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Abstract

High density of carbon nanotubes (CNTSs) array was synthesized via thermal chemical
vapor deposition on iron-coated silicon substrates with an acetylene and hydrogen mixture.
The fabricated CNTs emission arrays showed excellent field emission properties. However,
the field emission properties of the high density CNTs degraded because of the screening
effect of the electric field. The density of CNT decreases from 10*°/cm? to 10%/cm?. In chapter
2, by means of capping layer method, the turn-on voltage decreases with the modification of
the screening effect while the emission current density increases with the increasing of defects.



At high electric field, some of the aligned CNTs were pulled off due to the weak adhesion
between the CNTs and the substrate. Capping layer can improve the adhesion problem and
the current density can attain to 30 mA/cm?. Furthermore, long-term stability of the emission
current at high operating voltage can be realized. The photographs of the light emitted by the
phosphor screen clearly show a homogeneous field emission current with capping layer. Here,
we suppose two mechanisms to synthesize CNTs with capping layer. First, when Ti atoms
assemble together like liquid, the Fe may be exposed and follow the vapor-liquid-solid (VLS)
growth model. Second, the Fe may not be exposed but the carbon atoms still can diffuse

through the thin Ti capping layer and extract the carbon graphite.

In chapter 3, a lateral field emission:device which is based on carbon nanotubes is
proposed. In order to avoid thesshort circuit between the CNT emitters and electrode, a
nitride-insulated structure was used in lateral field emission device. The nitride layer not only
was used as hard mask for CNT*synthesizing but also had superior mechanical strength. It
successfully avoided the short circuit problem between the electrode and emitters, and
therefore, improved the field emission characteristics.  Furthermore, argon
plasma-post-treatment was introduced on the lateral device to cut off the disordered CNTSs
and remove the catalyst on the tip of CNTs. The turn-on voltage was 2 V with 1 um

interelectrode gap, and the emission current density is as high as 0.4 A/cm at 10 volt.



Frera g AEE NS 2 WAREEMFTL 20 7 g LA fRFFA
Bt eI SEF L (FE R o - BAKE
Amv R ABER NN o AR R HN DA SREGEAL EHEEF AL S

&%ﬁﬁ%’%ﬂﬁﬁ‘i%$9§$ﬁmém’#ﬁvW%ﬂﬁﬁﬁé°ﬂﬁ$@#
E-

kg
-
7
3\
3
o
G
-
s—\—
«)\
&
at!
o+
)
I
‘J[-qﬂ
ﬁ
EE
m\\a

gy BRAEEE L L KRR

HURET 5 4 AR ST PR L

EHADRHRP L EZFRE  RmafRI&L4F I Res T E

i3

RN

SEGE AR AR E Rk AR S

FI

SRR Y SN TN -
Bt c RBFI X WHEE R O - 2L T RFRDOER QPR TH
B RELENEN o g o @k wd uE R o R MM ER L - Aes § 2
EY ek ) REAE F e

LPRERBRHZ O FTMT R ENITIRE - R ERB TP DS &
LR o 4 ARG TR R BIE F EVR L E SN TR G
B S PER KRR F AR E Y AR BB EE 2 AR E N E

VE G EPRFHRIG BRI E ST

T RREHMAL AR SRR A AT RERERL PTRRA > L b
BERE A L B & mi:}*l’?ffaéﬁ , ,’g/gﬂﬂggu_m;.’j?x];‘ig\; °
BUBRHMIZI NN % 250 w@hI T FREECPAEFE VR

B HEAFTRFE A GRFEMHEIPEA BN R HEEAREEMENEES

+
Aty
=
-l
<
PN

S i o S PHP L 8 R G el o B 5 T A L

FRH P B Pl A



Contents

ABSTRACT(CRINESE).... . et ettt e et e e e e e e e e e e ae s i
A B S T R A T e e e i
ACKNOWLEDGEMENT ... e e e e e e e \
CON T EN T S e e e e e e e e e e e e e e e e e e Vi
A B LE L ST S e e e e e e e e e e e e AX
FIGURE CAPTIONS e e e e e e e e X

CHAPTER 1 Introduction

1.1 History of Vacuum MiCrOEIECIIONICS., 4. urwr s vevve et een et e e et e e e e 1
1.2 Theory Background of Field EmMISSI 0Nt .o cdu oo e e ee e 3
1.3 Field Emission Properties of Carbon Nanotubes. ... 6
1.4 Applications of Carbon Nanotubes.on Field-Emission Display.............c...ccooeinnn. 7

1.5 Other Applications of Carbon Nanotubes Emitters...............ccoceeiviiiivie e ennn8
1.5.1 Vacuum MiCrOIECIIONICS. .. ... iu e et et e vt e e e e e eenee a8
1.5.2 Microwave AMPHTIErS. .. ..o e e e eO

IS o] (V72 1 T o TP 9

1.7 THESIS OrganiZatioN. .. ... ... et et et et e e et e et e e e e e et e e e 11

CHAPTER 2 The Electrical Characteristic Improvement of Carbon Nanotubes by means of
Capping Layer Method ..........ccviniiii e 12

20 R | 10T [0 o1 1 o] o P PP 24
2.1.1THhermal CVD ...t e e e e e e 13

2.1.2.Screening EFffeCt . ..o 14

Vi



2.1.3 AdNESION ISSUE ... vttt et e et e et et et e e e renine e ee e aee e 1D
2.2 EXperimental PrOoCEOUIES. ... ...t et e e et e e e e e e e 17
2.2.1 The Preparing of Substrates with Ti Buffer Layer...................c. coooi il 17
2.2.2 THermal CVD PrOCESS. .. ... u ettt ettt e e et e e e e 17
2.2.3 Material Analysis INStTUMENt ..o e e 18
2.2.4 Electrical Measurement in a Vacuum SYStem..........couveiieiiiiiriiin e 18
2.3 ReSUlts and DiSCUSSIONS. .. ....uu i iitieeetie et e ee e iee e aen e nen e seiineeeneeneen 19
2.3. 1 IMIBCNANISIM . .. e et e e e e et et e et e e e e e 19
2.3.2 Thickness Effect of Fe Catalyst in Thermal CVD................cooeiiiiiennnne, .20
2.3.3 Effect of Different Pretreatment TIMe ......... oo 21
2.3.4 Different Thickness of Ti Capping layer .........ccooviiiiiiii i, 21
2.3.5 Density Variation by Different Materials-with Different Melting Point............ 22
2.3.6 The Improvement of Screening Effect......x. ..o, 22
2.3.7 The Improvement of AdhesionISSUE o ...iv e 24
2.3.8 The Improvement of Reliability......coco o 25
2.4 ConclusionNs and SUMIMAIY ... ... et et e e e e e e e e e e e enas 26
CHAPTER 3 Fabrication and Characterization of Lateral Field Emission Devices by
Nitride-Insulated Electrode Structure..............oooe i, 28
L INEOTUCTION . ..o e et e e e et e e e et et e et e et e e e e 28
3.1.1 Vacuum MicroelectroniCcs DEVICES ..........vvuveeieiiiiiiiie e ieiieiiie e nenn 27
3.1.2 Inductively Coupled Plasma (ICP) Process .........cccvveivviiiiiiiiiiieennnn 29
3.2 EXPEerimental PrOCRAUIES. ... ...ttt et e et e e e e e et e e e 30
3.2.1 Experimental ProCeAUIES .......c.viriie it it e e e et e e 30

3.2.2 Analysis Instrument and Vacuum Measurement System..............ccovveveninnnn,

vii



3.3 RESUIS & DiSCUSSIONS. . . e eee et ettt e e e e e e e e e e e e e e e 32

3.3.1 The electrical Characteristics Improvement of Lateral Device by Nitride-Insulated

BlOCtrOOe. . oo e 0032

3.3.2 Effect of the Distance between the Anode and the CNTS...........cccoceeviniinnnnnn. 33
3.3.3 Effect of Argon Plasma Post-Treatment...........co.ovviiie i 35
3.4 Summary and CONCIUSTONS. ... ... ie et e e e et e e e e e e 36
CHAPTER 4 Conclusions and FUture ProSpectS..........c.veeuiiieiie i e 37
o O] o] (31 o] S PP TP 37
4.2 FULUIE PIOSPECES ... .ottt et e et e et et et e et et e e e e et e e n e 38

4.2.1 Future Prospects of CNTs Synthesizing with Capping Layer via Thermal CVD

References

................................................................................... 38

4.2.2 Future Prospects of Lateral Field EmISSIon DEVICE..............ccoovviiiiiiiiiiceicise e 39
RETEIEINCES. ... etk B e ATttt bbbttt b b 80
AV/| ;U OTUOISPRTPRTRTRTITIIL. . e . PP 89
PUDHCALION LESTS. ...ttt 90

viii



Table Lists

Chapter 1

Table 1-1 Comparison between vacuum microelectronics and solid-state electronics.

Chapter 2

Table 2-1  The melting point of metal use for capping layer.



FIGURE CAPTIONS

Chapter 1

Fig. 1-1 The schematic diagram of (a) conventional CRT, (b) FED.

Fig. 1-2

Fig. 1-3

Fig. 1-4

Fig. 1-5

Fig. 1-6

Fig. 1-7

Energy diagrams of vacuum-metal boundary:

(a) without external electric field;
(b) with an external electric field.

High-resolution transmission electron microscopy images of (a)

single-walled nanotubes (SWNTSs) and (b) multiwalled nanotubes

(MWNTSs). Every layer in the image (fringe) corresponds to the edges

of each cylinder in the nanotube assembly.Fig. 1-4 The FED products based on
Spindt type field emitters, (a) motorola 5.6” color FED, (b) Pixtech 5.6 color
FED,(c) Futaba 7” color FED.and (d). Sony/Candescent 13.2” color FED.

Schematic diagrams of the emission testing circuits for (a) MWNTSs vacuum diode,
and (b) the self-aligned-MWNTSs-vacuum triode. (Ref. Diamond & Related
Materials 13 (2004) 2105—-2112)

(a) SEM image of CNT cathode from Samsung’s FED.

(b) Demonstration of a 4.5-inCh"FED from Samsung. The emitting image of fully
sealed SWNT-FED at color mode with red, green, and blue phosphor columns.

All device have been based on field emitter array (FEA) cathodes

that were used as : (a) TWT, (b) LED, (c) X-ray tube

(Ref. Carbon Nanotubes Science And Applications, M. Meyyappan page 205)
(a)~(d) Flow chart of conventional lateral device, two drawbacks of this structure:
(e) The short circuit between the emitters to electrode, (f) The electrode is eched
back to void short circuit and the electrical characteristic is worse.

Chapter 2

Fig. 2-1

(a) Sequences of dissociative adsorption of C2H2 on Fe surface. The (b)
decomposed carbon atoms (c) diffused into the Fe nanoparticle until (d)
supersaturation and (e) segregate as nanotubes. Ref. Appl. Phys. Lett. 85 (2004)
3265



Fig. 2-2
Fig. 2-3

Fig. 2-4

Fig. 2-5
Fig. 2-6
Fig. 2-7

Fig. 2-8

Fig. 2-9

Simulation of screening effect.

(a) Relation between the field enhancement factor and the spacing between the tips
(a square array of tips 4 nm in diameter and 1 um in length), as well as the decrease
of the total emitting surface due to decreasing tip density with increasing intertip
spacing.

(b) The emission current density was calculated by the F-N equation at different
applied fields. (J. Vac. Sci. & Technol. B, Vol. 18(2), p. 665, 2000)

SEM micrographs of CNTs with poor adhesion (a) The catalyst falls off from the
substrate (b) The catalyst rolls up from the substrate (c) Double Layer of CNTSs:
The catalyst layer is too thick, the excess metal-unused as catalyst at the top of the
tower.

Experimental procedures of CNTs synthesize by capping layer.

Photographs of material analysis instrument (a)SEM, (b) TEM, (c)Raman Spectrum
High vacuum measurement system.

SEM micrographs of-(a)_capping Fi 100A with Fe pretreatment, (b) capping Ti
100A without Fe pretreatment(c)-without capping metal

Illustrate of two synthesis mechanism-by Ti atoms gathering and (a) expose Fe

catalyst (b) thin enough for carbon diffusion.

Fig. 2-10 SEM micrographs of catalyst pretreatment with different thickness in H, 500sccm

at 700°C and the nanopartical is about (a) 80nm, (b) 200nm and (c) 150nm

Fig. 2-11 SEM micrographs of CNTs synthesize at different catalyst thickness with capping

Ti 100A

Fig. 2-12 SEM micrographs of catalyst with different pretreatment time (a) 5mins,

(b)15mins and (c) 30mins in H2 500sccm at 700°C

Fig. 2-13 A liquid droplet in equilibrium with a horizontal surface surrounded by a

gas. The wetting angle # between the horizontal layer and the droplet interface

defines the wettability of the liquid.

Fig. 2-14 SEM micrographs of CNTs with different pretreatment time (a) 5mins, (b)15mins

and (c) 30mins in H, 500sccm at 700°C

Xi



Fig.

2-15

SEM micrographs of (a) capping Ti 50A capping Ti 100A and (c) capping Ti 500A

Fig. 2-16 SEM micrographs of (a) capping Mo, (b) capping Ti, (c) capping Al and (d)
without capping metal. All capping metal is deposited after catalyst

Fig. 2-17 SEM micrographs of (a) capping Ti 50A after Fe pretreatment, (b) capping Ti 50A
without Fe pretreatment, (c) without capping metal.

Fig. 2-18 (a) Characteristics of emission current density (J) versus applied electric field (E)
for the CNTs with (i) capping Ti after pretreatment, (ii) capping Ti without
pretreatment (iii) without capping layer, (b) the corresponding F-N plots.

Fig. 2-19 Raman spectra of the CNTs grown at 700°C (a) without capping layer, (b) with Ti
50A capping layer after catalyst pretreatment.

Fig. 2-20 (a) Characteristics of emission current density (J) versus applied electric field (E)
for the CNTSs before and after breakdown, (b)SEM micrographs of CNTs
breakdown at 6.5v/um, (c) enlarge view (80K) at the bottom of CNT.

Fig. 2-21 Characteristics of stress for the CNTs at: (a) 10v/um for Sminutes, (b) 10v/um for
1hr.

Fig. 2-22 SEM micrographs of the stress of CNTSs at high voltage 1000v for 1hr and the
nanotubes melt down by joule heating.

Fig. 2-23 SEM micrographs of the CNTs after.and before stress (a) with capping layer, (b)
and without capping layer.

Fig. 2-24  Photographs of the light emitted-by the phesphor screen for a rectangular aligned
CNTs array (a) with capping layer;=(b) without capping layer

Chapter 3

Fig. 3-1  Fabrication procedure of the carbon nanotubes nitride-insulated electrode structure
field emission device.

Fig. 3-2  (a) top view of conventional lateral device, (b) cross section of conventional
lateral device, and (c) short circuit problem between emitters and electrode

Fig. 3-3  SEM of nitride-insulted gate structure (a) the morphology before lift-off process,
(b) top view and (c) cross section

Fig. 3-4  (a) Characteristics of emission current density (J) versus applied electric field (E)
for the CNTs with nitride-insulated lateral device, (b) the corresponding F-N
plots.

Fig. 3-5  (a)-(b) SEM of nitride-insulted gate structure with different side etching time (a)
20sec and (b) 90sec, (c) schema of the length of CNTSs versus etching time

Fig. 3-6  (a)-(b) SEM of nitride-insulted gate structure with different spacer (a) 1um and (b)

3um, (c) characteristics of emission current density (J) versus applied electric field
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Fig. 3-7

Fig. 3-8

(E) for the CNTSs with different spacer

SEM of nitride-insulted gate structure with different Ar plasma post-treatment
time (a) without post-treatment (b) 15seconds, (c) 30seconds, (d) 45seconds.

(a) Characteristics of emission current density (J) versus applied electric field (E)
for the CNTs with different plasma post-treatment time, (b) cut-off the current
level with pretreatment in 15sec and can compare the turn-on field to the others, (c)
the corresponding F-N plots.
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