean the contamination inside of the
panel.®

8.8.3 Sealing

The sealing process melts the material of the sealing layer to bind the FEA plate to the phosphor plate
permanently.® The gas given off during the sealing process contaminates the emitter. Because of the
thermal characteristics of the glass frits and glass powder, the sealing is typically performed at high
temperature. The typical sealing process temperatare is 450 °C. Clipper selection is important since
the clipper may lose binding strength during sealing. For an improper selection of clipper, the panel
alignment may be shifted during sealing. Moreover, the glass substrate may crack during sealing at high
temperature.

8.8.4 Evacuation and sealing off

The evacuation begins in the viscous flow region, in which the mean free path is short and the vacoum
pumping speed is rather high. When a high-vacoum environment is achieved, the evacuation is in the
molecular flow regime, in which the mean free path is large and the vacuum pumping speed is rather
slow. Since the display cell depends on a high-vacunm environment, a vacuum process to evacuate all
of the gas from each display cell is critical. In addition to the physical vacuum pump, chemical getting
is adopted in FEE processing to assist the vacusm pump and adsorb these impurities.

The getter is the main material in a chemical pump.® This getter is a material that can absorb gas to

yield a vacoum,* Radiofrequency heating is commeonly adopted to activate and heat the getter but not . .

the glass substrate. Improper heating of the getter can ¢rack the substrate. The additional function of
the getter is to absorb the impurities which sometimes are poison gases. Since the poison gases may be
emitted into the display cell in the sealed panel, this poison gas must be removed from the sealed panel.
The getter can act as a poison gas absorber and maintain a clean gas environment in the display cefl.
Getters are of two types: evaporation getters (EGs) and nonevaporation getters {NEGs). The EG type has
a larger effective area for reaction with gas but the evaporated material may evaporate onto the undesired
area and contaminate the device.

The tipping-off of the exhausting tube must be performed carefully so that gas given off during the
tip-off process can evacuate out and not be left inside of the panel. Therefore, a preliminary tip-off
process is typically nceded to evacuate the gas given off so that only very litde given-off gas is left
inside the panel. In order to perform the tip-off process, electric heating or gas heating on the exhausting

Field emission displays::

Vacn

04
104
1075
107
1o

Figure 825 Pun

5

tube is commonly..
used to tip off the
Most importantly,
is relatively control
Notably, the pressun
frora that in the pan
panel with 200

885 Aging

The purpose of a
and in the electro
can polish or smopthith

processing'city
Since .a. few:

field emission des
scatt addressing,
ing can addfess n
to each row and
ber of scan ling
addressing.

scanned, row 2
sequentially from:

o ‘ 1PR2023-01178
Element Exhibit 2006 / Page 22 of 24




Field emission displays

nel Displays
~ocess. This Vacuwm (torr)
t step of the
sPhor plate. 031
lignment 18
shift during 10+
is typically Panel vacum
105 T
z paste must 105+
austing tube
oach, called 107+  Chamber vacuum
spproach are
1is obtained i f f f | : .
e the panel 0 50 100 150 200
swver, the gas Tire (min.)
md can then
inside of the Figure 8.25 Pump chamber vacumm and panel vacuum for a 3-inch panel with 200 m high spacers.
tube is commonly used. Electric heating uses electricity to heat a ceramic and the heated ceramic i
used to tip off the exhausting tube, while gas heating uses gas direcily to tip off the exhausting tube.
Most importantly, electrical heating needs more apparatus than gas heating, although electrical heating
wsphor plate is relatively controllable.
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8.8.5 Aging

The purpose of aging is to expose defects. Contamination of the emitter surface and defects in the dielectric
and in the electrode are revealed during the aging process. Aging can also stabilize the emission since it
can polish or smooth the emitter surface and remove surface contamination from the emitter.

d the vacuum
ation is in the
peed is rather
o gvacuat all 8.9 System techniques
gmical getting _

: . FED circuifs perform power supply, sigaal processing and scan/data driving functions, Figure 8.26 shows
: absorb gas to a typical biock diagram. In this diagram, the FED panel is driven by a driver circuit while the signal
“getter but not processing circuit provides a video signal to the panel.
1al- function of Since a few tens of volts must be applied to operate a FED panel, a high-voltage driver IC is
i::gés‘es may be required. Additionally, amplitude and pulse width modulation are commonly adopted in FEDs because
& sealed panel. field emission devices have linear current-voltage (/-V) and high response characteristics.¥ Among

scan addressing, direct addressing, matrix addressing and other addressing approaches, matrix addzess-
ing can address more data in a short address time. Additionally, each pixel is electrically connected
to each row and each column in matrix addressing. For VGA (640 x 480) daia format, the nut-
ber of scan lines is 480 and the number of data lines is 640, Figure 8.27 shows typical mairix
addressing.

As shown in Figure 8.27, data 1 to 640 are sent to the panel when row 1 is scanned. After row 1is
scanned, row 2 is scanned. Data 1 to 640 are sent to pane] when row 2is scanned. Such scanning proceeds
sequentially from row 1 to row 480 to display.
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