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Abstract

Field emission display is a new type flat-panel display. As carbon nanotubes
were discovered, it became the most promising display. FED technology is similar in
operation to CRTs in that phosphor is excited by a stream of electrons. In this study,
we simulate the traditional Spindt type emitters:and nanocarbon emitters by using 3D
PIC method to comprehend the-influences of+structure, and applied field strength on
emission current. CNT emitter has |arger -emission current than silicon-based emitter
due to its high aspect ratio geometry. The results show that emisson mechanism
follows the Fowler-Norheim law. And in focus electrode applied 0 V with space
charge effect case, electron dispersion width at anode could decrease effectively
within the range of 20um, and majority iswithin 12um. However, it is obviously to
see the difference of emission current with/without considering space charge effect,
because space charge will influence local surface electric field within a certain

distance.



Table of Contents

................................................................................................................................ I

N 0 1 = o ST I
TaDIE OF CONLENTS......eeeiiiiesiese sttt be e nes 11
LISt OF TADIES......eceeeeee bttt benae s A%
LISt OF FIQUIES.....eiieieiece ettt ettt e s re et e et e e se e aeeneesaeeseeneesneenneas Vv
(@ gF=10] (= 0 N [ 1 1 0o [0 Tox £ o o USSP 1
1.1 MOLIVALTON. ...ttt sttt be b 2

1.2 BACKGIOUNG........ooieeeiecee ettt e enne e 2
1.2.1 FundamentalS Of FED ........ccocoiiiiriiiiesese e 2

1.2.2 Silicon-based Field EMITEEN.........cooiiiiieree e 5
1.2.3CNT-based Field EMItIer .......cccoveeeieieee e 6

1.3 LItEraIUIE SUMNVEY ....c.eeeeeeeeeeeete et teeee sttt nae e e saeenaesneensennaennen 7
1.3.1 FED @XPEriMENES ....ccceeiveeeeeeiesieeiecteesiesee e e sie e eee e e e e eneenns 7

1.3.2 FED SIMUIBLIONS. ..ot e 9

1.4 Objectives and Organization of the ThesIS ... eceveeve e 10
Chapter 2 Numerical Method ... i i e 12
2.1 3-D Poisson Equation Solver Using Finite Element Method ........................ 12

2.2 3-D Particle Tracing on Unstructured Tetrahedral Mesh..........ccccceeveciveneenee. 15

2.3 Particle-In-Cell Method (PIC) on-Unstructured Tetrahedral Mesh ............... 18
Chapter 3 ReSUItS aNd DISCUSSIONS.......cccveeeieeieieesteesieseesieeseesseeseeeeesseesseseessesssesnes 20
3.1 Simulation without Space Charge Effect.........cccvvevviceviece e, 20
3.1.1 Simulation of Silicon-based Field EMItter.........cccccovvieninenenenennnn 20

3.1.2 Simulation of CNT Field EMItter ........cccoviiiiiiiieeeeeee e 21

3.2 Simulation with Space-Charge Effect.........ccooeviveiecce e, 23
3.2.1 Simulation of CNT Field EMItter ........ccooviiiviiieeeeeee e 23

3.3 Comparison of Simulations with and without Space-Charge Effect ............. 24
3.3.1 Emission current performancCe..........ccoceveeeeseereecee s eseeseesee e 25

3.3.2 EIECIrON tral€CLONY ....ccve et 25

Chapter 4 CONCIUSIONS........coiuieieeieeiesie st esteeeesteesteseesseesaessae s e essesseesseessesneesseesesneees 26
SN 11 010 0= YRS 26

4.2 Recommendations of the FUtUr@ WOrK ............ccocviiinininienieeeesese e 27
REFEIBINCES...... oottt e bbb nne s 28
N 0= 10 [ QS 33
N 0= 10 [ G = 35



List of Tables

Table|. A FED has exXCellent fEaIUMES:.........covvrreriirireereeree e 36
Table 1. Classification of FEDS With the SETUCLUIE ..o 37
Table 1. Triode-type without space-charge effect (SIHICON)......cccvecveveveriese s 38
Table IV. Triode-type without space-charge effect (CNT 600NM)......c.cccererererienesereeeereereese e 38
Table V. Triode-type without space-charge effect (CNT 400NM) .....evvvereeeereresesese e seeree e e e 38
Table V1. Tetrode-type without space-charge effect (CNT 600NM).......ccccvrererereeienreereeseseeseseeeeeens 39
Table VII. Triode-type with space-charge effect (CNT 600NM) ....c.eceeeereerereriene e reee e 39
Table VIII. Tetrode-type with space-charge effect (CNT 600NM) .....ccevvrereresiene e 39



List of Figures

Fig. 1.1 Schematic of the situation at a surface under field emission conditions and the resulting field

emission energy distriBULION. ........ccoeeiiiie e e nne s 40
Fig. 1.2 Sketch of @FED PEIfOrMAaNCE. .....ccvevereiireiee et eeeesee et e e se e st r e e e esenaesrennes 41
Fig. 1.3 The basic structure of triode. A is the substrate, B is the field emitter, C and E the insulating

layers, D isthe gate and F the @NOUE...........ccvveeieeeiee e 42
Fig. 1.4 The appearance of the 8 in. color FED Pan€l. ........cccccceverieiesenereceeseesese st 43
Fig. 1.5 SEM images of a miCroCatNOME...........cccevireiiiiceceee e 44
Fig. 2.1 Program flOW Chart..........cocveiiiiirieese s e st st se et sre e enae e ensesnenrenns 45

Fig. 3.1 Contour of the potential distribution around a CNT with a half-ellipsoidal tip. The simulation
conditions are: applied voltage 500V, the cathode-to-anode distance 24M, radius of the
simulation region14m, major radius of the half-ellipsoidal tip 40nm, minor radius of the
half-ellipsoidal tip 10nm, CNT radius 10nm, and the total CNT height 200nm. ..........cccceevvvennnne 46

Fig. 3.2 Silicon-based emitter simulation domain. (triode-tYPE) ......ccoevererererieeeereerere e 47

Fig. 3.3 Simulation of silicon-based emitterswithout space charge effect: (a) isthe field emission |-V
curve, and (b) shows the data plotted in-Fowler-Nordheim coordinates. ............cccoveveevcevenieiennns 48

Fig. 3.4 Typical electron tragjectories using PIC simulation without space charge effect (silicon-based
emitter without focus electrode):(a) gate applied 160V; (b) gate applied 150V; (c) gate applied
140V; (d) gate applied 130V; (€) gate applied 120V, ..ttt 49

Fig. 3.5 CNT emitter simulation domain. (triO0E-tYPE) . e e iveeeeeere e et ees 50

Fig. 3.6 Simulation of CNT emitter (600nm) without space charge effect: (a) isthe field emission -V
curve, and (b) shows the data plotted in Fowler-Nordheim coordinates. ...........cceeveveevereneinnnns 51

Fig. 3.7 Typical electron tragjectories using PIC simulation without space charge effect (CNT emitter
600nm without focus electrode): (a) gate applied 160V; (b) gate applied 150V; (c) gate applied
140V; (d) gate applied 130V; (e) gate applied 120V; (f) gate applied 110V. .......cceeevvvvivreennnns 52

Fig. 3.8 Comparison of emission current of different material emitter. (without space charge effect)...53

Fig. 3.9 Comparison of emission current of different emitter height. (CNT emitter without space charge

Fig. 3.11 Comparison of focusing effect simulations of CNT emitter (600nm) without space charge
effect: (@) without focus electrode; (b) focus electrode applied 5V; (c) focus electrode applied OV;
(d) focus electrode apPPliE -5V. ......cececerere s 56

Fig. 3.12 Simulation of CNT emitter (600nm) with space charge effect: (a) isthe field emission |-V
curve, and (b) shows the data plotted in Fowler-Nordheim coordinates. ............cceeveveeveveseinnnns 57

Fig. 3.13 Typical electron trajectories using PIC simulation with space charge effect (CNT emitter
600nm without focus electrode): (a) gate applied 150V; (b) gate applied 140V; (c) gate applied

\Y



130V; (d) gate applied 120V. ......ccoiiieieeieeeee ettt et e e bbbt ae e e e sbe e 58
Fig. 3.14 Comparison of focusing effect ssimulations of CNT emitter (600nm) with space charge effect:
(a) without focus electrode; (b) focus electrode applied OV..........cooeiiieienierieeieee e 59
Fig. 3.15 Space charge distribution, left hand side is the full view and right hand side isthe local
magnification: (a) electron just leaving emitter; (b) simulation domain full of electrons............. 60
Fig. 3.16 Comparison of emission current simulations of CNT emitter (600nm): with (hollow) and
without (solid) space Charge EffECt. ..o s 61
Fig. 3.17 Typical electron trajectories using PIC simulation (CNT emitter 600nm): (&) without space
charge effect, without focus electrode and gate applied 150V; (b) with space charge effect,
without focus electrode and gate applied 150V; (c) without space charge effect, focus applied OV
and gate applied 150V; (d) with space charge effect, focus applied OV and gate applied 150V. ..62

\



Chapter 1 Introduction

Field emission display (FED) is a new type of flat-panel display in which
electron emitters, arranged in a grid, are individually controlled by “cold” cathodes to
generate colored light. FED technology is similar in operation to CRTs in that
phosphor is excited by a stream of electrons traveling through a vacuum (from the
cathode to the anode). Unlike CRTs, FEDs have no cathode heater. Instead of
thermionic emission, electrons are emitted by a cold pixel electron source that
typically consistsof a large array ofilow-work=function emitter microtips. And CRTs
use a single beam that must be steered by a power=inefficient deflection system. Thus,
FEDs could provide the high image-quality of .teday’s CRT displays, require less
power than today’s CRT displays, and really achieve the flat-panel display. When
compared with TFT LCDs, FEDs offer a superior viewing angle and are severa
microseconds quicker in response time. Moreover, because of the cold cathode
emission, instant-on is available at wide temperature extremes (—40 to 85°C), and the
potential for high brightness and contrast is possible. Therefore, field emission flat
panel displays seem to be especially promising in becoming a strong competitor to
liquid crystal displays. Table I. shows the excellent features of FEDs and Table II.

shows the classification of FEDs with the structure [Itoh et al., 2004].



1.1 Motivation

In FED design, the goal is to achieve lower driving voltage and higher light
efficiency. Utilize computer simulation code to assist the design of geometry of diode
or triode and the arrangement of emitter array in order to obtain larger current density
in the low-voltage operation. And design focus electrode to consider electrons spread.
Due to the space charge effect occurring at high emission currents, the program must
be time domain for self-consistent of the electric field and the charged particles. In
comparison of the difference between time domain with space charge effect and
without space charge effect, find out the importance of self-consistent of the electric
field and the charged particles.Considering the shape of emitters, numerical method
of this study takes the advantage of finite.element method to construct more flexible
meshes. In addition, when the simulation model is in practically dimension, more
computing sources are required, and computer simulation code must be parallelized.

Finite element method is suitable for parallelizing.

1.2 Background

1.2.1 Fundamentals of FED

Emission means the release of electrons from parent atoms. Most obviously we

have emission from the solid into the vacuum, the electron overcoming the work
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function barrier in the process. However, a high electric field near the emitter can be
sufficient to lower the barrier, so the surface potentia step confining the electrons to
the solid becomes a triangular shaped barrier. Close to the surface the shape of the
barrier is influenced by the image charge potential. Under the conditions depict the
tunneling probability of electrons close to the Fermi energy is large enough to let
them escape into vacuum [Groning et al., 2000]. Thisis (cold) field emission. Fig. 1.1
shows above descriptions.

FEDs utilize the fundamentals of field emission. A FED removes electrons from
the cathode, and makes them collidée with fluorescent material applied to the anode,
thus emitting light (Fig. 1.2). Whilethe cathode of a ERT uses a point el ectron source,
a FED uses a surface electron source. Normally, electrons are emitted from a cathode
that is heated (thermionic emission). As field emission, the electric field (E) plays a
similar role to the temperature in thermionic emission, and the governing equation is
derived in 1928 by Fowler and Norheim [Fowler et al., 1928]. The generally accepted
Fowler-Nordheim theory for a clean metal surface relates the field emission current
density, J, to the electric field at the surface, E, in volts/cm and the work function, ¢,

in electron volts (eV) by the equation

_ A g A
J_ﬁz(y)exp( B = v(y)j e (1.1)

where



A=15414x10"°, (1.1a)

B = 6.8309x10’, (1.1b)

y=379x10*E*?/¢. (1.1¢)
y is the image charge lowering contribution to the work function. The functions
t(y) and v(y) areapproximated by t?(y)=1.1, v(y)=0.95-y?.

Typically, the field emission current | is measured as a function of the applied
voltage V and we can substituted J=1/a and E :ﬂ% in Eq. (1.1), where a is
the emitting area, 3 isthelocal field enhancement factor, V is the applied voltage and
d is the vacuum gap in the fieldsemission diede configuration. Combining these

relationships gives

) -b
| =aVv exp(vj (1.2)

) 2
“ dj o BlL44x107) .
1y o 7 |

a=

_ 0.95B¢**
—

d

b (1.4)

From Eq. (1.2) we can find out the emitting current is related to the magnitude of
applied voltage, the emitting area, and the work function. Using Eqg. (1.2) and dividing

both sides with V2 and taking nature log into both sides, it can in turn be written as



I b
Inf — [=——+Ina. 15
(77)=-2 19
Hence, a Fowler-Nordheim plot of In(1/V?) versus 1/V gives a straight line, and

isagood check on the field emission mechanism if it does indeed follow the F-N law.
1.2.2 Silicon-based Field Emitter

Since 1928 Fowler and Nordheim had studied the phenomenon of electron field
emission and mentioned the governing equation, there was not any application in
microelectronics until Shoulders proposed [Shoulder, 1961] for the first time the use
of a“field emitter” as the electron source, consisting of sharpness points of suitable
material in 1961. Because of their sharpness, they could locally enhance the electric
field originating from an externally applied veltage:to the point of causing electron
emission. In 1968 Spindt created micron=sized metallic tips [Spindt, 1968]. The basic
structure of the vacuum triode (Fig. 1.3) [lannazzo, 1993]: a field emitter “cathode”
generates electrons, the flow of which is controlled by a “gate’ before they are
collected by the “anode’, to which the accelerating potential is applied. The triode
structures are attractive because a low-voltage operation is achieved due to placing the
“gate” electrode close to the tip and making the radius of the tip very small. The low
voltage of operation of these cathodes makes them less vulnerable to damage by
ionization of the ambient gas [lannazzo, 1993]. Hence, the low voltage allows the

cathodes to operate continuously with very stable emission properties and long life. It
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was showed evidence of a subsequent gradual decline of emission performance with
time, amounting to about 10% in 7000 h of total life [Spindt et al., 1976]. Furthermore,
Spindt type field emitter arrays are up-to-now the only industrially viable film field

emitters.

1.2.3 CNT-based Field Emitter

Multiwalled (MWNT) and singlewaled (SWNT) carbon nanotubes were
discovered respectively in 1991 [lijima, 1991] and 1993 [lijima et a., 1993]. They
can be metallic as well as semiconducting, depending on the tube geometry [Wildoer
et a., 1998; Odom et al., 1998]..Fhey show promising prospects for applications: they
are mechanically extremely stiff-and resistant te bending [Falvo et al., 1997], and their
suitable as atip for scanning probe microscopy has al so been demonstrated [Dai et al.,
1996]. They furthermore had been proven to be very good electron field emitters
[Heer et al., 1995; Collins et al., 1997; Bonard et al., 1998; Wang et al., 1997; Rao et
al., 2000] and were shown to provide high currents at relatively low operation
voltages with good stability. Carbon nanotubes (CNTs) compare well to other film
emitters primly because of their high aspect ratio [Bonard et a.], which results in
large field enhancement factor. Other strong points of carbon nanotube emitters are
the possibility of their relatively simple production in very large quantities (in 1 g of

pure nanotube material we can expect in the order of 10™ nanotubes, each having a
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field enhancement factor of about 1000) and their chemical inertness [Groning et al.,
2000]. The chemical inertness of carbon field emitters especialy is one of the most
important advantages over silicon or metal microtips, which suffer emission
degradation due to sputter erosion and chemical contamination and therefore require a
high vacuum environment for operation. After a comparative study of field emission
from carbon nanotubes, Bonard et al. [Bonard et a.] concluded that the nanotubes
should be multiwalled and have closed, well graphitized tips to obtain good
performances as well as long emitter lifetimes. Furthermore, quite surprisingly, the
emission characteristics of nanotubes are seriously degraded by opening their ends

and opened tubes were far less efficient emitters.

1.3 Literature Survey

1.3.1 FED experiments

Dr. Meyer of LETI presented the capability of using Spindt-type emitters for a
display [Meyer et al., 1986]. This proposal became the trigger of the start of the
development of field emitters as electron sources of displays by researchers and
electronics makers in 1990. Currently, the development stage of Spindt-type FEDs
with Mo emitter is close to an end. The monocolor Spindt-type FEDs are being

supplied to the market, and the color FEDs are ready for mass production (Fig. 1.4)



[Itoh, 2004]. At the initial stage of development of FEDs the degradation of emission
was the most important issue. It has already reported that the emission characteristicis
influenced by the quality of atmospheric gas [Itoh et al., 1993]. A FED is degrading
proportional to its lifetime, and could be recovered to that of the initial status by
baking [Itoh, 2004]. This result shows that the main cause of emission degradation is
the phenomenon of gas absorption and not a structural change of the emitter cones.
For low voltage drivers of Spindt-type emitters, it is well known that reducing the
diameter of gate holes is effective. By the decrease of the diameter could realize the
high-density small sized Spindt-type emitters. It.enables the Spindt-type emitters to
drive with low voltage, and to obtain lower power consumption [Itoh, 2004].

Recently, the research on the CNTs as a new-type of the field emission source
has become active. A fully sealed field-emission display 4.5 in. in size has been
fabricated using SWNT [Choi et al., 1999]. The fabricated CNT-FED showed
unusually high brightness at low operating voltage (1800 cd/m? at 3.7 V/ um),
compared that of Spindt-type FEDs (300 cd/m? at 6kV). And it was observed that
SWNT films showed higher emission uniformity and current density than MWNT. In
2002 Pirio et al. [Pirio et al., 2002] published CNT field emission microcathodes with
an integrated gate electrode (Fig. 1.5) and the device achieved truly low-voltage field

emission. They concluded that in order to obtain reproducible emission characteristics



and to avoid degradation of the device, it was necessary to operate the gate in a pulsed

voltage mode with alow duty cycle. In the future, they hope to fabricate asingle CNT

per gate because the screening effect is observed when many CNTs are in close

proximity, thus lowering the effectiveness of the applied field [Nilsson et a., 2000].

However, there are some problems presently using CNT to be FED source as follows

[Itoh, et al., 2004]:

(a) difficult to form the nanotubes perpendicul ar to the substrate,

(b) necessary to remove the residual material like binder,

(c) difficult to keep the good uniformity and highrdensity of the emission sites.

1.3.2 FED Simulations

In 1990s most researches about field emission simulation neglected the space charge

effect [Hong et al., 1994; Wang et a., 1997; Lei et al., 1998]. Hong et a. concluded

that the actual electron emission area of atip in asingle or multiemitter structures are

related to tip radius, geometry factor, and interemitter interactions. Wang et al.

simulated a disk-edge field emitter and the advantageous results are greater emission

current, back-ion-bombardment protection, when it is compared to point-like

microemitters. Moreover, the distribution of the emission current can be influenced by

the gate thickness. Lei et a. mentioned more emitters did not necessarily lead to high

emission current and the presence of the gate can reduce the interaction of field
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between neighboring tips in the triode structure. Although we could obtain some
information, there was no adequately accuracy in the spatial electric field without
considering the space charge effect, because electrons released from cathode emitters
will form an electron cloud near cathode that could constrain further electrons moving
from emitters. For this reason, Hu [Hu et al., 2003] used MAGIC to simulate the field
emission properties. MAGIC is a finite-difference code that calculates
self-consistently electromagnetic field including the space charge effect, which is very
important for high emission current situations. In the same way, Lan [Lan et al., 2004]
simulated new triode mode and the results exhibited the gate voltage had a strong
effect on display’s resolution. -Because of the phenomenon of spread of emission
electrons, several focusing structures were proposed for field emission devices, such
as the coaxial-type focusing, the coplanar-type focusing, and the ridge-type focusing.

Lan[Lan et a., 2000] study which type is suitable for display application.

1.4 Objectivesand Organization of the Thesis

Based on previous reviews, the current objectives of the thesis are summarized as
follows:

(1) To verify the 3D FE program by means of comparing with available data.

(2) To study field emission current in triode-type structure and focusing effectsin

tetrode-type structure.
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(3) To compare the difference of simulation results between silicon-based emitter

and CNT.

(4) To contrast simulations with and without space-charge effect.

The organization of the thesis would be stated as follow: First is this introduction,

and next is the numerical method. Then show the results and discussions. Finally

summarize and recommend the future work.
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Chapter 2 Numerical Method

This study uses a particle-in-cell computer simulation code which is devel oped
by Kuo-Hsien Hsu, MUST, NCTU. The simulation code is three-dimensional,
finite-element, time domain for self-consistent of the electric field and the charged
particles. Genera flowchart of the field emission simulation in a vacuum space is
shown in Fig. 2.1. We will briefly describe this flowchart as follows. First,
Distribution of initial static electric field (E) due to applied externa voltage at cathode
is solved by Poisson equation. Using thisinitial E field, we then continue our PIC
method, F-N equation and field-equation: repeated 'solving process. In the following,
we will describe the details of first 3D Poisson solver using finite element method,

then 3-D particle tracing on unstructured tetrahedral mesh and finally the PIC method.

2.1 3-D Poisson Equation Solver Using Finite Element Method

We begin with an introduction of the Finite Element Method (FEM) that
identifies the broad context of the subject [Burnrtt, 1987]:

The FEM is the computer-aid mathematical technique for obtaining approximate
numerical solution to the abstract of calculus that predict the response of physical
system subjected to the external influences.

Such problems arise in many area of engineering, science, and applied

12



mathematics. Applications to date have occurred principally in the areas of solid

mechanics, heat transfer, fluid mechanics, and electromagnetism. New areas of

application are continually being discovered, recent ones include solid-state physics
and quantum mechanics.
The sdlient features in FEM include the following:

1. The domain is divided into smaller regions called elements. Adjacent elements
touch without overlapping, and there are no gaps between the elements. The
shapes of the elements are intentionally made as simple as possible.

2. In each element the governing:equations, usually in differential or variationa
(integral) form, are transformed into algebraic equation. The element equations
are algebraically identical for.al elementsof the same type, which usually need to
be derived for only one or two typical elements.

3. The resulting numbers are assembled (combined) into a much larger set of
algebraic equations, which are called the system equations. In the process of
element assembly , boundary conditions can be enforced automatically. Such huge
systems of equations can be solved economicaly because the matrix of
coefficientsis “sparse” in essence.

4. Resulting matrix equation is then solved using suitable efficient matrix solver.

FEM seeks an approximate solution U, an explicit expression for U, in terms of

13



known, functions, which approximately satisfies the governing equations and
boundary conditions. It obtains an approximate solution by using the classical
trial-solution procedure.
Construction of atria solution:

U(xa)=a, +a,N,(x)+a,N,(x) +---+a,N,(x) (2.1)
where x is the independent variable in the problems. The functions N(x) are known
functions called trial functions (basis). The coefficients, a, are undetermined
parameters called degree of freedom (DOF).

We apply FEM to solve Poisson equation. The purpose is to determine specific

numerical value for each parameter a,. In this FEM, we employ Galerkin weighted
resdual method. For each parametera ~we require that a weighted average of
R(x;a) over the entire domain be zero. The weighting functions of the Galerkin
weighted residual method aretrial functions N(x) associated with each a..

j R(x; a)N, (x)dx (2.2)
3-D Poisson Equation Solver

Poisson equation can be written as follows,

Vip=-F (2.3)
By applying Galerkin weighted residual method using C%linear shape functions, on

tetrahedral mesh, after some algebra [Appendix A] the resulting final matrix equation
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can be formulated as follows:

() (e) (e) (e)
K11 K12 t K1n & Fl

() (e) (e) (e)
K21 Kzz t K2n a, _ Fz

(e) (e (e (e
K nl K n2 o Knn an I:n

where
1

K1t = g 0] i ) o

36V ?
Fi(e) — _(Eﬁﬂ(a Tl(je)dA'l' fﬁﬁ(e)pdxdydz)

4
P (xy,za)=>Y a,¢,(xY,2)
j=1
1 * * * *
¢i (X, Y, Z,) :_(31 + b| X+G y+ di Z)
6V
Since the coefficient matrix is sparse, but symmetric and positive define, we have
applied the preconditioned conjugate iterative method [Saad, 1996] and use random

pack to store the resulting matrix'to solve thislinear-al gebra equation.

2.2 3-D Particle Tracing on Unstructured Tetrahedral Mesh

The particle tracing [Lian, 2001] is performed cell-by-cell in unstructured grids
taking the advantage of cell connectivity provided by the unstructured mesh data. The
first step of the particle tracing is to determine whether the particle will across if the
particle will stay in or leave the current cell. If the particle leaves, then the second step
is to determine the intersection poison on the intersecting face. Further journey of the
particle depends on the face condition. If it is the normal face between cells, then it

will continue its movement until the time step ends. If the intersection face is an 1/0
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boundary, the particle will be removed. If not, then process the interaction according
to the wall boundary conditions. Related procedures are described next.
Without considering the external force effects, position of traced particle at

t + At can be written as

P, (t)=P +V -At, (2.4)
where
X
_f (t) =| y |=fina particle position vector, (2.4a)
z
X;
P(t)=|y, |=initial particlepositionvector, (2.4b)
Z
u
V =| v |= particle velocity vector; (2.4c)
w

On the other hand, cell face can be represented as a planar equation as

n-p+d=0, (2.5)
where n =(a,b,c) isnormal unit vector of thefaceand p=(X,y,2) isthe position
vector.

By solving egn. (2.4) and (2.5), we have

_ —(ax +hy, +cz +d) (2.6)

At'
(au +bv +cw)

Computing (2.6) of each face in the current cell in turn and the current
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intersecting face number is identified by finding the minimum positive At', the
intersection position of the intersecting face of the cell is also found by substituting
At' into egn. (2.4). If the intersecting face is a normal face between cells, then
continue its trajectory until it stops.

If the intersection face is a solid face, the particle will be reflected diffusively or
specularly. Both of the two conditions are processed by the transformation between
the local coordinate system (on the face) and the absolute coordinate system. First, a
unit vector X' along the faceis chosen, then ' isthe cross product of X' and Z'
(the normal unit vector of the face)

V'=Z'xX'. 2.7)

The coordination transformation matrix H ,is

H-= (2.9)

N < X

Furthermore, due to the orthonormal set of X', y' and Z', so the inverse

transformation H ~ can be written as

H'=HT, (2.9)
where HT is the transpose matrix of H.

Now, the particle velocity can be transformed from the absolute coordinate

system velocity (V,.) to the local coordinate system velocity (V,

oc

) before the
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reflection by using H .
vV, .=HV,_ (2.10)
After the reflection of the particle, the new local coordinate system velocity

(V,..") can be written as

\/|0C = I:(\7|

oc’?

wall condition), (2.11)

where F(V,

oc?

wall condition) is a kernel function, and wall condition is the solid
wall boundary condition.

Finally, the absolute velocity after the reflection (V,.') will be obtained by using
theinverse transformer H™

T\7'

loc

Il
|l

Ve =H 7V, = (2.12)
Then, the particle continues its journey with-its new absolute velocity until it

stops.

2.3 Particle-In-Cell Method (PIC) on Unstructured Tetrahedral Mesh

The PIC method [Birdsall, 1985] was originally designed for collisionless
charged particle ssimulation. It models the movement of charged particles under the
influence of Lorentz force (F =q(E +vxB), q: particle charge, E: electric field, B:
magnetic field) and solves the field equations (Maxwell or Poisson equation) due to
redistribution of charge density (p ) and charge current (J) at each time step. A mesh

is introduced to sample the space charge and current distributions that center the field
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equation. The sampling is performed by appropriate charge assignment from the

particle locations to the grid points. Afterward, the computed fields (E & B) from field

equations at grid points are interpolated back to the charge-particle positions. Then,

charged particles are moved their new positions using the concept of Boris rotation

[Birdsall, 1985] without actually computing the forces explicitly. This process repeats

itself to obtain the self-consistent solution during the simulation. This is so-called

particle-in-cell (PIC) method.

In this study we calculate Lorentz force only considering electric field (E),

because we assume there is not any externalyradded magnetic field (B). Now, we

repeated PIC method orderly including four principal-steps:

(1) Assign charge to the mesh-node.

(2) Solvethe field equation on that mesh.

(3) Calculate the mesh-defined force field.

(4) Interpolate to find forces on the particles.

By solving the field equation using finite element method, the interpolation between

grid and charge particles comes naturally from the numerical method (FE) itself.
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Chapter 3 Results and Discussions

We have verified our Poisson solver with previously published simulation
data by Hu, under the same conditions of the current study. Hu used a commercial
code, Magic, to obtain the potential distribution around the tip and we have extremely
similar results in Fig. 3.1. Next we proceed to simulate different structures, such as
triode and tetrode, and different material emitters with silicon based and CNTs. Then
the emission current and focusing effect are compared and analyzed. However, the
most important matter we have to explainzis why we must consider space charge

effect.

3.1 Simulation without Space Charge Effect

In this section, we only solve Poisson equation one time, and use the initia E
field repeated in the solving process. Other simulation procedure is proceeding by

time step (10*° second).

3.1.1 Simulation of Silicon-based Field Emitter

Fig. 3.2 shows the detail simulation domain and illustrates the geometry
dimension. We simulate a quarter FED cell xx yx z=25umx 25umx50um. The

half gate apertureis 0.5xm.The silicon-based emitter height is 1um, thetip radiusis
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10 nm, and half-angle 6 is20°. So far as to boundary condition, anode and cathode
are given constant voltage (Dirichlet), and on the other side is chosen Neumann. The
work function here chooses 4.5€V.
3.1.1.1 Applied field strength effects

The voltages applied on anode and cathode, are 400V and 0V, respectively. And
we change gate electrode voltage from 120V to 160V. Fig. 3.3 shows the I-V curve
and its Fowler-Nordheim plot of In(I/V?) versus 1/V gives a straight line, so the field
emission mechanism followed the F-N law certainly. From the results of electron
trgectory (Fig. 3.4), higher gate voltage leadstobeing more dispersive. For these, the

gate voltage has strong effects on display’s resolution-and emission current.

3.1.2 Simulation of CNT Field Emitter

Fig. 3.5 exhibits the whole simulation conditions amost same as silicon case. It
just substitutes the emitter with CNT and changes the height of gate electrode close to
the tip. But the work function here we choose 5.0eV for CNT.
3.1.2.1 Applied field strength effects

The voltages applied on anode and cathode, are 400V and 0V, respectively. And
we change gate electrode voltage from 110V to 160V. Fig. 3.6 shows the I-V curve
and its F-N plot also gives a straight line. The simulation results a'so have the trend

higher gate voltage gives greater dispersion width (Fig. 3.7), and we can notice larger
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current in CNT model than in silicon-based model at the same applied field

(comparison shown in Fig.3.8). We could assumeit is due to CNT its high aspect ratio

geometry because the strength of electric field around the sharp edge is stronger than

that around small curvature surface. Despite silicon-based emitter has lower work

function, CNT emitter still renders more current by its larger surface electric field.

3.1.2.2 CNT height effects

Considering the effect of CNT height, we can see the difference from the |-V

curve plot (Fig. 3.9). Higher emitter produces higher emission current, and it depends

on the distance tip apart from gate. Based on the results, when applied voltage is

strengthened, the extractive current is much-more different between cases of 400nm

and 600nm. Not only this but also the electron route. There will be some electrons

impacting the gate electrode resulting in the reduction of anode current at 400nm case.

3.1.2.3 Focusing effects

In order to improve the resolution when a stream of electrons excite phosphor,

we add a focus electrode to gather electron flows, a coaxia tetrode-type, and the

simulation conditions are shown in Fig. 3.10. The half focus aperture is chosen

1.5u4m to decrease interception of electrons. Also, the gap between gate electrode and

focus electrode should not be too large based on the test case experience, because

higher focus electrode position will obstruct more electrons moving toward anode. It
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is apparently to see focusing effect from the electron trajectory picture (comparison
shown in Fig. 3.11). However, the focus electrode must be given appropriate voltage
to get optimum electron flows that means phosphor is excited by its aligned electron
source. When focus electrode is applied over-biased voltage, the eectrons flow will
spread again, and electrons exiting from anode will decrease. Here, the focus
electrode applied 0 V performs better than +£5 V. As the result of 0 V, electron

dispersion width at anode is within the range of 13um, and mgjority iswithin 10zm.

3.2 Simulation with Space-Char ge Effect

In this section, we solve Paisson solver once per 50 time steps to consider space

charge effect.

3.2.1 Simulation of CNT Field Emitter

The simulation domain is identical to 600nm case of simulation without
gpace-charge effect. Then we could compare the results with and without
space-charge effect.
3.2.1.1 Applied field strength effects

Anode and cathode are applied 400 V and 0 V, respectively. Gate voltage is
applied 150 V, 140 V, 130 V, and 120 V to observe field strength effects. The results

(see Fig. 3.12) tel us it follows the F-N law, and aso the tendency of greater
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dispersion width (Fig.3.13) and more emission electrons as applied larger gate voltage
(Table VILI.).
3.2.1.2 Focusing effects

We take focus O V for example. Fig. 3.14 shows the comparison of with and
without focusing effect. With focus electrode, electrons spread within the range of

20pm, and most within 12m.

3.3 Comparison of Simulationswith and without Space-Charge

Effect

There will be loca norma electric field-changing if we consider space charge
effect. We could see the electrons distribution causes the variation of local electric
field on emitter surface from Fig. 3.15. Fig. 3.15 (a) shows the fist electron leaves its
parent cell atom. The maximum normal electric field is 10.00152 V/nm that is a bit
difference to 10.00628 V/nm without space charge, but the local surface electric field
is influenced and the difference amount is up to 7.249065 V/nm. However, as far as
Fig. 3.15 (b), despite it is filled with electrons, but the distance electron apart from
emitter surface is reached enough magnitude, the difference amount of local surface
electric field is just 1.0509998E-02 V/nm in maximum. So we can make a conclusion

that space charge will influence local surface electric field within a certain distance.
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3.3.1 Emission current performance

It is obviously to see the difference of emission current with/without considering

space charge effect (Fig. 3.16), because current density is dependent on local electric

field. Based on above conclusion we have made, the emission current is deeply

influenced by local surface electric field as electron just leaving its parent atom.

3.3.2 Electron trajectory

Whatever triode-type or tetrode-type, the electron trgjectory plot is a little more

dispersive in considering space charge effect case.(comparison shown in Fig. 3.17). It

could be thought as the advanced electric field effect; electron moving based on field

force right away.
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Chapter 4 Conclusions

4.1 Summary

The current study carries out the simulations of triode-type and tetrode-type
field-emission cell using self-consistent PIC method, and the mgjor findings of the
current research are summarized as follows:

1. Gate voltage has strong effects on display’s resolution and emission current.

2. CNT emitter has larger emission current than silicon-based emitter due to its
high aspect ratio geometry.

3. Emitter tip as close to gate el ectrode asit could'is better.

4. Focus electrode must be applied appropriate voltage to get optimum electron
flows. In focus electrode applied 0 V with space charge effect case, electron
dispersion width at anode is within the range of 20xm, and maority is within
12um.

5. Whether simulation proceeds with space charge effect or not, it will follow the
F-N law.

6. Space charge will influence local surface electric field within a certain distance.

7. Itisobvioudy to see the difference of emission current with/without considering

space charge effect.
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8. Theé€ectron trgjectory plot is alittle more dispersive in considering space charge
effect case because of the advanced electric field effect, electron moving based

on field force right away.

4.2 Recommendations of the Future Work

Based on this study, future work is suggested as follows:

1. To test time step effect in a shorter interval to investigate the present result if it
achieves adequately accuracy.

2. To simulate coplanar-type focusing structure.

3. To study the current density‘on anode plate.

4. To carry out simulation of real devicedimensions if possible.
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Appendix A

3D Poisson solver for mulation via FEM
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For the element equation,
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and equation can be rewritten as follows:
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Appendix B

Grid test data
Min size electrons Max En cells nodes File name
0.515 nm 0.10049 10.97428 53270 11045 5101
0.252 nm 0.12586 11.2486 60576 12523 5102
0.138 nm 0.13992 11.42104 67323 13906 5103
0.079 nm 0.14892 11.46701 70718 14659 5104
0.047 nm 0.15215 11.81443 85566 17619 5105
0.028 nm 0.15758 11.90023 89080 18429 5106

1 I A T T T T

electrons per 1016 second

0.1 | [ \\\‘ T B
0.01 01 1

minimum size(nm)
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Table|. A FED has excellent features:

1. | Thin pand thickness (~2mm)

Self-emissive

Distortion free image

2

3.

4. | Wideviewing angle (~170° )

5. | Quick responsein the order of s by controlling with analog or digital without
active elements

Tolerance to environment as high as that of receiving tubes

Free from the terrestrial magnetic effect

6
7
8. | Freefrom the changes in the ambient magnetism
9. | Quick start of operation

10. | Less dead space of images

11. | Low power consumption display device

12. | Good stable characteristics in severe-environmental conditions
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Table Il. Classification of FEDs with the structure

Diode Triode Tetrode
Anodae(single or divided) Anode|single or divided) Anode(single)
[ 1 [ ]
Focusin
Structure [ Eﬁ'ﬂ’-?”| e | B | .|
Gale il 1
Emithar
Emitter

Feature

* Panel structure is
maost simple.
Anode Voltage

is extract voltage. | -

* Switching Voltage is|
high.

« Anode and Cathode{ -

selection.
« Mo focus electroda.

NArrow gap.

« Limitation for definition
luminance by

and
beam spread.

Easy fabrication for

Complicated panel
Structure by inserting
of focusing electrode.
+ High Brightness.
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Table 1. Triode-type without space-charge effect (silicon)

Silicon Emission current Gate current Anode current
hei ght=1000nm form Tip
160V 3.44928E-5 0 3.44928E-5
150V 1.74976E-5 0 1749.76E-8
140V 8.2688E-6 0 8.2688E-6
130V 3.344E-6 0 1.30625E-5
120V 1.1872E-6 0 1.1872E-6
Table V. Triode-type without space-charge effect (CNT 600nm)
CNT Emission current Gate current Anode current
hei ght=600nm form CNT
160V 1.37296E-4 0 1.37296E-4
150V 7.37056E-5 0 7.37056E-5
140V 3.65824E-5 0 3.65824E-5
130V 1.64832E-5 0 1.64832E-5
120V 6.3264E-6 0 6.3264E-6
110V 2.2256E-6 0 2.2256E-6
Table V. Triode-type without space-charge effect (CNT 400nm)
CNT hight=400nm | Emission current Gate current Anode current
form CNT
190V 7.76544E-5 1.4112E-6 7.62432E-5
180V 4.51072E-5 6.688E-7 4.44384E-5
170V 2.46848E-5 3.136E-7 2.43712E-5
160V 1.2608E-5 1.344E-7 1.24736E-5
150V 6.04E-6 4.16E-8 5.9984E-6
140V 2.5136E-6 0 2.5136E-6
130V 1.0016E-6 0 1.0016E-6
120V 7.504E-7 0 7.504E-7
110V 1.28E-8 0 1.28E-8
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Table VI. Tetrode-type without space-charge effect (CNT 600nm)

CNT Emission current Gate current Anode current
hei ght=600nm form CNT

Focus 5V 2.09728E-5 3.7472E-6 1.72256E-5
Focus OV 2.18528E-5 6.0E-6 1.58528E-5
Focus -5V 2.10624E-5 6.6016E-6 1.44608E-5
Table VII. Triode-type with space-charge effect (CNT 600nm)

CNT Emission current Gate current Anode current
hei ght=600nm form CNT

150V 1.8432E-6 0 1.8432E-6
140V 1.1296E-6 0 1.1296E-6
130V 6.384E-7 0 6.384E-7
120V 3.456E-7 0 3.456E-7
Table VIlI. Tetrode-type with space-charge effect (CNT 600nm)

CNT Emission current Gate current Anode current
hei ght=600nm form CNT

Focus OV 8.50133E-7 8.352E-7 1.4933E-8
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G=  Emitter Vacuum

s

Field ematted
electron distribution

Energy rel. to Fermi level [eV]

T T T
0 I 1 3

FED [a.u.] Distance from surface [nm)

Intensity [a.u.]

Fig. 1.1 Schematic of the situation a a surface under field emission conditions and the

resulting field emission energy distribution.”
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Fig. 1.2 ¢ ho 1.5“ erformance.
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Fig. 1.3 The basic structure of triod [ rate, B is the field emitter, Cand E

the insulating layers, D is the gats
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Fig. 1.4 The appearance of the 8 in. color FED panel.



pbase (metal)

(b)

Fig. 1.5 SEM images of a microcathode.
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Fig. 2.1 Program flow chart.
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Fig. 3.1 Contour of the potential distribution around a CNT with a half-ellipsoidal tip.
The simulation conditions are: applied voltage 500V, the cathode-to-anode
distance2um, radius of the simulation regionlum, major radius of the half-ellipsoidal

tip 40nm, minor radius of the half-ellipsoidal tip 10nm, CNT radius 10nm, and the
total CNT height 200nm.
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BC: Dirichlet

Anode

/ BC: Neumann

| .
I
48.9 4m |
I
Gate
/ electrode
v Cathode
A B
0.2 £ m ¥ : /
0.9 um

Emitter: Silicon

tip radius = 10nm
height =1 xzm

e
\

BC: Dirichlet

Fig. 3.2 Silicon-based emitter simulation domain. (triode-type)
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Fig. 3.3 Simulation of silicon-based emitter without space charge effect: (@) is the
field emission I-V curve, and (b) shows the data plotted in Fowler-Nordheim
coordinates.
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(b)

(d)

(€)
Fig. 3.4 Typical electron trajectories using PIC simulation without space charge effect

(silicon-based emitter without focus electrode): (a) gate applied 160V; (b) gate applied
150V; (c) gate applied 140V; (d) gate applied 130V; (e) gate applied 120V.
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Fig. 3.5 CNT emitter simulation domain. (triode-type)
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Fig. 3.6 Simulation of CNT emitter (600nm) without space charge effect: (a) is the

field emission I-V curve, and (b) shows the data plotted in Fowler-Nordheim
coordinates.
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Fig. 3.7 Typical electron trajectories using PIC simulation without space charge effect
(CNT emitter 600nm without focus electrode): (a) gate applied 160V; (b) gate applied
150V; (c) gate applied 140V; (d) gate applied 130V; (e) gate applied 120V; (f) gate
applied 110V.
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Fig. 3.8 Comparison of emission current of different material emitter. (without space
charge effect)
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without space charge effect)
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Fig. 3.10 CNT emitter simulation domain. (tetrode-type)
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(d)
Fig. 3.11 Comparison of focusing effect smulations of CNT emitter (600nm) without

space charge effect: (a) without focus electrode; (b) focus electrode applied 5V; (c)
focus electrode applied 0V; (d) focus electrode applied -5V.
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Fig. 3.12 Simulation of CNT emitter (600nm) with space charge effect: (a) isthe field
emission |-V curve, and (b) shows the data plotted in Fowler-Nordheim coordinates.
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(d)
Fig. 3.13 Typica electron trajectories using PIC simulation with space charge effect

(CNT emitter 600nm without focus electrode): (a) gate applied 150V; (b) gate applied
140V; (c) gate applied 130V; (d) gate applied 120V.
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Fig. 3.14 Comparison of focusing effect simulations of CNT emitter (600nm) with
space charge effect: (a) without focus electrode; (b) focus electrode applied OV.
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(b)
Fig. 3.15 Space charge distribution, left hand side is the full view and right hand side
is the local magnification: (a) electron just leaving emitter; (b) simulation domain full
of electrons.

60



0.00016

N with/without space charge effect 3
—@— without
—O— with

0.00012 |—

Emission current (A)

110 120 130 140 150 160

Gate voltage (V)

Fig. 3.16 Comparison of emission current simulations of CNT emitter (600nm): with
(hollow) and without (solid) space charge effect.
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Fig. 3.17 Typical electron trgjectories using PIC simulation (CNT emitter 600nm): (a)
without space charge effect, without focus electrode and gate applied 150V; (b) with
space charge effect, without focus electrode and gate applied 150V; (c) without space
charge effect, focus applied OV and gate applied 150V; (d) with space charge effect,
focus applied OV and gate applied 150V.
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