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ABSTRACT

ELECTRICAL AND OPTICAL PROPERTIES OF CARBON NANOTUBE
INTRA-CONNECTS AND CONDUCTIVE POLYMERS

by
Seon Woo Lee

Growth of individual carbon nanotube (CNT) intra-connects (bridges) between two pre-
fabricated electrodes is a great challenge and a pre-requisite to the development of single
electron devices. In this thesis, CNT intra-connects were fabricated and studied. Later on,
the intra-connects were deposited with electrically conductive polymer (ECP) in the
realization of CN'T/ECP hybrids.

The process started by realizing two electrodes with sharp end on a silicon wafer
using e-beam lithography. The intra-connects were then grown by use of chemical vapor
deposition (CVD) technique. The intra-connects were later electroplated by various
conductive polymers. The morphology, electrical conductivity of these intra-connects as
well as their Raman spectroscopy signatures were studied. Scanning electron microscopy
(SEM) was also employed. The CNT intra-connects were well-aligned from tip to tip.
Their Raman spectra indicated the existence of CNT channels between metal tips and
nowhere else on the wafer. Enhancement of photoconductance has been shown to
correlate with a novel negative differential resistance (NDR) effect. Electroplated intra-
connects exhibited unique properties both for multi-walled and single-walled carbon

nanotube channels.



ELECTRICAL AND OPTICAL PROPERTIES OF CARBON NANOTUBE
INTRA-CONNECTS AND CONDUCTIVE POLYMERS

by
Seon Woo Lee

A Dissertation
Submitted to the Faculty of
New Jersey Institute of Technology
in Partial Fulfillment of the Requirements for the Degree of
Doctor of Philosophy in Electrical Engineering

Department of Electrical and Computer Engineering

August 2009



Copyright © 2009 by Seon Woo Lee

ALL RIGHTS RESERVED



APPROVAL PAGE

ELECTRICAL AND OPTICAL PROPERTIES OF CARBON NANOTUBE

INTRA-CONNECTS AND CONDUCTIVE POLYMERS

Seon Woo Lee

Dr. Haim Grgbel/Dissertation Advisor Date
Professor of{Elgttrical and Computer Engineering, NJIT

Dr. Andrei A. Sirenko, Com@ﬁttée Member Date
Associate Professor of Physics, NJIT

Dr. Leonid Tsybeskov, Committee Member Date
Professor of Electrical and Computer Engineering, NJIT

Dr. Kenneth S. Sohn, Committee Member Date
Professor of Electrical and Computer Engineering, NJIT

Dr. Durgamadhab Misra, Committee Member Date *

Professor of Electrical and Computer Engineering, NJIT



BIOGRAPHICAL SKETCH

Author: Seon Woo Lee
Degree: Doctor of Philosophy
Date: August 2009

Undergraduate and Graduate Education:

e Doctor of Philosophy in Electrical Engineering,
New Jersey Institute of Technology, Newark, NJ, 2009

e Master of Science in Electrical Engineering,
New Jersey Institute of Technology, Newark, NJ, 2004

e Bachelor of Science in Electronics Engineering,
Kwangwoon University, Seoul, Republic of Korea, 2001

Major: Electrical Engineering

Publications:

S. W. Lee, D. Lopez, A. Kornblit, S. V. Rotkin, A. A. Sirenko, and H. Grebel,
“Gate-controlled negative resistance and photoconductance enhancement of

individually addressable carbon nanotube intra-connect,” Nano Letters, 9(4),
1369-1373, 2009.

S. W. Lee, H. Grebel, A. Kornblit and D. Lopez,
“Electrical and optical properties of carbon nanotube/polypyrrole addressable
intra-connects,” Synthetic Metals, 159, 462-466, 2009.

S. W. Lee, A. Kornblit, D. Lopez and H. Grebel,
“Optical sensor based on individually addressable carbon nanotube intraconnect
and polycarbazole,” Materials Research Society (MRS) Proceedings, Fall 2008.

S. W. Lee, A. Kormnblit, D. Lopez, S. V. Rotkin, A. A. Sirenko, and H. Grebel,
“Gate-controlled negative resistance and photoconductance enhancement of
individually addressable carbon nanotube intra-connect,” Materials Research
Society (MRS) Proceedings, Fall 2008.

iv



S. W. Lee, D. Katz, A. Kornblit, D. Lopez and H. Grebel,
“Synthesis of controllably grown carbon nanotubes interconnects,” Materials
Research Society (MRS) Proceedings, Spring 2007.

D. Katz, S. W. Lee, D. Lopez, A. Kornblit and H. Grebel,
“Synthesis of carbon nanotubes: controlled interconnects growth,” J. Vac Sci. and
Tech. B, 25, 1191-1195, 2007.

J. Chen, S. W. Lee and H. Grebel,
“Controlled growth of single-wall carbon nanotubes within three-dimensional
silica templates,” Carbon, 44, 608-610, 2006.

Presentations:

S. W. Lee and Haim Grebel,
“Gate controlled negative differential resistance and photoconductivity
enhancement in carbon nanotube intra-connects,” The Dana Knox Student
Research Showcase, NJIT, New Jersey, April 8, 2009.

S. W. Lee and Haim Grebel,
“Gate controlled negative differential resistance and photoconductivity

enhancement in carbon nanotube intra-connects,” NJIT Advance Research
Showcase, NJIT, New Jersey, March 30, 2009.

S. W. Lee, A. A. Sirenko, D. Lopez, A. Kornblit and Haim Grebel,
“Carbon nanotube intra-connects with conductive polymers,” American Physical
Society (APS), Pittsburgh, PA, March 2009.

S. W. Lee, S. V. Rotkin, A. A. Sirenko and Haim Grebel,
“Gate controlled negative differential resistance and photoconductivity

enhancement in carbon nanotube intra-connects,” American Physical Society
(APS), Pittsburgh, PA, March 2009.

S. W. Lee, A. Kornblit, D. Lopez and H. Grebel,
“Optical sensor based on individually addressable carbon nanotube intraconnect
and polycarbazole,” Materials Research Society (MRS), Fall 2008.

S. W. Lee, A. Kornblit, D. Lopez, S. V. Rotkin, A. A. Sirenko, and H. Grebel,
“Gate-controlled negative resistance and photoconductance enhancement of

individually addressable carbon nanotube intra-connect,” Materials Research
Society (MRS), Fall 2008.

S. W. Lee and H. Grebel,
“Single electron devices based on as-grown individual carbon nanotube bridges
and conductive polymers,” Fourth Annual Provost’s Student Research Showcase,
First Prize (Graduate Student Division), NJIT, New Jersey, April 9, 2008.

v



S. W. Lee, H. Grebel, D. Katz, D. Lopez and A. Kornblit,
“Carbon nanotube/conducting polymer addressable intra-connects,” Conference
on Lasers and Electro-Optics (CLEO) 2007, Baltimore, Maryland, May 2007.

S. W. Lee and H. Grebel,
“Properties of carbon nanotube/conducting polymer addressable intra-connects,”
WOCC (Wireless and Optical Communications Conference), Outstanding
Research Poster Award, First Prize, Newark, New Jersey, April 27-28, 2007.

S. W. Lee and H. Grebel,
“Single electron devices based on as-grown individual carbon nanotube bridges

and conductive polymers,” Third Annual Provost’s Student Research Showcase,
NIJIT, New Jersey, April 11, 2007.

S. W. Lee, D. Katz, A. Kornblit, D. Lopez and H. Grebel,

“Synthesis of controllably grown carbon nanotubes interconnects,” Materials
Research Society (MRS), Spring 2007.

vi



To My Beloved Parents, Sun-Nam An and Byung-Wan Lee
For Their Encouragement and Endless Love.

vii



ACKNOWLEDGMENT

I would like to give my special thanks and appreciation to my advisor, Prof. Haim Grebel
for providing me full support and guidance throughout my PhD study, not only as an
academic supervisor but also as a great mentor in life. He has always been available to
discuss matters and to advise me. I truly appreciate Prof. Andrei Sirenko for valuable
advice and continuous encouragement during my study, giving me knowledge on physics
and helping me with optical experiments. Thanks to my PhD dissertation committee
members, Dr. Leonid Tsybeskov, Dr. Kenneth S. Sohn, Dr. Durgamadhab Misra for

serving as my dissertation committee members.

viii



TABLE OF CONTENTS

Chapter Page

2 BACKGROUND ..ottt 5
2.1 Carbon Nanotube .........c.coeiuiiiiniiiiiiiiiii e 5
2.1.1 Synthesis of Carbon Nanotube ..................ocoiiiiiiiiiiiiiii, 8

2.1.2 Structure of Carbon Nanotube ...............ccivievininiiieiininininnnn... 14

2.1.3 Electronic Properties of Carbon Nanotube ..............cccoevvvnvninenn... 15

2.1.4 Raman Scattering from Carbon Nanotube .................ccovevnvinen.l. 21

2.2 Conductive POLYMET ..o e 27
2.2.1 POlymerization .........cuiuiniiiiriiiiiieee e e 27

2.2.2 POLYPYITOIE .. vniiiiee e 28

2.2.3 Polycarbazole .........coocveininininiiiiie e, 31

2.3 Negative Differential Resistance ...........c.oooeviviiiiiiiiiiiiiiiiiii e, 33
2.3.1 N-shaped Negative Differential Resistance — Esaki Diode ............... 33

2.3.2 N-shaped Negative Differential Resistance - CNT FET .................. 35

2.3.3 S-shaped Negative Differential Resistance ..................ocoevuenenen... 38

2.4 Schottky Barrier at CNT-metal junction ................coooiviviiiiiieenennn.n, 40

3 EXPERIMENT ...t e e 41
3.1 Metal Electrode Desi@n .......o.ouiiuininiiiiiiiiiiie e 41
3.2 Chemical Vapor Deposition (CVD) ......ouivininiiiiniiiniie e, 43

ix



TABLE OF CONTENTS

(Continued)

Chapter Page
3.3 Electrochemical Deposition of Conductive Polymer .................ccccevnenenn... 46
3.3.1 Cyclic VOItammetry ........cccoeieviiiiniiiiiniieieiieneeeeeeee e, 47

3.3.2 POlypYITOlE .. oneeiniiee e 50

3.3.3 Polycarbazole ............ooieiiiiiiiiii e 51

3.4 I-V, I-Vg and Photoconductivity Measurement ...................cocovvenvnenennn... 52
3.5 Raman SPeCtrOSCOPY «..euvreuinruireurnetiiiteee et e e aenenens 54

4 MWONT/PPY ..ot i e 57
4.1 Electropolymerization and Raman SpectroSCOPY ....oevvviviveiininiinininennnnenns 57
4.2 Electrical and Optical Properties ...........oooeuiiiiiiiinieiiiiiiiiiiieiiieenennns 60
4.3 Model and Simulation ............cocooiiiiiiiiiiiiiii e 65

5 SWONT/NDR ...t 67
5.1 I4s-Vgs Characteristics and Raman Spectra .........ocoeuvnininininineninaiainianninn, 67
5.2 NDR in Ig-V,gs Characteristics and Photoconductance .............................. 70
5.3 Hysteresis Measurement .............oeeeeuiiiiininiiieii e eeer e eenananans 76
5.4 Electrical Measurement from More Intra-connects ...................oeeunennen.... 78

6 SWONT/PCZ ... e 83
6.1 I4-Vg4s Characteristics and Raman Spectra .........oovvininiiineneneeinineniinannnn, 83
6.2 NDR in I3~V Characteristics and Photoconductance .............................. 85

T CONCLUSIONS ... e 89
8 FUTURE WORK ......iuiiiiiiiiiii e 90
REFERENCES ... 91



LIST OF FIGURES

Figure

1.1

2.1

2.2

23

24

2.5

2.6

2.7

2.8

2.9

Schematic of 1-D device based on CNT/ECP composite bridge. (a) Growth of
individual CNT intra-connect between two pre-determined addressable metal
tips by CVD. (b) Electro-polymerization of ECP on top of CNT bridge ...........

The bonding structures of carbon allotropes, diamond, graphite, carbon
nanotube, fullerene. Deformed sp® structures give carbon nanotubes unique
mechanical, electronic, optical and chemical properties .............cccvevvieeenn....

The images of carbon nanotubes (a), (b) and (¢) multi-walled carbon nanotubes
(d) STM image of single walled carbon nanotube (¢) SWNT, TEM image (f)
SWEONT TOPES ...e ittt e et reee e e r e eaens

The laser vaporization method grows single-walled carbon nanotube in a quatz
tubes at 1200 °C using a graphite target and a water-cooled copper collector .....

The schematic Of PECV D ..o e e e e,

Images of carbon nanotubes (a) Vertically aligned MWCNT grown by PECVD
using CH4/H; (b) carbon nanotubes are grown randomly by CVD using carbon
INONOXIAC ZAS. .. ee et et ttittiteien ittt ettet et etterenenen e eneeeneneneasenenenenennes

A carbon nanotube is a two-dimensional rolled-up graphene sheet. The vector
OA is defined as a chiral vector, Cy, = nd; + mé, , where vector d; and d, are unit
vectors on the hexagonal structure, and # , m are integers. The chiral angle , 6,
defines the angle between the unit vector d;, zigzag direction and the vector OA,
the Chiral VECIOT Ch ..ot et e e e et e

The integer set (n,m) will describe different types of carbon nanotubes. Zigzag
carbon nanotube can be expressed as the vector (»,0) or (0,m), which denotes
zero degree chiral angle. (n,n) states armchair carbon nanotubes. All other
integer sets (n,m) states chiral carbon nanotubes with a chiral angle between 0°
and 30°. Carbon nanotubes can be either semiconducting or metallic depends on
their Chirality ..ocooveieii e

Examples of structures of single-wall carbon nanotubes (a) armchair nanotube,
chiral angle 8 = 30° and chiral vector (n,1) (b) zigzag nanotube, chiral angle § =
0° and chiral vector (n,0) (c) chiral nanotube, chiral angle 0° < 8 <30° and
chiral VECOT (F,1) ....o.oniniiiiii e

(a) The equivalent energy contour plot of 2D energy of graphite. (b) The energy
dispersion relations in 2D graphite ..........c.coeviiiiiiiiiiiiiiiiiiie e,

xi

Page

10

11

12

13

16



LIST OF FIGURES
(Continued)

Figure ' Page

2.10 Electronic density of states (DOS) of semiconducting and metallic carbon
NANOTUDES ...oieitiiiiit e tee ettt ee e et e e e e e e nanenans 19

2.11 Energy band gap for single-walled carbon nanotubes as a function of tubes
diameter. The index i means the transition between van Hove singularities.
Small index i is more closer to the Fermilevel ...............cccocovviiiviiiniinnn... 20

2.12 Typical Raman spectra of single-walled carbon nanotubes. RBM: Radial
Breathing Mode. D: Defect mode. HEM: High Energy Mode — Tangential
VIDTALION ..ottt ettt sn e ss e r e s et s e se st sane et s e eeesene 21

2.13 Raman spectra of purified single-walled carbon nanotubes using five different
laser frequencies. The high frequency mode at 1600 cm™ shifts upward as the
laser frequency is increased. This is attributed to resonance enhancement which
is related to the van Hove singularities ........cc..ovvvvereevneeeenenciniiniinieeenenen, 20

2.14 Polarization dependence of Raman spectra of single-walled carbon nanotubes.
The chiral vectors and the diameter of carbon nanotubes are provided on the
right. The VV (the incident and the scattered light are parallel) configuration is
shown in the left column. The VH (the incident and the scattered light are
perpendicular) configuration is shown in the right column ........................... 23

2.15 Low-frequency Raman lines as a function of the radius of carbon nanotubes ..... 25

2.16 Raman modes, atomic displacement and frequencies. These were calculated for
(10, 10) nanotubes. The modes shown above are independent of the chirality of

thenanotube .........c.cooiiiiiiiiiiiiii Crerbeenieee et eeeenn, 26
2.17 POLYPYITOlE (PPY).ceci e e et 29
2.18 Polymerization process of PyITole ........oeeuivivininininiiiiiiieiee e eeeeaeanea 29
2.19 Raman spectra from PPy film and bands assignment ..................cccoeeveunenn... 30
2.20 Schematic of electropolymerization process of polycarbazole .................. 32
2.21 Time dependent conductivity of polycarbazole ...........cc.coevenvveiininininnnn.n, 32
2.22 Raman spectra of polycarbazole thin film on conductive glass ..................... 33
2.23 Negative differential resistance from CNT Esaki Diode ...........c...cceevvnennnnne. 34

xii



LIST OF FIGURES
(Continued)

Figure

224

2.25

2.26

2.27

2.28

3.1

3.2

33

3.4

3.5

3.6

3.7

3.8

Schematic of a nanotube device which exhibits negative differential resistance.
The gray regions are metal contacts to carbon nanotube. The cross-hatched line
represents the carbon nanotube channel across the metal contact. The gap
between the electrodes has a dielectric constantof € .............ooiiiiii i

(a) Conductance vs. gate voltage. (b)-(d) The valence band and conduction band
for the indicated gate voltage. The dotted line is the Fermi level. The NT

channel insulated by dielectric was 10 nm long (denoted as distance from -5 nm
to +5 nm). CNT devices have been primarily studied using two-terminal devices

................................................................................................

(a) The current as a function of drain voltage and gate voltage. (b) The current
vs. drain voltage for fixed gate voltages, Vg =6.5, 6.6, 6.7 and 6.8 V. Peak
shifts from left to right as gate voltage increases ..........coceveveieieieiinninanann.
(a) Negative differential resistance (NDR) is measured from polypyrrole film at
an applied electric field of 500 V/cm. Curves follows same traces for up-down
sweeping direction. (b) NDR measurements at various temperatures ...............

Electron transport properties of CNT FET by varying SB height. Metal work
function is adjusted by exposure to hydrogen ..........c..ccoveviiiiiiininii...

(a) SEM image of metal electrodes. (b) Magnified image of metal tips between
two electrodes. The distance between two tips is approximately 1 pm .............

Chemical vapor deposition SETUP .......ccvierriiiiiiiiiiiiei e

Temperature diagrams: (a) CO CVD. (b) Ethanol CVD (c) Methanol and
hydrogen MiXtUre ... ....cceeieiuininie it e e e e e aeas

Carbon nanotube intra-connect grown by chemical vapor deposition using CO

Typical cyclic voltammogram for a reversible process ...........ccccveveeeininnnn..
Typical cyclic voltammogram for an irreversible process ...........ccoevvveennnn..

Cyclic voltammogram of pyrrole on conductive glass in deionized water. Scan
rate Of 100MV/S .oovneinii e e

xiii

Page

35

36

36

39

40

42

43

44

45

47

48

48



LIST OF FIGURES
(Continued)

Figure

3.9 Cyclic Voltammogram of carbazole on conductive glass in acetonitrile. The
scanrate was 100mV/s .............coeiiiinnnn..

3.10 The configuration for electrical measurements ...............ccoeveeenininininenenen.n.

3.11 Probe station setup: the Keithley 236 was controlled by a LabView program
through the GPIB board. Drain and Gate electrodes were properly grounded .....

3.12 Configuration for photoconductance measurement. The sample was exposed to
selected spectral bands of light ..........ccooiiiiiiiii e

3.13 Schematic for the Raman spectroscopy SEtUP ........ccevevvririniiinieiiiiieieennennns

3.14 Laser light was focused accurately between the two sharp electrodes to collect
Raman scattering from carbon nanotube intra-connect .................ccceuenennn....

4.1 SEM images of multi-wall carbon nanotube intra-connects (a) before
polymerization (b) after polymerization with PPy ...............cccoveviiinininnen.n..

4.2 Raman spectra from multi-wall carbon nanotube intra-connects, electroplated
PPy film on conductive glass and CNT/PPy intra-connects. The peaks from
each component were at following - MWCNT intra-connects : 1350, 1585, 1619
cm™ , PPy film : 1330, 1370, 1584 cm™ , CNT/PPy intra-connects : 1357, 1585
cm ) S TESPECHIVELY «.oueniii it e

4.3 (a) I4s-Vys characteristics before and after polymerization of CNT intra-connects
(b) Photosensitivity to white light and UV light on CNT intra-connects (c)
Photosensitivity to UV light to CNT/PPy intra-connect ..................ceceeun.....

4.4 (a) Lys-Vgs characteristics of multi-wall carbon nanotube intra-connect. (b) Igs-
Vs characteristics from CNT/PPy intra-connect with 80nm thickness of PPy. (c)
Lgs-Vgs characteristics from CNT/PPy intra-connect with thicker polymeric layer
of 360nm and 580nm, resSpectively ...........ocovuiiniiiiiiiiiiie e,

4.5 (a) Simplified equivalant circuit model of multi-wall CNT intra-connect (b)
Slmulated results (1) R=1IMQ, C1=10". (2) R=1MQ, C1=10", (3) R=100kQ,
C1=10". The threshold voltage from simulated curves was very small, Vr=0.01

5.1 Sample #1 : (a) SEM image of CNT intra—connect. (b) nonlinear 14~V
characteristic. (c) Raman spectra with RBM at 191.9 cm™. Sample #2 : (d) SEM
image of CNT 1ntra-connect (e) linear I4s-Vg4s characteristic. (f) Raman spectra
With RBM at 176.2 G ..o oo

Page

52

53

33

59

60

62

66



LIST OF FIGURES
(Continued)

Figure Page

52

53

54

5.5

5.6

6.1

Electrical properties of sample #1 before and after white light exposure. (a) Ig-

Vs~ Vgs characteristics. Negative differential resistance was observed for Vi

between -2 and -6. (b) Ig-Vgs characteristics for various Vg values from +10 to -

10. I4s-Vy4s curves become nonlinear when the gate voltages for a negative

differential region are applied. (¢) G-V characteristics. Figure 5.2(a) is

converted into conductance, G. (d) Ly vs Vg and Vg characteristics after

irradiation of white light. () Iss-V¢s characteristic for various Vg values from

+10 to -10. I4s-V4s curves become nonlinear when the gate voltages for a

negative differential region are applied. (f) G-V characteristics under

illumination. (g) Photo differential conductance ................ccoeiivviinninine. 72

Electrical Electrical properties of Sample 2 before and after white light

illumination. (a) I4s-Vgs-V s characteristics. (b) Igs-V ¢s characteristic for various

Vg values from +10 to -10. (c) G-V characteristics. Figure 5.3(a) is converted

into conductance, G. (d) Igs-Vg-Vgs characteristics under white light

illumination. Overall current was enhanced and the device became stable with

less noise. (€) I4s-V¢s characteristic for various Vg values from +10 to -10. Iy-

V4s curves become nonlinear when the gate voltages for a negative differential

region are applied. (f) G-V characteristics under illumination. (g) Photo

differential conductance .............ooevieiiiinii i 75

Hysteresis curves under darkness (a) Nonlinear case, sample #1 (b) Linear case,
sample #2. The arrows point the direction of the scan. In Figure 5.4(a), the
overall current increased for increasing numbers of scans until stabilizing ........ 77

Another example of carbon nanotube intra-connects showing linear Igs-V g
characteristics and negative differential resistance in Igs-V, characteristics. (a)

SEM image of carbon nanotube intra-connects (b) I4-V4s characteristics; linear

(¢) Lys-Vgs characteristics; NDR is observed ........c.coovveeinieiiiiieiiiininnnnn.n. 79

Example of carbon nanotube intra-connects (a) SEM image (b) I4-Vs
characteristics; non-linear (c) Igs-Vgs characteristics ...........ooveevviciiieniinne. 81

(a) las-V¢s characteristics from individually addressable CNT intra-connect.

Compared under darkness and white light exposure. (b) Raman spectra from

single CNT channel. RBM is at 191.9 cm™. (¢) Ig-Vgs characteristics from
individually addressable CNT intra-connect wrapped with PCZ. Under darkness

and white light exposure. (d) Raman spectra from individually addressable CNT
intra-connect wrapped With PCZ ..., 84



LIST OF FIGURES
(Continued)

Figure Page

6.2 Electrical properties of CNT FET wrapped with PCZ under darkness and white

6.3

light illumination. (a) Igs vs. Vs and Vs characteristics. Negative differential
resistance was observed for Vs between -2 and -6. (b) Igs-V s characteristic for
various Vg values, from +10 to -10. I4-Vgs curves become nonlinear when the

gate voltages for a negative differential region are applied. (¢) G-V

characteristics. Figure 6.2(a) is converted into conductance, G (d) Igs vs. V5 and

Vs characteristics after irradiation of white light. (e) I3-Vys characteristic for

various Vg values, from +10 to -10. I4-Vgs curves become nonlinear when the

gate voltages for a negative differential region are applied. (f) G-V

characteristics under white light illumination. (g) Differential conductance ...... 87

(a) Effect of biasing on individually addressable CNT intra-connect. Vg=1V is

applied. (b) Sensitivity for white light. (c) Effect of biasing on CNT intra-
connect wrapped with PCZ. V4=1V (d) Sensitivity for white light ................ 88

xvi



CHAPTER 1

INTRODUCTION

Carbon nanotubes (CNTs) and electrically conductive polymers (ECPs) have been
extensively studied each for its own merit for various applications in nanotechnology [1-3].
Carbon nanotubes are rolled graphene layers into tubes whose diameter is on the order of 1
nm [4]. ECPs are polymers: unlike miost polymers they exhibit conductance of charges and
are sometimes called synthetic metals [5].

Since the discovery of CNT by Iijima in 1991 [6], CNTs were considered for
biosensors, field effect transistors, single electron transistors, mechanical devices and
coatings [1-3, 7, 8], owing to their remarkable electrical, chemical and mechanical
properties [9-12].

However, growth of CNT at designated positions has been a great challenge. Most
metal contacts to CNTs for device purposes were made after dispersing, or, randomly
growing the tubes on the substrates [13]. Otherwise CNTs were randomly grown [14] or
mechanically attached [1] between two pre-fabricated electrodes or pads. Such techniques
were deemed crude and incompatible with modern integrated circuit (IC) fabrication
standards.

Electrically conductive polymers have been discovered in the late nineteen
seventies (1977) by Alan Heeger, Hideki Shirakawa and Alan MacDiarmid when
conjugated polymer polyacetylene exhibited electrical conductivity through halogen
doping [5, 15, 16]. In recent years, electrical and optical properties of conductive polymers
were applied to field-effect transistors, gas sensors, batteries, light emitting diodes and

flexible optoelectronic devices [17-21]. Typically, ECPs are mechanically weak and



fragile. They are susceptible to oxygen, which degrades its conductance [22, 23]. The
strength of ECP may be improved by copolymerization with a second polymer at the
expense of conductivity [24]. One of the advantages of ECP is the ability to conjugate them
with oligonucleotides, thus making them useful biosensors [25]. The integration of CNT
and ECP did not escape researchers, yet, so far, such structures have only been realized as
bulk composites [13].

Effective field effect biosensors require narrow channels. Yet, polymers tend to
make good films and fabricating narrow channels has been demonstrated only recently
[26-28]. One would therefore, consider integrating the CNT and ECP components: grow a
narrow CNT channel and electroplate it with ECP for the realization of an efficient
biosensor. A schematic of such element is shown in Figure 1.1. It is made of as-grown
CNT channel between two electrodes (Figure 1.1a). The electrodes and the CNT are then
used to electroplate the ECP component (Figure 1.1b).

In Chapter 2, a brief introduction to carbon nanotubes, electrically conductive
polymers and negative differential resistance will be given.

Chapter 3 presents the experimental setup for this study, including metal electrode
preparation, the growth method of individual CNT intra-connects by chemical vapor
deposition (CVD), electro-polymerization process used to wrap the CNT intra-connect
with electrically conductive polymer, such as polypyrrole and polycarbazole,
current-voltage characteristic measurement setup, material characterization techniques
(SEM and AFM) and the system for Raman spectroscopy.

The experimental results are extensively discussed in Chapter 4, 5 and 6. In Chapter

4, multi-walled carbon nanotube (MWCNT) channels, electroplated with polypyrrole were



characterized by electrical and optical techniques. Negative differential resistance was
observed for channels made of single-walled carbon nanotube (SWCNT) intra-connects.
Details of the experimental results are discussed in Chapter 5 as well. In addition, Chapter
6 describes single-walled carbon nanotube (SWCNT) elements with and without
electroplated polycarbazole (PCZ).

Conclusions are provided in Chapter 7. Future Work is suggested in Chapter 8.






CHAPTER 2

BACKGROUND

2.1 Carbon Nanotubes
Carbon nanotubes are cylindrically symmetric allotrope of carbon. In general, each carbon
atom has six electrons in the outermost shell. Two electrons fill the 1s orbital and the
remaining four electrons fill the sp’ or, sp* orbitals. Such bonds, thus, contribute to the
formation of diamond, graphite or graphene, fullerene and carbon nanotube (Figure 2.1)
[4].

The sp® hybrid orbitals in diamond have four valence electrons for each carbon
atom. Four other neighbor carbons are connected to each atom via four ¢ covalent bonds.
This tetrahedral structure makes diamond the hardest material known. The electrons in
diamond are tightly bounded, which makes diamond an insulator [29].

Graphite has planar hexagonal structure, which is composed of three electrons in
planar sp® hybrid orbitals and one electron in an out-of-plane 7 orbital. The electrons in
out-of-plane = orbital are loosely held on the graphite plane and contribute to its electrical
conductivity [30]. A monolayer of graphite is called graphene.

Carbon nanotube is a rolled graphene sheet to form a cylindrical hollow tube.
Nanotubes also have sp® orbitals. However, the ¢ and & bonds are rehybridized in carbon
nanotubes since the ¢ bonds are a bit out of plane and the © bonds are out-of-plane as well.
This structure makes carbon nanotubes mechanically stronger and more electrically
conductive than graphene. Figure 2.2 shows transmission electron microscope (TEM)

image of carbon nanotubes [4].
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2.1.2 Structure of Carbon Nanotubes
A graphene sheet is a monolayer of graphite. Carbon nanotubes are seamless cylindrical
rolled-up graphene sheet (Figure 2.6). The rolling orientation of carbon nanotube (CNT) is
called chirality. The physical properties of carbon nanotubes are determined by their
chirality factor. Two dimensional hexagonal structures may be expressed by a chiral vector
C, = na, + ma, 2.1
Here n and m are integers and d; and 4, are unit vectors of the hexagonal lattice.
Chiral vector states the rolling direction of a graphene sheet when forming a hollow tube. A
chiral vector is usually expressed by its integer set (n,m) [48]. The chiral angle 8 is defined
as an angle between the chiral vector Cj, and the zigzag nanotube direction (Figure 2.6).
The rectangular unit cell of a graphene sheet is composed of a vector T and chiral vector
Ch. The chiral vectors (n,m) are used to specify the different types of carbon nanotubes.
The chiral vectors (n,0) and (0,m) define zigzag carbon nanotubes, which refer to a chiral
angle of zero degrees. Armchair carbon nanotubes may be expressed by the vector (n,1)
with a chiral angle of 6=30°. All other (n,m) carbon nanotubes in the range of 0° < 8 < 30°
are simply referred to as chiral carbon nanotubes (Figure 2.8). The diameter of carbon

nanotubes may be calculated from the chiral vector (n,m)

D= (avm® +n* +mn)/x 2.2)

Here D is the diameter of carbon nanotube and a is the lattice constant (2.49 angstroms, see
also Figure 2.6). The chiral angle @ is calculated using the relation

tan@ = (\3m)/(2n+m). (2.3)

Carbon nanotubes appear in two flavors: metallic and semiconducting (Figure 2.7).

Carbon nanotube becomes metallic when its chiral vectors satisfy the condition,



15

n—-m=3q. 2.4

Here n, m and g are integers. Therefore, all armchair carbon nanotubes are metallic
tubes. One third of the tubes are metallic and the remaining two thirds are semiconducting
tubes. Current technologies do provide for separation between metallic and
semiconducting tubes yet, do not provide for full control of their chirality [12, 49].

There are two types of carbon nanotubes: single-walled carbon nanotubes
(SWCNT) and multi-walled carbon nanotubes (MWCNT). SWCNTs are made of a tube
with a single wall. MWCNTs are composed of several concentric cylindrical layers. Each
layer may be either metallic or semiconducting depending on its chirality. This makes
difficult to use MWCNT for electronic applications. Large current through the MWCNT
usually eliminates the metallic carbon nanotube layer leaving the semiconducting layer

intact [50-52].

2.1.3 Electronic Properties of Carbon Nanotube
The electronic energy dispersion relations for 2D graphite as a function of wave vector in
Brillouin zone is shown in Figure 2.9 and calculated by solving the eigenvalue problem

[33], det(H — ES) =0, fora (2 X 2) Hamiltonian H and a (2 X 2) overlap integral matrix

S,
&3p — 7S (k) 1 sfk)
H= . d S= , 2.
(~ nf® s, J an (Sf(k) 1 ) @)
(k) =e* P e k2B cos%f . (2.6)

Here k; and k, are the wave vectors in the x and y directions, yy is the nearest neighbor

overlap integral, a = «/’;dcc , €p 15 the site energy of the 2p orbital [53].
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The 1D electron density of states of carbon nanotubes is given by zone folding of the 2D
energy dispersion relation of a graphene layer [54] and assuming a linear k approximation

for w(k), £2,=0 and s=0 for the Equation (2.7)

E(k) = ig?’oka = i%}/okdcc (2'11)

The peak positions depending on the diameter of carbon nanotubes can be induced by the
linear dispersion approximation of Equation 2.11 [54, 55]. The energy difference &;;(D) for

metallic and semiconducting carbon nanotubes are given by

&1t (D) = L ;’;i“ 2.12)
£ (D) = 2Lk gl“’ 2.13)

wheie d.. s the nearest cabon-carbon distance, D is the diameter of carbon nanotube, y; is
the carbon-carbon tight binding overlap energy integral [49]. The band diagram of carbon
nantubes is comprised of discrete energy levels. The density of states, plotted as a function
of energy (the Fermi level is located at zero) contains peaks known as van Hove
singularities (VHS) as shown in Figure 2.10. The left hand side of Fermi level defines the
valence band. The right hand side of Fermi level defines the conduction band. The energy
band gap of semiconducting carbon nanotubes (zero density of state at the Fermi level) is
proportional to 1/D. The energy between the lowest resonance energy in the conduction
band and the highest resonance energy in the valence band is larger for metallic carbon
nanotubes and smaller for semiconducting carbon nanotubes. Figure 2.11 shows the energy
band gap for single-walled carbon nanotubes as a function of tubes diameter. The energy
difference between i™ VHS peaks &ii(D) in the conduction band and valence band decreases

with increasing diameter of carbon nanotubes. This result is from the tight-binding
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band-structure calculations and the one-dimensional quantum confinement of the electrons
in the nanotube [56].
Similarly to quantum wires, the conductance of a carbon nanotube may be written

as
G=GM =2’ /)M . (2.14)
Here G, = (2¢°/h) = (12.9kQ)" is the quantized conductance and M is the number of

conductive channels. However, there are many factors which affect the value of M:
intertube coupling, electron-electron coupling, defects, impurities, distortion of structure,
contacts on carbon nanotubes and substrate effects. Therefore, the experimentally
measured conductance value of SWCNT is typically smaller than the theoretically
predicated value. For example, the calculated resistance value for a single-walled carbon
nanotube is 6.45 kQ and the experimentally measured resistance is approximately 10 kQ [4,

57-60].
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The Raman peaks depend on the laser frequency used. Intensity of the peaks is
enhanced by electron-phonon coupling when the excitation energy is close to a resonance
(transition between two van-Hove singularities) as shown in Figure 2.13.

Figure 2.14 shows the polarization dependence of the Raman intensity. The VV
polarization means that the linear polarization states for the incident and the scattered
optical beams are parallel to one another. The VH polarization means that the linear
polarization states for the incident and the scattered light are perpendicular to each other.
The intensity of Raman scattering is normalized to the maximum intensity value. At low
frequencies, the intensity of the E;; and E;; modes is similar for the VV and VH
configurations. The intensity of the Aj, mode, the most dominant mode among low
frequency spectra, is greatly reduced for the VH scheme [33].

Low-frequency Raman modes depend on the diameter of the carbon nanotubes.
Figure 2.15 shows a log plot for the calculated Raman-active modes as a function of the
tube’s diameter. Therefore, the diameter of carbon nanotubes may be assessed by the peaks
of its RBM modes. Larger force is required to deform small diameter tubes [63]. Therefore,
the smaller the diameter is, the larger is its corresponding RBM frequency. The
relationship between the diameter of a carbon nantube and its RBM peak frequency is
given by

= —2;1%§+16cm‘1, 2.9)

t

D pprs

where d; is the diameter of the tube [61].
The mid frequency range is characterized by the D modes signifying structural
defects. The ratio between the G mode (high frequency peak: 1500-1600 cm™) and the D

mode (G/D) is used to assess the quality of carbon nanotubes grown. Sometimes referred to
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2.2 Conductive Polymer

Polymers are long chains of monomers, which are composed of repeated molecular units
and connected by covalent bonds. In general, polymers are good insulators: for example,
polyethylene is used for packaging of electronic devices due to its environmental stability.
In the late 1970s, Alan J. Heeger, Alan G. MacDiarmid and Hideki Shirakawa discovered
polyacetylene, a conductive polymer, which becomes conductive upon oxidation with
iodine. The iodine removes an electron from the m bonds and makes the remaining
electrons movable throughout the chain [65]. The discovery of conductive polymer
enabled new applications for otherwise insulating polymers. Polypyrrole, polythiophene,
polyaniline, poly(p-phenylenevinylene), polycarbazole and their derivatives are but a few
examples of commonly used conductive polymers. Unlike metals, conductive polymers are
light weight and flexible. Their characteristics may be chemically tuned by doping.
Nowadays, conductive polymers have been used as light emitting diodes (LED),

transistors, solar cells, flexible electronics and as part of flat panel displays [5, 16, 18, 40].

2.2.1 Polymerization

Conductive polymer can be doped by an oxidation and reduction (REDOX) process. There
are two primary methods of doping a conductive polymer. One is using chemical doping,
which is to expose the polymer to an oxidant, typically iodine or bromine. The other
employs electrochemical doping in the form of electron addition (n doping) or removal (p
doping) when applying external electrical bias. Negatively doped polymers are rare
because the oxygen rich atmosphere is an oxidizing agent. An electron rich n doped

polymer will immediately react with elemental oxygen to de-dope (re-oxidize to the
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neutral state) the polymer. Thus, chemical n doping has to be made in an inert environment,
such as argon atmosphere. Electrochemical n doping is far more common in research
because it is easier to exclude oxygen from a solvent in a sealed flask. However there are
likely no commercialized n doped conductive polymers [16, 66]. Film thickness may be
controlled by adjusting the polymerization conditions such as scan rate, biasing potential
and time. Various electrodes may be used for the deposition of a polymer film as long as
they are conductive. For example, in this study, polypyrrole and polycarbazole were

deposited on the surface of carbon nanotube intra-connects.

2.2.2 Polypyrrole

Polypyrrole is one of the most extensively studied conjugated polymers: it is chemically
stable, highly conductive and easily processable. Its good stability under electrochemical
conditions made it attractive as an organic material for electronic application. Polypyrrole
(PPy) has ring structures of series of pyrrole monomers that exhibit high electrical
conductivity when doped. The polymer is made by electrolytic polymerization of a pyrrole
monomer (Figure 2.17). Polypyrrole is one of the derivatives of polyacetylene: its
conductivity is similar to iodine doped polyacetylene. Typical conductivity of polypyrrole
is 10°~10° (S/cm). Details of the polymerization process are shown in Figure 2.18. A
radical cation is created by oxidation of the monomer. The positive charges become the
carriers through the polymer backbone by deprotonization to form dimer. Polymer chains

become longer as the procedure repeats itself [67].
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Polypyrrole (PPy) has low oxidation potential. The conductivity of PPy increases
initially as the solvent dries out. After a prolong time, the conductivity decreases due to
oxidation in air. The presence of moisture will accelerate the conductivity decrease of PPy

[68].

2.2.3 Polycarbazole

Polycarbazole has been synthesized only recently. Polycarbazole [69] may be synthesized
electrochemically by electropolymerization of carbazole in acetonitrile under anodic
potential. Anodic peak potential is observed at 1.4 V under cyclic voltammetry. The
electrolyte was consisted of 0.02M carbazole monomer and 0.2M TBABF4
(tetrabutylammonium tetrafluoroborate) in acetonitrile. The surface of the working
electrode was covered with dark green polycarbazole film while potential was applied to
the working electrode. The electrolyte also turned green due to formation of dimers and
trimers . Higher concentration of monomer helps the radical cation formation and increases
the rate of polymerization [69, 70].

Figure 2.20 shows the electrochemical polymerization of carbazole. First,
carbazole monomer is oxidized at the anode. Dimer is formed by combining two oxidized
monomers. Repeated procedure makes longer conductive polycarbazole chains. The
conductivity of polycarbazole (PCz) film is approximately 10° S/cm. Conductivity of PCz
was recorded for 150 days in air (Figure 2.21). The conductivity decreases substantially
during the first 20 days after which the decrease rate is smaller. The conductivity
approaches half of its original value after 5 months. Raman spectra of polycarbazole film

(Figure 2.22) are due mostly to C-H, C-N and C=C bonds.
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Figure 2.25(a) presents the calculated conductance as a function of a gate voltage,
V,. The conductance is high at negative V,; while the conductance is nearly zero at positive
V, (Region I and II in Figure 2.25(a), respectively). The conductance increases and drops
as a function of Vy in region IIl. Band diagram corresponding to negative gate voltage is
shown in Figure 2.25(b). The high metal work function forces the Fermi level below the
valence band of the CNT. The gate voltage is used to induce channel inversion. The
conductance is high since holes can flow through the CNT channel without facing barriers.
The energy bands are pulled down with positive gate voltage. An energy barrier is formed
and turns off the current. In Figure 2.25(d), the conduction band is pulled down
electrostatically with increasing V,, thus resulting in the formation of quantum
confinement with localized states. Electrons can tunnel through the quantum dot when the
lowest energy level of the quantum dot drops below the valence band. Tunneling through
nanoscale quantum dot may result in a negative differential resistance at room temperature.
This makes CNT based FET a gated resonant-tunneling device.

Figure 2.26 shows the current as a function of both drain and gate voltages. The

current can be calculated by the Landauer formula,
IV) = ihe— [F(E)- F(E +eV,)|P(E)dE . (2.10)

Here Vp is the drain voltage with the source taken as ground. F is the Fermi function. The
source-drain current exhibits an abrupt transition for gate voltages (Vo= 3~4 V)
corresponding to region I and region Il in Figure 2.25. Negative differential peak appears at
high gate voltage. The current increases as the drain voltage increases. Then, the current
decreases as there are no available states for tunneling (Figure 2.26(b)). The gate voltage

controls the maximum current position by adjusting the energy of the resonant level.
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2.3.3 S-shaped Negative Differential Resistance

The component having S-shaped negative differential resistance acts as a voltage un-stable
dynamic resistor. Electrically conductive polymer often shows negative differential
resistance, for example, polypyrrole [77]. Figure 2.27(a) and Figure 2.27(b) show the
current-voltage characteristics of electrochemically grown polypyrrole film. It exhibits a
typical S-shaped negative differential resistance. The current was swept up and down and
the curves followed the same traces (Figure 2.27(a)). Figure 2.27(b) shows S-shaped

negative differential resistance in current-voltage characteristics for various temperatures.









CHAPTER 3

EXPERIMENT

Carbon nanotube (CNT) intra-connects were grown by chemical vapor deposition (CVD)
between a layout of metal electrodes. The CNT intra-connects were later electroplated with
electrically conductive polymers (ECPs), such as polypyrrole (PPy) and polycarbazole
(PCZ). 14s-V s characteristics, lgs-Vgs characteristics, and photo-conductance were assessed.

Raman scattering was analyzed in order to determine the type of CNT grown.

3.1 Metal Electrode Design
Metal electrodes were fabricated by optical lithography (Figure. 3.1). A 30 nm thick of
titanium (T1i) electrode was deposited on a Si substrate. The silicon substrate was oxidized
prior to the deposition of the electrodes. The oxide layer was approximately 20 nm thick. A
30 nm thick layer of cobalt (Co) was deposited for multi-walled carbon nanotube growth
and a 1 nm thick layer of cobalt (Co) was deposited for the growth of single-walled carbon
nanotubes . The thin catalytic layer of Co breaks into tiny islands at high temperatures (700
—900 °C) thus enabling the growth of the CNT at the electrode tips. The distance from tip

to tip was approximately 1 um.
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Figure 3.3 Temperature diagrams: (a) CO CVD. (b) Ethanol CVD (c) Methanol and

hydrogen mixture.
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Ethanol CVD has been processed similarly to the CO CVD. Ethanol vapors were
introduced into the quartz tube with an argon bubbler (Ar flow rate of 100 sccm). The
argon and ethanol mixture was introduced into the quartz tube for 30 min (Figure 3.3(b)).

Methane gas (Figure 3.3(c)) was also used in our experiments. Here, the
temperature was elevated to 550 C under argon gas flow. Argon gas was pumped out and
air was introduced for 10 minutes in order to oxidize the catalytic layer. The air was

pumped out and an argon gas was introduced again. The sample was heated to 900 C under

argon flow. At 900 C, H, was introduced for 5 min with at a flow rate of 20 sccm. Then,

methane and hydrogen mixture was introduced for one hour at a flow rate of 2000 sccm
and 20 sccm, respectively. The sample was cooled down to room temperature under argon
gas flow.

Methane gas was used to grow mostly single-walled carbon nanotubes. Ethanol and

CO CVD had a tendency to result in mostly multi-walled carbon nanotubes.

3.3 Electrochemical Deposition of Conductive Polymer on CNT Intra-connects

Carbon nanotube intra-connects were electroplated with electrically conducting polymer,
polypyrrole (PPy) and polycarbazole (PCZ). The electro-polymerization was carried out in
a three-electrode-cell compartment. The working electrode was as-grown carbon nanotube
intra-connect on metal electrode tips. A 1 mm thickness long platinum wire and Ag/AgCl
electrode were used as a counter electrode and a reference electrode, respectively. A 273
EG&G Princeton Applied Research Potentiostat/Galvanostat was used to perform the
electropolymerization process. Schematic of a three compartment electrochemical cell is

shown in Figure 3.5.
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In a reversible electrode reaction, the concentration of both the oxidized and the
reduced species are in the equilibrium state. Figure 3.6 presents a typical cyclic
voltammetry (CV) for a reversible electrode reaction. The half-wave potential (E;) equals
the formal potential (E*). The relation between the half-wave potential and the standard

potential (E°) is given by

E,,=E" _ o+ R4, 101 (3.1
2F [R]

Here, R is gas constant, T is temperature, F is Faraday’s constant, [O] is the concentration
of oxidized species (mol/L) and [R] is the concentration of reduced species (mol/L). The

redox potential E° is as follows:
EY =0 kK (3.2)

Where E,, is the anodic peak potential and E, is the cathodic peak potential. The number

of electrons transferred, n can be calculated as below:

AE=E,-E, = E, at 25 °C AE = 0.0V 3.3)
nF n
The peak current at 25 °C can be calculated by the Randles-Sevcik equation.
2 /
I, =(2.69x10°)rn’ *[O14(Dv)"? (3.4

Where I, is the peak current, A is the electrode area (cm™) and D is the diffusion coefficient
(cm?/s) and v is the scan rate (V/s).

An irreversible electrode reaction is due to slow electron exchange or slow
chemical reactions at the electrode surface. The electron transfer rate is insufficient to
maintain the oxidation and reduction process at equilibrium. The peak current, I, for an

irreversible electrode reaction is as follows:
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I, =(2.99x10°)n[(1-a)n]'? Ac(Dv)'"? | (3.5)

Where a is the electron transfer rate, c is the concentration of the active species in mol/L.
The CV experimental set up consist of a working electrode which can be gold, platinum,
glassy carbon etc., a reference electrode against, which the potential is measured can be
standard calomel electrode (SCE) or, silver/silver chloride (Ag/AgCl). The counter
electrodes is typically made of platinum wire. During the CV, the solution is kept
stationary and is not stirred in order to avoid movement of ions to the electrode surface by

mechanical means [79].

3.3.2 Polypyrrole

Polypyrrole was synthesized by electrochemical oxidation of pyrrole. Using the CNT
intra-connect as an electrode, the electro-polymerization process was carried out in a
three-electrode-cell compartment consisting of an aqueous solution of 0.5M pyrrole and
0.5M potassium chloride (KCl) (Sigma-Aldrich) without further purification. All
potentials were measured versus the Ag/AgCl reference electrode. A constant potential of
0.8 V (versus Ag/AgCl) was applied to electroplate the PPy for 30 sec. A black film,
signifying the polymerization process, covered the carbon nanotube intra-connect. The

sample was cleaned with deionized water and let dry out under nitrogen gas flow [80].





















CHAPTER 4

MWCNT/PPY

In this study, multi-walled carbon nanotube (MWCNT) intra-connects were grown by
chemical vapor deposition using ethanol vapor at relatively low temperatures (~780 °C).
MWCNT intra-connects were electroplated with electrically conducting polymer (ECP),
polypyrrole (PPy). The growth of MWCNT intra-connects was made between very sharp
metal electrodes at pre-determined positions as described in Chapter 3. The MWCNT
intra-connects were then used as a working electrode for electroplating of conductive
polymer, PPy. Characterizations were made by Raman spectroscopy and current-voltage
measurements. The current-gate voltage (Igs-Vys) characteristics changed dramatically for
the electroplated structures when the polymer exceeded a threshold thickness, on the order

of 80 nm.

4.1 Electropolymerization and Raman Spectroscopy

Scanning electron microscope (SEM) pictures of electroplated MWCNT are shown in

Figure 4.1. Raman scattering was measured to evaluate the intra-connects. The background

signal was subtracted and the experimental data was fitted with several Gaussian

distributions.
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attributed to oxygen desorption through reduction of hole carriers [82, 83]. As we shall see
below, the effect on the PPy may be attributed to deep level impurities.

As-grown carbon nanotubes (CNT) are naturally p-type. Therefore, it requires
negative gate voltage to operate in a gated configuration. A fixed 1 Volt was applied
between the drain and source while the gate voltage was swept from -5 to +5 Volts. Silicon
substrate was used as a back-gate electrode with 20 nm thick oxide layer (Figure 3.10)
serving as the gate oxide. Figure 4.4(a) shows a typical I¢—V, characteristic of an
as-grown multi-wall CNT intra-connect. The current abruptly increased when a negative
gate voltage was applied. The large saturation behavior may be due to weak gate
dependence of the metallic-like MWCNT and the large gate capacitance. We also note that
the position of the threshold voltage at which the transition occurs. The threshold value is
small yet negative (V, < 0 V) for the mostly MWCNT multiple and separated channels of
this study. The threshold gate value is also negative however, much larger (on the order of
—2 V to =5 V) for individual SWCNT intra-connects reported elsewhere [84]. Such
observation accentuates the difference between SWCNT and MWCNT p-type channels.
The current-gate voltage (Ig-V ) characteristics changed dramatically for the electroplated

structures when the polymer exceeded a threshold thickness, on the order of 80 nm (Figure

4.4 (b),(c)).
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4.3 Model and Simulation

A simplified model is presented in Figure 4.5 (a). The multi-wall carbon nanotube
intra-connect is assumed to be p-channel connected to the electrodes through back-to-back
diodes. The model for multi-wall carbon nanotube intra-connects were simulated by
MATHCAD. P-channel is characterized by a constant C1=p-C0-(W/L) where u is channel
mobility, CO is the gate capacitance and W/L is the ratio between the channel width and
channel length. The ratio W/L was very small since W was on the order of a few nanometer
and L was 1 um. The channel mobility and gate capacitance was large. Relatively large
constant C1 value is led to a step behavior in the I4-Vg characteristics (Fig 4.5 (b), from
curves (1) to (2)). As the thickness of the polymeric sheath on the CNT intra-connect
increases, W/L increases only slightly; the capacitance of the structure CO remains
basically unaffected however; the overall channel mobility is substantially reduced—by
two orders of magnitude due to the low mobility value of the polymer. The mobility of
carbon nanotube and the mobility of polypyrrole are approximately 5 x 10* cm*/V-s and
500cm?/V's, respectively [85, 86]. As a result, the IV curve becomes more linear (Fig
4.5 (b). from curves 1 and 3). The difference between the current amplitudes of Figure 4.4
(a)-(c) 1s attributed to the decrease in the overall circuit resistance since the polymers coats
the metal electrodes, leading to the intra-connect, as well. When the polymer coats the
electrodes and the intra-connect, the contact barrier between the CNT channel and the
electrodes is substantially reduced. The seemingly 2:1 factor between the ON and OFF
states of the bridge depends on the p-channel and the con-tact diodes’ properties. Ratios of
3:1 for these CNT intra-connects have been experimentally observed and corroborated by

simulations.






CHAPTER 5

SWCNT/NDR

As grown single-walled carbon nanotube (SWCNT) intra-connects grown by chemical
vapor deposition process using methane/hydrogen gas mixture were investigated as gated
structures. We demonstrated a negative differential resistance (NDR) effect at nonzero gate
bias even with seemingly ohmic contacts. Large differential photo conductance (DPC) was
associated with the NDR effect raising hopes for the fabrication of novel high-speed

optoelectronic devices.

5.1 14-Vg4s Characteristics and Raman Spectra
Two examples will be discussed here, one exhibiting nonlinear and the other linear
electrical characteristics.

Figure 5.1 (a)-(c) shows SEM, I4-Vg4s, and Raman spectra of Sample 1. The
nonlinear I-V curve at zero gate voltage indicates a presence of potential barrier between
the tube and metal contact(s). The asymmetry in the curve points to one dominant barrier
(otherwise, the curve would have been symmetric). Its Raman spectra are shown in Figure
5.1 (c) low frequency spectra exhibit a narrow single peak (5 cm™ wide and limited only by
the system resolution) for the radial breathing mode (RBM) at 191.9 cm™. The peak may
indicate a metallic tube (12,6) with an average diameter of 1.252 nm. It exhibits a very
large graphitic line at 1355 cm™, which may indicate defects or, large stress. The high
frequency region exhibits two peaks at 1594 cm™ and 1567 cm™, respectively. Their

frequency difference 27 cm™ corresponds to a tube diameter d=1.716 nm if we follow [87]
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and assume a metallic type tube. It corresponds to a tube diameter d = 1.329 nm assuming
semiconductor type.

Sample 2 exhibits linear I4-V 45 characteristics at zero gate bias (Figure 5.1(e)). Its
low frequency Raman spectrum consists of a broader single RBM peak (30 cm’ wide)
centered at 176.2 cm™, which implies semiconductor tube(s) (11,9) with an average
diameter of 1.365 nm. It exhibits a large defect line at 1352 cm™. The high-frequency
frequency exhibits two peaks at 1596 and 1578 cm™, respectively. Their difference 18 cm’™
implying tube diameters d = 2.101 nm and d = 1.628 nm for metallic or semiconductor

type tubes, respectively.
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5.2 NDR in I4-Vgs Characteristics and Photoconductance
Electrical properties in the dark and under white light illumination were measured for
Sample 1 (Figure 5.2) and Sample 2 (Figure 5.3). The channel formed by the intraconnects
exhibited a natural p-type characteristics owing to the presence of oxygen in the tubes.

Figure 5.2(a) shows a map of Vg vs Vs for the non-illuminated intra-connect. Two
negative differential resistance (NDR) regions may be observed in the I3~V plot: one, in
the range between -3 and -6 V and the other, around -9 V (Figure 5.2(b)-(c)). The NDR
peak for the first region was shifting to the negative side as the V45 value increased from
0.25 to 0.75 V (Figure 5.2(c)). The second NDR region was stable around -9 V.
Characteristics of the same intraconnect under illumination are shown in Figure 5.2(d)-(f).
Surprisingly, the light did not mask the NDR effect (Figure 5.2(f)) but locked it to the same
Vs range for all V4 values used. The differential photo conductance (DPC, the difference
between conductance in the dark and under light illumination) was fluctuating rapidly
within the first NDR range (Figure 5.2(g)).

Figure 5.3(a) shows a map of Vy vs Vg for nonilluminated intraconnect. Two
negative differential resistance (NDR) regions are observed in the I3~V curve as well:
one in the range between -3 and -6 V and another around -9 V (Figure 5.3(b),(c)). The NDR
peak for the first region was shifting albeit in both negative and positive directions as Vs
increased from 0.25 to 0.75 V. The second NDR region was stable around -9 V. The same
intraconnect under white light illumination is shown in Figure 5.3(d)~(f). Here, the light

somewhat masked the NDR effect (Figure 5.2(f)) for the first Vg region but left a small but

noticeable presence around Vg ~ -9 V. The DPC was stable and exhibited a marked

increase for increasing V¢ (Figure 5.3(g)).
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NDR effect is the basis for many microwave oscillators. The effect may be
attributed to two competing transport venues, for example, nonlinear drift and thermionic
venues or tunneling and thermionic excitation processes. In addition, optimal construction
typically breaks the symmetry between the contact to and from the channel. For example, a
CNT channel extending between two different metals, which takes advantage of the
metals’ different work functions and the distribution of the tube’s electronic density of
states.

In contrast, both of our electrodes were made of the same metal and hence we
resorted to a gated configuration. The gate bias affects the distribution of carriers along the
tube. If we postulate the existence of a secondary interface between the CNT channel and
electrode, possibly in a form of a point Schottky contact or a quantum dot (QD), gate
biasing affects the distribution of electronic states across such barrier, as well. We point to
the very small, 1 nm thick catalytic seed film in our structures, which may result in a point
contact during the tube’s growth process. Tunneling may now occur between the tube and
discrete states in this metal dot.

The secondary NDR region for both samples may imply tunneling through a
second QD band. Tunneling and transport must depend on the relative energy states’
distribution between dot and channel, as well as, on the gate bias. NDR was also noted in
our previous experiments while using another growth technique albeit at larger gate bias

[88].
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tube’s diameter. In that case, the samples differ only by the number of tubes in their
respective bundles. Nevertheless, Raman spectroscopy is an important characterization
tool, which corroborates the existence of nanotubes between electrodes and helps
determine their type, thus complementing conductance measurements.

The characteristics of the channel under broadband optical excitation corroborated
these findings, as well. Optical induced carriers in the channel overcame the tunneling
process, hence the marked conductivity change for the first NDR region (around -5 V). The
optical effect is smaller for the “nonlinear” sample 1 because of the interfering effect from
the contact barrier. Moreover, since photo-excited carriers are composed of both types
(holes and electrons), n-type characteristics at large positive gate voltages ought to be
exhibited. Indications to such behavior are provided in Figure 5.3(g). Furthermore, when
the graphs are plotted as log plots (not shown) such characteristics are greatly accentuated.
Both panels (c) and (f) of Figure 5.2 indicate a relatively sharp “ON” transition, which
implies large channel mobility with back-to-back leaky Schottky diodes. The ON
transition in Figure 5.3(c),(f) tends to have quadratic behavior as expected from an

ordinary semiconducting channel.
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5.4 Electrical Measurement from More Intra-connects
Good quality bridges are often barely seen in these SEM pictures, hence the use of Raman
spectroscopy and conductivity measurements. Our present batch consisted of 14 samples
(9 samples conducting: 4 — linear; 5 — nonlinear), is taking into account cases, which do not
show up in SEM pictures yet, exhibited conductance and Raman signature. Temperature is
critical to a successful SWCNT growth: lower yield (2 conductive samples out of 14) was
exhibited at lower temperatures deviating only by 50 °C. Current-voltage (I-V) curves were
measured using Keithley 236 with current noise level <1 pA using sharp probes (~5 pm,
Cascade Microtech). The probes were placed under a microscope interfaced with a CCD
camera for better inspection. Gate-current measurements were made with the Si wafer
acting as a back electrode. The conduction through a CNT bridge at Vy=1 V was at least
three orders of magnitudes larger than the noise and/or the current through or, along the
silicon and/or electrode/silicon path. The signal, carried by triax cables, was averaged
during a period larger than the RC constant (t < 0.03 sec) of the circuit. Two more
examples of ‘linear’ and ‘non-linear’ contacts are shown in Figure 5.5 and Figure 5.6,
respectively. The SEM images of the bridge under test are provided, as well. Clearly seen
is the breakdown of the upper Co layer. The resistance of the electrode (~10 ohms/ 100
microns) did not change much before and after annealing. This is to be compared to the
bridge resistance of several tens of megaohms. Both samples exhibited NDR around
Vg=5 V and —10 V, respectively. The clearer picture is again for the ‘linear case’. We
note that previous measurements [88, 89] also exhibited NDR, which at the time, were not
fully pursued. These bridges were fabricated using CVD with another precursor (CO) and

similar layout of electrodes (with the exception of a thicker Co layer of 30 nm). Such















CHAPTER 6

SWCNT/PCZ

Devices made by individual CNT intra-connect have gained much interest since diameter
of a CNT is just a few nanometers [90-92]. CNTs are functionalized with various
conducting polymers for doping, sensors, FET, photovoltaic cell, organic light emitting
devices, solar cell, etc [93-96]. However, functionalization has been studied mostly for
bulk CNTs and relatively fewer works were devoted for single CNT since the growth of
CNT between pre-defined positions is a challenging task [13]. Here, we present
individually addressable CNT based FET which were functionalized with polycarbazole
(PCZ) aiming at optical sensor applications. The CNT intra-connect was grown by
chemical vapor deposition (CVD) and later electroplated with PCZ. Electrical properties,
such as Ig-Vgs and Ig-Vgs characteristics were measured under dark and white light
illumination. The effects of biasing and photosensitivity were assessed for both CNT and

PCZ-plated intra~-connects.

6.1 I4-Vg4s Characteristics and Raman Spectra

Current-voltage (I4s-Vgs) characteristics were measured from Vg4=-1 to +1 Volts under dark
and white light illumination (150 mW/cm?, >400 nm) for both CNT and PCZ-plated CNT
intra-connect (Figure 6.1(a) and (c)). In both cases, the overall currents were increased
when irradiated with white light. After electroplating the CNT intra-connect with PCZ,
photosensitivity was greatly enhanced, by nearly ten times. Figure 6.1(b) and (d) show

Raman spectra from the CNT and PCZ-plated CNT intra-connects, respectively. The radial
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6.2 NDR in I4-V4 Characteristics and Photoconductance

Figure 6.2(a) shows a current map of Vg vs. Vg for non-illuminated PCZ-plated
intra-connect. Two negative differential resistance (NDR) regions are observed in the
I4s~Vgs curve as well: one in the range between 3 and —6 V and another around —9 V (Figure
6.2(b) and (c)). The NDR peak for the first region was shifting albeit in both negative and
positive directions as Vg increased from 0.25 V to 0.75 V. The second NDR region was
stable around —9 V. The same intra-connect under illumination is shown in Figure
6.2(d)-(f). Here, the light somewhat masked the NDR effect (Figure 6.2(f)) for the first Vg

region but left a small but noticeable NDR effect around Vg ~ —9 V. The differential

optical conductance (the difference between conductance under darkness and light) was
stable and exhibited a marked increase for increasing Vs (Figure 6.2(g)).

Figure 6.3 shows the stability of current under dark and the sensitivity to white light
when it was turned on and off, repeatedly. Figure 6.3(a) shows the stability of current at
DC voltage of Vg=1 V. The curve was featureless and the current was constant. The
response to white light illumination was immediate (Figure 6.3(b)). Figure 6.3(c) shows
the effect of current stability under a DC drain-source voltage of Vg=1 V for PCZ-plated
CNT intra-connects. The current increased and then saturated. The response to white light
illumination is shown in Figure 6.3(d). The current increases immediately at the moment
that white light was turned on, then, it exponentially decreased. The effect is due to the

long life-time of the photo-excited charges in PCZ.












CHAPTER 7

CONCLUSION

In this thesis, low-dimensional gated structures were investigated. The channel were based
on carbon nanotube intra-connects. These were grown on pre-determined positions on a
wafer by use of chemical vapor deposition (CVD) without any post-processing. Growth
conditions were varied to obtain multi-walled carbon nanotubes (MWCNT), or
single-walled carbon nanotubes (SWCNT) intra-connects. High yield, as high as 50%, was
achieved for this growth technique.

Electroplated MWCNT with polypyrrole were successfully fabricated between two
electrodes for potential electro-optic and bio-sensor applications. For the latter, a large
response to a binding event is desired [29]. Such response may be enabled if the channel
mobility dramatically changes from a very large value (channel saturation, Fig. 4.5(b)
curve (2)) to a very small value (where initial linear behavior is observed, Fig. 4.5(b) curve
(1)). These considerations dictate that the polymer thickness ought to be smaller than 80
nm.

Negative differential resistance (NDR) was demonstrated with carbon nanotube
gated structures under bias regardless of the linearity (or nonlinearity) of the contacts. The
effect was accompanied by a large differential phoconductance (DPC) effect. Since NDR
enables the realization of microwave oscillators, one may envision that such DPC will be

instrumental in designing new high-speed opto-electronic oscillators.
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CHAPTER 8

FUTURE WORK

Controlled growth of carbon nanotubes remains a challenge despite advances in the field,
part of which was described in this thesis. Negative differential resistance (NDR) is an
important phenomenon, which may prove useful for future high-speed nano-optoelectronic

devices: it deserves further exploration.
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