Florida State University Libraries

Electronic Theses, Treatises and Dissertations The Graduate School

2005

Molecular Templated Assembly of Single-
Walled Carbon Nanotubes and Their
Electrical Characterization

Saleem Ghaffar Rao

Follow this and additional works at tR&U Digital Library For more information, please contébtir@fsu.edu


http://fsu.digital.flvc.org/
mailto:lib-ir@fsu.edu

THE FLORIDA STATE UNIVERSITY

COLLEGE OF ARTS AND SCIENCES

MOLECULAR TEMPLATED ASSEMBLY OF SINGLEWALLED
CARBON NANOTUBES AND THEIR ELECTRICAL
CHARACTERIZATION

By

SALEEM GHAFFAR RAO

A Dissertation submitted to the
DEPARTMENT OF PHYSICS
in partial fulfilment of the
requirements for the degree of
Doctor ofPhilosophy

Degree Awarded:

SummersSemester, 2005



The members of the committee approve the Dissertation of Saleem Rao defended
on July 11, 2005

Peng Xiong
ProfessomDirecting Dissertation

P. BryahChase
Outside Committee Member

James Brooks
Committee Member

Jorge Piekarewicz
Committee Member

Nicholas Bonesteel
Committee Member

The Office of Graduate Studies has verified and approved the atamed committee
members.



ACKNOWLEDGMENTS

Most sincere and eternal gratitude goes to my father Rao Ghaffar and my mother
Ruquiya, for always encouraging me to follow my dreams and for their prayers for my
success. | would like to expresy neepest thanks and appreciation to my wife, Uzma,
for her love and support throughout the long arduous prodesstaining a Ph.D. in
physics.

| would like to thank my advisors Prof. Peng Xiong and Prof. Seunghun Hong for
giving me an opportunity to wikrwith them on this exciting and challenging problem. |
must thank them for their numerous and invaluable advise, not only on research, but also
on many other aspects, such as communication and writing. | completed a part of this
dissertation with Prof. Hog under his extremely valuable guidance. Later, when Prof.
Hong left the Florida State University | continued my research with Prof. Peng, who
added a new direction according to his expertise in parallel with old direction of research.
Finally | completedmy dissertation with Prof. Peng and | am very much thankful to him
for his unforgettable help in writing this dissertation.

| would like to thank Prof. Jorge Piekarewicz for his experienced and valuable
guidance throughout my graduate studies.

Next, | would like to thank my colleagues at Center for Material Research and
Technology (MARTECH) for their support. It has been a privilege to work with such a
fine group of people. In particular, many thanks to Dr. Ling for developing a good
understanding, theadtieally as well as experimentally, of the chemistryself assembled
monolayer. Also many thanks to Dr. McGill for great help in doing electrical

measurementand to Pradeepnd Wahyufor extremely valuable scientific discussions.



This work was carriedut at MARTECH, Florida State University. | am grateful
to the excellent technical support by MARTCH engineering staff, including Jim
Valentine, Kurt Koetz, Joe Ryan, lan Winger, Ken Ford, @ Louchner.

During all my efforts | have benefited from trsupport of the NASA and
MARTECH.



To my wife Uzma, my sons Usama and Maaz
and

to my daughter Laiba



TABLE OF CONTENTS

LIST OF FIGURES: -+ 1 -ttt s s s s s s nsn s s s s ss s saan s nnnnanans Hoveeerns
LIST OF TABLES -ttt e s st s s et aa st a e XV
ADSTIACE -+ v e v Y\ e e
CHAPTER 1 INTRODUCTION crrrrrrrrrmaneranmsasransaansaanssaanssasssanrssanssaanssaanssannssans 1
CHAPTER 2 SELFASSEMBLED MONOLAYERSAND CARBON
NANOTUBES :++ccettteeermrmnmmmmmunanaaaaeaaattteeerernnnnnnsaaaaaaaeastereernr.. 6
2.1 SeltAssembled Mono|ayer5 ..................................................... 6
2.2 Surface Patterning withef- Assembled Mnolayers::-------..... 10
221 Dip_Pen Nandjthography ................................................ 10
2.2.1.1Molecular INK - orerrrrrm 11
2.2.1.2Molecular Coating ............................................. 13
2.2.1.3DPN WItING +reeeeereerememmmmmmeiniiinins 14
2.2.2 Micro-Contact mntmg .................................................... 15
2.2.2.1Procedure to Make Stamp ................................. 16
2222Depos|t|on MechanisSga: - -srererrrrermrriiiiii, 18
2.3 SurfaceTemp|ated Assemb}y .................................................... 20
2.4 Sing|eWa||ed Carbon NanotubheSs -+« rrrerrrrrriniiiiiiiiiianaeas 22
2.4.1 Structure and Electrical Properties of SWGNF:--------- 23
2.4.2 Band Structure and Density of State of SWGNT-------27
25 Synthesis OBWWONTS rrerrrrrrrrrnrritiiiiiais s s aae 27
2.6 PotentialApp“cationS .................................................................. 28
CHAPTER 3 SURFACETEMPLATED ASSEMBLY OFSINGLEWALLED
CARBON NANOTUBES :::cccttrrrriiiiiniiiisi s s sssnan s 30
3.1 Challenges iDevelogng SWCNT-Based Edctronics::«-«««--++-- 31
3.2 SurfaceTemplated Assembly Of SWCNT::::cooevvereiieiiniiiiiiinnns 33
3.3 Substrate %paration .................................................................. 35
3.3.1 Au Film Preparation ....................................................... 35
3.3.2 Patternd Electrode Preparation ................................... 35
3.4 Atomic Force Microscope |maging .......................................... 36
3.4.1 Lateral Force Microscopy (LFM) .................................. 36

vi



CHAPTER4

CHAPTER 5

3.5 Self Assembled Monolayer Patterning:««««««««««-«oreneeees 38
3.6 SWCNTSuspension .................................................................. 38
3.7 ResUltS and DiSCUSSIOf - rrrrrrrrrarrrrrrarraeriiiraiiraeiasaa. 39
3.7.1 A||gnment of Mu|t|p|e SWOCNTS: cerrerreerrriiiiiiiiiiinn, 39
3.7.2 Alignment ofSingleSWCNT over SAM Patternd Au
SUITACE -+ rrrrrrrrasrr st aas 44
3.7.3 Alignment of Single SWCNTaoss Electwde Patternd8
3.7.4 Conducting AFM Scan dAssembled SWCNTs:-:--- 53
3.8 CONCIUSIOR: - rrrorrrrrrarraria s 55

ALIGNMENT OF SINGLEWALLED CARBON NANO-TUBE

USING ONLY NON-POLAR MOLECULES:::+:+sseurttrseusmnriiniianinnnns 57

4.1 Surface Btterning ....................................................................... 58
4.1.1 NonPolar Moleclar Patterning and SWCNAssembly

4.1.2 Patterning of Au ldnoparticles and SWCNT Assemkiy
4.1.3 Metal Deposition on SAMPatterns and SWCNAssembly

4.1.4 Polar Molecular Patterning and SWCNK§sembly::----60
4.2 ResUlts and DiSCUSSI@f - rrrrrrrrarrarrmrmriraiiiiiaaiaaaa. 61
4.2.1 Assembly of SWCN$onBare AuSurfage:«««--eeeeeeeee 61
4.2.2 Assembly of SWCN$on Patterns of Au Nanoparticlé8
4.2.3 Attachment of Au Nanoparticles to SWCNT Surface68
4.2.4 Assembly of SWCNTs over HybriS8AM Patterns of Polar
and NonPolar Molecules Covered with Au:::«:eeeeeeeeeee 70
4.3 Comparisorof Binding Abilities of Different PolaGroups and Au
SUITAICES: +#+ v rrrrerranertrate ittt aeaaes 72
4.3.1 Comparison betweeifferent Polar Mlecules::--------- 73
4.3.2 Comparison between Polar Molecules aadeBAu Surface

ELECTRICAL CHARACTERIZATION OF SWCNT DEVICES

FABRICATED BY SURFACETEMPLATED ASSEMBLY :----eeeee 77

5.1 Carbon Ninnotubes in Electrical CirCuitg ---seeeeeeerrieeeennnnnnns 77
5.1.1 How They CONAUCT: -+ rrrrrrrransrsrasss s ranaaaeaas 78
5.1.2 SWCNT-BaSe@d FET - terrrerrrrmiimiiiiiiiiiiiiiiiiiisiiania 78

5.2 SWCNT Devices by Surfac@emplated Assembly.----.oooeeeeeee 79

5.3 ResUltS and DiSCUSSIOfY -« rrrrrrerrarrrrrrarrarrinranrararasrarasanans 82
5.3.1 Contact Resistance of SWCNTs with Au and Rd::----83
5.3.2 Hysteresis IN SWCNTET -+revrerrerrmnmmiiiiiiiiiiiiiaa, 84

B.4 Conclusions: : eooriiiiiaiiiiiiiiiiiiiiniiiiiiiniiiian e 88

Vii



CHAPTER 6 PHYSICAL DEPOSITION OF METALS ON SE- ASSEMBELED

MONOLAYER :+++++veeeeeeeeeesaauummeeeeeaamuusneeeaesaaasesseteaesaaasssseeeeessaanssseeens 89
6.1 Thermal Evaporation ................................................................. 91
6.2 Deposition via Sputtering .......................................................... 91
6.3 ResUltsS and DiSCUSSIOHA - -x-rrrrrrarrarrirariiiariraaas 92
6.3.1 Effect of Metal ThiCKNeSS: -« - rrrerrerrirmiiiiiiiiiiiiinaa, 92
6.3.2 Effect of Molecular Pattern Shape: -« +-eeeeeeeeeeennn 94
6.3.3 Effect of Molecular Pattern Size -« .-+ sereerrarimiiiiiinnnnn. 96
6.3.4 Effect of Depositi(m Method - - v, 08
6.3.5 ODT/Au, MHA/Au and Polar/Polar Patterms:-----------. 99
B.3.0 DISCUSSIO: - rrerrrrrrrarrararrsemarinriertsitrirrsatrarsararasaiarins 100
6.4 COﬂC'USiOﬂS ................................................................................. 101
CHAPTER 7 CONCLUSIONS AND FUTURE FERSPECTIVE ++sevseeeseissiensee. 103
REFEERENCES -+++++ceeeeeetttttttaatttattttttaaaassssssuttstsssseeeeeetettataaaaaaaeaeannnmnmnn—— 107
BIOGRAPHICAL SKETCH:e++sssseeeeeeeeaaamuumeeeaaaaammmneereeeaamnnsseeeeesaammnneeeeeesammmmmeeeaaaa 117

viii



2.1.

2.2.

2.3.

2.4.

2.5.

2.6.

2.7.

2.8.

2.9.

2.10.

LIST OF FIGURES

Schematic representatiasf n-alkanethiol SAM On Au. Black Carbon, Gray
Hydrogen, |_|ght Blue Su|fur’ YelloWwGold, «rrrrrerrrrrrr 7

(a) Schematic diagranof dip-pen nanolithography(b) Nancscale “greetings”
written via dippen nanolithography. The letters are written with- 16
mercaptohexadeoaic acid on amorphous Au SUMage. -« e, 11

(a) Selfassembled monolayer molecules. (b) Alkanethiols on Au (111).---13

(a) Schematic diagram of theéasnping procedure. (b)}@ctadecanethiol patterns
on Au surface generated \‘ia'cro.contactprinting_ ........................................... 17

Stamp dbrication process with (a) a good template and (b) a bad templaid&

Deposition routesn micro-contact printing (a) direct contact, (b) diffusion, and

Schematic diagram of directed assembly of CNT via swtiacglated process.
(a) Micro-fabrication of electrodg (b) surface functionalization with SAMs, and
(C) assemb|y of CNg due to mo|ecu|arecognition_ .......................................... 21

Schematiaiagramof the honeycomb lattice structure of graphene and makiing
a SWCNT. a)C represents a chiral vectof a (5, 4) SWCNT,a andb are real
space unitvectois. b) SWCNT formation by rollinga graphea sheet and putting

Realspace atomic structes of SWCNTs and correlating sttwres with
electronic propertieas measured b$TM. (a) Atomically resolved (dots) STM
image of a 122 semiconducting tube mbundle. (b) Local density of states for a
metallic (bottom curve) and semiconducting (top curve) SWCNT respectively
[BB]. +vvereereree et 25

a) Lattice structure of graphene. b) The energy of ¢baducting states in
graphene asa function of wave vector k, of the electron. c) Metallic SWCNT and
its band structure. d) Semiconducting SWCNT and its band structure:-----26



2.11.

3.1

3.2

3.3

3.4

3.5

3.6

3.7

3.8

Band structureand density of stated metallic and semiconducting SWCAIZ7

Prgposed CN7based electronigsvhich should withstand a 1000 times higher
current densitghan Si microelectronicga) A single , and (b) a parallel array of

Schematic diagram deging the basic concept of “surfagemplated” SWCNT
assembly strategya) Microfabrication of electrodes. b) Surface funcfionalization
with SAM. c) Assembly of SWCNWVia molecular recognition..---------oooeeeeeeee 34

(a) Inter atomic force versudistance. (b) Lateral defliégan of the cantilever from
changes in surface friction (top) and from changes in slope (bottor)::-----37

SWCNTs assemblean molecular patterns of ODTy/steamine. a) LFM image of
patterns of ODT (dark strips) araysteamine (bright strips) SAMN Au surface

b) AFM contact force image of SWCNTassembled on cysteamia@d ODT
SAM patterns on Au surface. c¢) High resolution AFM contact force image
showing the sharp boundary between cysteamine (with SW§A&f) and ODT

SWCNTs assembledn molecular patterns of ODAWII. a) LFM image of 2MI
patterns (dark stripgyith assembled SWCNTsand ODT SAM patterns (bright
strips) on Au surfaceb) High resolution LFM image of SWCNTs assembled on
2MI SAM showing the boundary between 2MI (center) @dT SAM (on both
Sides)without any SWOCNT. st s s s s s e 41

SWCNTs assembled opatterns of two differenpolar moleculesa) LFM image
of SWCNTs assembdeon MHA (narrow bright stripsand 4MP (dark, wider
strips) b) AFM contactforce image of SWCNTs assbled on 2MP(strips with
more SWCNE) and on 4MP patterns (strips witbwer SWCNTS). «-«eeveeeeeeennn 42

Binding mechanism of SWCNT assembly on moleculatgoas.a) Bending of
SWCNT to stay within polar molecular patterns (on left).o) Random landing
between polar (left) and ngoolar (right) molecular regions. c) Attractive forces
between SWCNT and polar molecules (on left) pull the SWCNT towards left. d)

Aligning sngle SWCNT over molecular patterns. a) Schematiagram of two
possibilities of SWCNT landing: 1) complete alignment within polar molecular
regions (Fig. on left), 2) partial alignment within polar molecular regions (Fig. on
right). b) AFM contact force image of SWCNTs assembled on polar molecular
region.c) LFM image of reduced number of SWCdver nanoscale line will
polar molecular (dark strip)d) AFM contact force image ofingle SWCNT in

very narrow polar molecular patterns (bright narrow lines)tardest of the area

is ODT SAM. e) AFM contact fice image ofsingle SWCNTs assenbled (bright



3.9

3.10

3.11

3.12

3.13

3.14

4.1

4.2

SWCNTs assembledon similar shape 2MI patterns from two different
concentratiotBWCNT suspensions, ODT is used for passivation. a) Lifidge

of SWCNTs assmbled evenyhere over 2MI from high concentration SWCNTs
suspension. bL.FM image ofsingle SWCNT assembled over 2MI from low
concentration SWCNT suspension (line in dark elliptical regions), 2MI SAM
(dark e|||pt|ca| region; ....................................................................................... 46

Massiveparallel assemiyl of SWCNTs utilizing micro-contact printed surface
patterns from lowa concentration SWCNT suspension. ARddntact fore image

of an array of single SWCNTs on 2MI patterns on Au surface. The inset is the
lateral force microscope image showemgingle SWGIT in a2MI pattern(bright

Assembly of SWCNTs across prepatterned electro@gsAFM contact force
image of a large number of SWCBlassembledcross electrodes. Green circles
showing sinte, orange rectangles showing two, and blue triangles have no
SWCNT across the electrodes respectivelyclmseup view of one of single
SWCNT junctions in a)c, d) LFM imageof ODT (dark area) and 2MI SAM
(remaining bnght area) over Au electrode Strips ........................................... 49

Detailed schematic diagram for SWCNT assembly process on electrode structures.
a) SI/SIQ; substrate. b) Electrode patterns via photolithography. c) Au/Ti
deposition via thermal evaporation to make electrodes. d) Surfacenpagteith

SAMs. e) Lifoff to get the electrode patterns. f) Passivation of SiSiQrface

using OTS SAM. g) SWCNT assembly across the electrode after dipping in

Conducting AFM scan of SWCNT across the electrodes. a) Schethagjcam
representinghe circut for conducting AFM. b) Current map afSWCNT across
TNE ClECIIOUES . -+ v v e ettt e 54

Schematicdepiction of the fast surfacedemplated assembly of clean active
SWCNT for mass production of SWCNT integrated deviegsFabrication of
electrodes using conventional aro-fabrication processes. b) Surface
functionalizationusingSAM. ¢c) SWCNTassemblyia molecular recognitiorb5

Schematic representation of SWCNTs assembly on Au surface and over array of
Au nanopatrticles. a) ODT stamping and backfilling with OD. b)nanoparticle
assembly. c) SWCNTs assembly over Au nanoparticles. d) ODT patterning on Au
surface. eAu deposition via thermal evaporation. f) SWCNT assembly over Au
deposited SAMs. Different thicknesses of deposited Au give different distribution
of SWCNT over ODT SAM PALLEINS -+ rrrrer e rrrrr 60

SWCNTs assembled on bare Au surface using only ODT SAM patterns. a) AFM

contact force image of SWCNTs assembled on bare Au surface and the empty
region is ODT SAM. b) LFM image of SWCNTs assembled on ellipshaped

Xi



4.3

4.4

4.5

4.6

4.7

4.8

bare Au sirface and the remaining area is ODT SAM c) AFM contact force image
of SWCNT assembled on bare Au and ODT SAM. Highest density of SWCNTs
observed, on bare AU SUITaEE: -« v 62

SWCNTsthat remain attached t#u surface afte2 minutes osonicationn DCB.
AFM ontact force image of SWCNTs that remain assembled on Au surface.
High resolution AFM contact force image (inset) of SWCNTSs remain attached on
the Au surface aftesonicationin DCB. - -x eerrrerrriniiiiiiiiiii e 63

SWCNT assembled on array of Au nanoparticles. a) AFM contact foegge oh

Au nanoparticles attached @D SAMs (bright strips), and the darker strips are
ODT SAM. b) AFM contact force image of Au nanoparticles attacte®D
molecules (region around dots) and the ODT SAM (dot regions). High resolution
AFM contact force irage (inset) showing the ODT regions (circles) are lower
than the rest of the area. c) AFM contact force image of SWCNTs assembled on
Au nanoparticlesd) AFM contact force image ddWCNTsthat remain attached

to Au nanopatrticlesfter 2 minutes ofsonicatonin DCB. €) AFM contact image

of Au nanoparticles assembled on OD molecules (bright stripes) and ODT SAMs
(dark stripes) before sonication in DI water but after thorough rinsing in DI water.
f) AFM contact force image of SWCNTs assembled on Au nanofest{gery

few) (bright regions) before sonication in water. Before sonicati@i water Au
nanoparticles surface are not very active due to physical deposition of impurities

SWCNTs assembled on OD/ODT maldar patterns with and without sonication
in D | water a) LFM image of SWCNTs assembled on OD molecules (dark
strips) and ODT SAM (bright strips) without sonicationnl water. b) LFM
image of SWCN$ assembled on OD molecules (dark strips) and ODT SAM

ODT SAM patterned Au nanoparticlesurface. LFM image of ODT SAM
patterns (dark strips) and Apanoparticles(bright strips) (Au nanoparticles

Metal (catalys to grow SWCNTs or Au nanoparticles) particles attached to
SWCNT. a, b) TEM image of metal particles (small black dots) attached to
SWCNTs after keeping the sample in Au nanoparticle solution for 2 hours.
TEM image of Au nanoparticle clusters (blacktgjoattached to SWCNT after
keeping the sample in Amanoparticlesolution for 24 hours. d, e) high resolution

SWCNTs assembled on ODT with Au deposited on top: compahstmneen
complete and partial coverage. a) AFMntact force image of Au deposited
(3hm) on SAM patterns of 2MI (dark strips) and ODT SAM (bright strips). b)
AFM contact force image of SWCNTs assembled on substrate of 2MI and ODT
SAM after 3nm Au. of deposition.There are very few SWCNT on ODT with Au

Xii



4.9

5.1

5.2

5.3

5.4

5.5

5.6

6.1

clusters. ¢) AFM contact force image of SWCNTs assembled on Au covered
(7nm) SAM patterns of 2MI (relatively dark area) and ODT (relatively brighter

SWCNT assembled on patterns of different Ca¢Tive surfaces. a) AFM contact
force image of SWCNJassembled on 2MPI (strips with more SWCNTSs) and on
AMP patterns (strips with fewer SWCNTs). b) AFM contact force image of
SWCNT assembled on Au (strips with more SWGNdnd on MHA patterns
(strips with fewer SWCN3. ¢) AFM contact force image of SWCN&assembled

on Au (strips with more SWCNon the left and right edge) and 2Kl patterns
(strips with relatrely fewer SWCNTS, mainly the central part). d) AFM contact
force image of SWCNT assembled on Au (strips with more SWECHAd on
AMP patterns (strppwith relativelyleSSSWCNTS). -+ rovevevvvemmmmmmiiii 74

Substrate preparations for SWCNT assembly across electrode. a) LFM of ODT
SAM molecular patterns (dark strips) and Au surface (bright strips). b) LFM
image of MHA SAM patterns (dark rectangles) and ODT SAM (rest ofrdwes.a

c) LFM image of DPN patterns of MHA SAM (two oval shape dots) and ODT
SAM (rest of the area except gap between the electrodes (dark vertical strip) d)
AFM contact force image of SWCNT assembled across the electrode on line
patterns as shown in paa)( ............................................................................... 81

a) Isp vs \&s curves for SWCNT across gold electrodes.sh)vs s curve for

a) Previously reported results about hysteresigsiigk data and b) after covering
the surface of SWCNT by PMMA there is no tergsis in dsVgs data [33].----85

Isp Vs Vs data of SWCNTs across Pd electrodes. Data in forward and reverse
bias sweep directions clearly show a hysteresis, resulting from relatively poor

a) Absence of hysteresisi{Vys data) in a daee with good coverage of Si/S}O
by OTS. b) At high souredrain voltages, hysteresis becomes observable87

Isp VS Vep data of SWCNTs across Au electrodes. Data is for different (fixed)
gate voltages (¥9, from -2V to 2V. The device shows a very stegun on
between1V and-2V gate DIAS -+ v v v e 88

Metal (Au) deposited (1nm and 3 nm) SAM patterns of ODT/2MI. a) AFM
contact force image of 1nm of Au deposited SAM patterns of 2MI (strips with
uniform coverage) and ODT (strips with clusters). b) AFM contacefomage of
3nm of Au deposited SAM patterns of 2MI (dark strips) and ODT (strips with
clusters). High resolution image (inset) clearly shows clusters over-©b¥.93

Xiii



6.2

6.3

6.4

6.5

6.6

6.7

Evolution of cluster formation over ODT as thickness of deposited Au increases.
Thickness ofdeposited Au is 1, 3, 5, and 7nm for a), b), ¢), and d) respectively.

Metal (Au) deposited (3 nm) on SAM patterns of MHA/ODT. a) AFM contact
force image of 3nm of Au deposited SAM patterns of MHA (bright strips) and
ODT (strips with clusters). High selution image clearly shows clusters over
ODT b) AFM contact force image of 3nm of Au deposited SAM patterns of MHA
(dots) and ODT (regions around dots). ¢) AFM contact force image of 3nm of Au
deposited SAM patterns of MHA (dots) and ODT (region arowtd)d:---------- 95

Metal (Ti) deposited (3 nm) on SAM patterns of ODT/2MI. a) AFM contact force
image of 3nm of Ti deposited SAM patterns of 2MI (dark regions) and ODT
(strips with clusters). High resolution image clearly shows the Ti cluster on ODT.

Metal (Au) deposited (2.5nm) on SAM DPN and large stamp patterns of MHA
and ODT. a) AFM contact force image of 2.5nm of Au deposited SAM DPN
patterns of MHA (small dots) and ODT (region around dots)ABM contact
force image of 2.5nm of Au deposited SAM patterh$/1blA (relatively narrow

Permalloy (3nm) deposited SAM patterns of MHA/ODT. AFM contact force
image of permalloy deposited SAM of MHA (strips with uniform deposition) and
ODT (strips with clusters). High resoloi image clearly shows cluster over ODT.

Metal depositedSAM patternsof MHA/Au, MHA/2MI, and ODT/Au a) AFM
contact force image of 1nm of Au deposited on MHA SAM (bright strips)
patterns on Au surface. b) AFM contact force image of 3nm Au deposited on
patterns of MHA (bright strips) and 2MI (dark strips) SAB.AFM contact force
image of 2.5nm Au deposited on ODT (strips with clusters) and Au surface (dark
strips). High resolution image clearly shows clusters over ODT region:----99

Xiv



LIST OF TABLES

2. Organic molecular ink tested via DPN -+ ccere e 1.2----

XV



ABSTRACT

We have developed a methodor rapid, massivehparallel assembly and
alignment ofsinge walled carbon nanotubdSWCNT)on a solidstate substrate. The
results opened the possibility of production of SWE&hiBed integrated circuitB this
strategycalled “surfacetemplated assembly'SWCNTs froma solventsuspension are
directed toward molecular patterns on the substrate a®if assemble onto specific
locations with precise orientatior@ince the method does not rely on any external forces
or slow serial patterning technigsiet can be done in a completely parallel manner and is
suitade for highthroughput applications. Wédave demonstrated the assembly of
millions of individual SWCNTs and SWCNBased circuit structures ovetcaf size
sample surface in a matter of minutes.

The experiments were first carried out on patterned hykbeitl assembld
monolayers (SANM of mlar moleculesand nonpolar molecules. Polar moleculesre
patterned with SAMof nonpolar moleculessuch asl-octadecanethiol (ODT)The
molecular templated substratesre used successfullyto assemble SWCNTPolar
moleaules with different tail groups, both positive and negative, were shown to be
effective,in contrast taheprediction thabnly molecules with positive tai$ can be used
to align SWCNB. Furthemore,we observed that the interaction between SWEAT
metal surface alsocan be used to align SWCNTsing only nonpolar molecular patterns.
A series of controlled experiments showed ttte number density of aligned SWCHKNT
depends upon the nature of polar molecules and metal surface

We have alsoassembledSWCNTs on patterns of Au nanoparticles. Au
nanoparticle patterns were created on composite SAM tempiateznpolar(ODT) and
dithiol (octanedithiol) moleculesthrough seHassembly of Au nanopaticles onto the
dithiol region. On such templates, we foumdry strong adhesion of SWCNTs on Au

nanoparticles and no adhesion thie nonpolar regins. We also examined systematically
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the adhesion of SWCNT on nonpolar molecules with varying coverage of Au. We found
no SWCNT attachment when Au coverage is signifibahincomplete. Strong adhesion
of SWCNT is observed only when the coverage of nonpodgions by Au is almost
complete. These results indicates that nonpolar molecules like ODT play an active role in
thealignment of SWCNT on ODT/metahd polar SAMs/OT hybrid structuresMetal
nanoparticle patterns on SAM can also be created via simple metal depd¥itiothe
deposition of a thin etal (Au, Ti, Cr etc.) film, cluster formation was observed over
microscaleSAM of nonpolar moleculesvhile for polar molecule patterns afomparable
size no cluster formation was observed

Using this surfacetemplated assembly process have successfullyproduced
field effect transistordFET) based on SWCNT. SWCNTwere directed to assemble
across prepatterned souraed drain electrodgg\u or Pd) on a dope&i/SiO, substrate.
The electrical characteristics of these -ssl§embled SWCNTFETs are comparable to
those fabricated with traditional lithographic methods while the laygtereses observed
in the FET action fothose devices wersignificantly reduced. We attribute this to the
molecular passivation of the SjOsurface byoctadecyltrichlorosilane(OTS). This
observation could have significant implications in exploiting the potential of such devices
for chemicaland biological sensing.
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CHAPTER 1

INTRODUCTION

In the past five decades, there has been a nearly constant exponential growth in
the capabilities of silicebased microelectronics, as summarized in the Moore’s law [1].
However it is unlikely that these advances will continue much into the next decade,
because fundamental physical limitations, which prevent current designs from
functioning reliably at nanometer scale, will be reached while at the same time
exponentiallyrising fabrication costvill make it impossible to raise the integration level.
Molecular electronics [2, 3] can in principle overcome these limitations of silicon
technology, because it is possible to have singhkecule device that are organized at
much lower cost in parallddy seltassembly techniques. Much effort in this area has
been focused on organic molecules as device elements, with recent demonstrations of
irreversible switches [4] and large negative differential resistance [5] for ensemble of
molecules sandwiched beten metal electrodes and singhlecule transistors [6].
However, the connection of molecular switching elements to interconnecting wires that
will be required for higkdensity integration and the function of such structure remains a
substantial challenge

Nanometer diameter singlgalled carbon nanotubes (SWCNTSs) exhibit unique
electronic, mechanical, and chemical properties, which makes them promising building
blocks for molecular electronics [7, 8]. Depending on diameter and helicity, SWCNTs
can behavas onedimensional metal or semiconductor [9].

SWCNTSs are quasi onelimensional material made af-hybridized carbon
networks andthey have been a subject ektensive studyince the discoveryin
particular, the electronic structure of single SWCNT een studied theoreticalf0],



which predicted thad SWCNT becomes either metallic or semiconducting depending on
its chiral vector, i.e., boundary conditions in circumference direction. These predictions
have been confirmed by Raman experiments [bd] direct measurements of local
density of states by scanning tunneling microscope (STM)1J4]1 Such novel properties

of SWCNTs allow us to envision a generation of new SW{DE3ed electrical devices.
Electronic devices constructed from SWCNTs and mndtled carbon nanotubes
(MWCNTSs) show remarkable behavidndividual SWCNE canfunction as conducting

wires [13 14], field effect transistorgl5] or singleelectron tunneling transistors, and
combination of nanotubes can be used to build a recfif@r or complex terminal
devices[17]. Although difficulties remain in singiSWCNT devices, largely owing to

the difficulties in achieving electrical contact to individual molecules at large scale, such
devices made with conventional lithography have tatdd extraordinary performance
superior to that of Si technology. Perhaps the most persistent bottleneck for commercial
applications of SWCNT devices is the lack of a mass production method of SWCNT
based circuits. Since high quality SWCNTs are usualiyhggized in powder form,
individual SWCNTs have to be "picked up" and "assembled" onto the substrate to build
functional devices. Although using conventional microfabrication techsicgreall
number of SWCNTs can be positioned very precisely, the teehisgoot suitable for
precise alignment of large number of SWCNTs. There are many other reported efforts to
make SWCNT junctions but most of them are slow serial patterning methods and in cases
of possible largescale strategy they depend upon externalefarlike in a flow cell or
electric field, which limit the extent of ppcability of the processes [187]. Another
strategy that has been explored extensively is growing SWCNTs from catalysike parti
patterns [2830]. However, it remains difficult tocontrol the growth direction of
individual SWCNTSs.

Inspired by the seldssembly of biological systems we take a different approach
to align SWCNTs. We have demonstrated a botipntechniquei.e., a fast, parallel, and
costeffective method of largecaé assembly of nanostructures such as SWCNTSs, to
align SWCNTs on chemically functionalized sefithte substrate. In this process we
assemble millions of individual SWCNTs and SWCNdsed circuit structures on

molecularly templated soliGubstrates with aigh yield [3]]. Significantly, since this



method can be done in a completely parallel manner, it is suitable foethiniglghput
commercial and academic applications.

In this process, specific regions on the substrate are first functionalized with
certainchemical groups (polar molecules) that can attract SWCNTs from the suspension,
and the remaining surface area is passivated with inert grouppdl@anmolecules) to
avoid unwanted SWCNTs adhesiohe surface functionalization and passivation is
done by patterning selfassembled monolayers (SAMon the substrate via direct
patterning methods such as -gipn nanolithography (DPN) and microcontpdnting
and backfilling the remaining area with second molecular species. Finally, the patterned
substrate isplaced in a SWCNT suspension for ~10 seconds so that SWCNTs are
attracted by the functional groups on the molecular patterns and assembled onto the
desired location with precise orientatidn.this assembly process we are able to control
the density of SWENTs over molecular patterns using proper concentration of SWCNT
and we also are able to deposit a single SWCNT in each micron size molecular pattern
and across prpatterned electrodes with very high yiellccording to prewus reports
[32] there is someCoulombic interaction between CNT and the amine group, we
therefore first experimented with polar molecules with the amine group. Later we tried a
number of molecules with different functional groups, all of them yield good alignment
of SWCNTs on patternd surface with some variation in the density of the aligned
SWCNTs. Comparative experiments were carried out to study the relative binding ability
of these different polar molecules.

Further, we observed that SWCNT can be aligned on bare Au surfaces withou
use of any polar molecules. In this case, we patterned the Au film only withir@KT
nonpolar molecules and after immersing the patterned substrate in a SWCNT
suspensign'SWCNTs was found to assemble only over the Au surface in between SAM
patters of the CNTinert molecules. Inspired by this result, we also performed
experiments aligning SWCNTs on nanand micrescale patterns of Au nanoparticles,
with similar results as on Au films. Since electrical contact between the CNT and the
metal electrods is a very important issue in Thbased electrical junctions [B3n this
new assembly process the elimination of organic molecules betweemrttieclactrode

and the SWCNT magffect better electrical conduction in the GRadsed electronics.



To diredly demonstrate the efficacy dhe templated assembly method for the
construction of SWCN-based electronic devices we have fabricated and characterized
individual SWCNTFETs with this technique. We began with a Si/Si€ubstrate in
which the heavily domeSi acted as the gate and the S&3 the dielectric layer. Using an
ODT template on the Ti/Au or Ti/Pd sourdeain electrodes and octadecyltrichlorosilane
(OTS) passivation of Sig) one or a few SWCNTs were assembled across the source and
drain electrods to form an FET. Electrical measurements revealed that the FET
characteristics of these devices were comparable to those SWERNS made by
conventional lithography. Most importantly, we observed a large suppression and in
some cases complete absencé¢hef weltreported hysteretieffects in the FET-V data
[34]. The presence of hysteresis iV lhas been a persistent obstacle for the applications
of SWCNTFET as chemical and biological sensors. Our results represent a major step
forward in resolving tis problem.

The binding mechanism of SWCNTs in the assembly process is not yet
understood. SWCNTs can be aligned over most of the polar molecules we have tried,
over bare Au surface, and over patterns of Au nanoparticles. Therefore, the interaction
between the polar molecules and SWCNTSs is not the only factor responsible for the
alignment of SWCNTSs. In fact, the common factor present in all of the above assembly
processes was the presence of-palar molecules. To explore the ability of noolar
molecules to block the adhesion of SWCNT from solution, we examined the assembly of
SWCNTs on noipolar SAMs with varying degree of Au coverage. The substrates were
created by depositing Au, using thermal evaporation, over hybrigppaianpolar SAM
patterns. Ovethe norpolar SAM regions, Au forms clusters up to a certain thickness
whose coverage increases with the Au thickness. We observed no SWCNT attachment on
the nompolar SAM even when the Au coverage is significant but incomplete. Strong
adhesion of SWCNTss observed only when the coverage of thepalar SAM by Au
is almost complete. These results indicate that thepalam molecules play an active role
in the alignment of SWCNTSs on polar/apalar and Au/noipolar hybrid structures.

The formation of Auclusters in the nepolar regions of a hybrid SAM pattern is
an interesting observation in its own right. Metal deposition on organic molecule SAMs,

polar or norpolar, has been studied extensively in the context of molecular electronics.



Previous resultsndicate that the deposition of metals on polar SAM always results in
uniform growth but in case of ngolar SAM the reportkresults are not consistent [35
We have carriedout a systematic study of metal film growth on SAMs with thermal
evaporation ofmetals such as Au, Cr, Al, Ti and sputtering of permalloysfiii). A
series of experiments showed single SAM patterns, both polar angblaonand for
relative large (>@nm) hybrid SAM patterns of polar and rpaolar molecules, the metals
were found togrow uniformlyon both polar and negpolar SAM regions. In contrast, for
hybrid polar/nofpolar SAM structures with small dimensions the metals form clusters on
the nompolar SAM regions and uniform growth in the polar regions. Although the
mechanism behind the contrasting growth modes on polar angof@nSAMS in smail
scale hybrid structures is not yet understood, this is yet another system which
demonstrate the intrigung physical phenomena occurring at the interface of -stdite
and organic materials at smadtales. Moreover, the results mée utilized for
nanostructure fabrication such as templated growth of metal nanowires.

The organization of the dissertation as follows: | will first set the stage by
introducing the basic concepts of safsembled monolayersdathe patterning methods
of SAM. A brief introduction of SWCNZis also included. The remainder thie thesis is
divided into two parts according to ¢hresearch themes. The first part will describe the
surfacetemplated assembly process. It will focus on the assembly/alignment of SWCNTs
using hybrid structures of polar/npolar SAMs, metal/nepolar SAM, and Au
nanoparticle arrays. In the next sectidnwill present the electronic properties of
SWCNT devices constructeii surface templated assembly.



CHAPTER 2

SELF-ASSEMBLED M ONOLAYERS AND CARBON NANOTUBES

2.1 SeltAssembled Monolayers

The inherent chemical, physical, and thedgmamic properties of molecules can
be exploited as a facile means to fabricate and control surface at the molecular level using
selfassembly techniques. S@fsembly is a natural phenomenon that can be observed in
many biological, chemal, and physiclprocesses [36, 37This method has recently
been explored as a way to produce supramolecular assemblies in a straightforward
manner and has been strategically manipulated to feanometescale structures [38
42]. Specifically, when certain moleculeme in contact with a solid surface, the
molecules will form a densely packed, naturally uniform monolayer on the solid surface
via chemical reactions between the functional groups of the molecules and the active
atoms of the solid surface. Such sssembed monolayers (SAMs) are now widely used
in a variety of fields such as corrosion inhibition, surface modification, amd negently,
nanofabrication [4B

The most commonly studied and thoroughly characterized systems are the
alkanethiolate SAMs on Aurge they form highly ordered stable two dimensional films
with ease on atomicallffat Au (111) surfaces, (Fig-D) [42, 44, 4% These SAMs have
been extensively characterized at the macroscopic and microscopic levels and much is
known about their physal and chemical characteristics as well as kinetic and
thermodynamic information alit their adsorption [4@8]. Alkanethiolate SAMs form

spontaneously on Au surfaces through chemisorptions of the S (sulfur) head group to the



Figure 2.1 Schematic representation eflkanethiol SAMon Au.
Black- Carbon, Graydydrogen, Light Blue Sulfur, YellowGold

Au surface. This process is assumed to occur with the loss of dihydrogen by the cleavage
of the SH bond. The sulfur atms bonded to the Au surface bring the alkyl chains into
close contact: these contacts freeze out configurational entropy and lead to an ordered
structure. The formation of SAMs is characterized by an initial fast adsorption process
that occurs in first seval seconds to minutes after exposure of the Au surface to the
solution of the alkanethiol molecules. This is followed by a slower adsorption/desorption
process of the molecules in solution which controls the structures of the SAMs and is
particularly uséul in the study of 2D lattice formation of SAMs on Au (111) surface. The
structure and properties of the SAM of alkanethiolate binding on Au surface have been
extensively investigated using a number of techniquesasiclontact angle measurement
[49], elipsometery [®)], infrared [5l], Raman [2], X-Ray photoelectron spectroscopy

[53], electrochemistry [8], scanning tunneling microscopy (STM)5[5and atomic force

microscopy (AFM) [®]. As a result, it is generally accepted that sulfur atoms form an



over layerin SAM. Recent STM studies show that these systems are heterogeneous and
structurally complex: the alkyl chains may form a “superlattice” at the surface of the
monolayer, that is, a lattice with a symmetry and dimension different from that of the
urderlying hexagonal téce formed by sulfur atoms [$.7

The monolayers interact on the surface through van der Waals forces that occur
amongst adjacent chains. The origin of the stability of SAMs is thus two fold: the
covalent SAu bond (~ 44 kcal/mol) andttractive van der Waals forces between the
chains. These interactions stabilize the SAM on the surface and lead to the formation of
the densehlpacked, well ordered monolayers. For alkyl chains up to approximately 20
carbon atoms, the degree of inter@tsi in SAM increases with the density of molecules
on the surface and length of the alkyl backbone.

Although the Atthiol systems areht most extensively studied SAMhiol can
form SAMs on other metals and semiconducting surfaces, such as Cu, Agnth8aAs
[36-38]. Further, thiol is not the onljiead group which form SAMnN solid surfaces, a
host of molecules that form SAdvbn various substrates are listed in Table 1. Specific
binding groups can be chosen depending on the substrate. By deposgmgniiecules,
one can completely change the chemical properties of the surface to that of end groups.
Various end groups can be used for specific applications, for example, one can even use
specific sequence of DNA or protein as end groups to achieveytartiunctionalities.

Since their discovery, SAMhave become ubiquitous in the scientific research
community because of many applications for which they are suited. SAMs have been
extensively used as model organic films from which information aboutngyedid
adhesion process and interfacial physical and chémicgerties can be acquired [58
59. In addition, SAMs have been used as a facile means to fabricateotwibree
dimensional network with controlled geetries that have the potentifdr diverse
chemical applications {62], such as stable support for cell and-bmlecule adhesion
[63-66], as organic etch resists7,663], as unconventional electronic device components

[69-74], and in the directed assembly of nastouctures using moleculegcognition B1,

75.



Table 1. Selfassembled monolayer molecules on different substrates.

Molecular species | Substrate | Example molecules References
RSH, ArSH Au CioH2sSH, GHsSH, 4PySH 21-23
Ag CigHs7SH, GHsSH 24,25
Cu CsFsSH, GoH2:SH, GH17SH 26-28
GaAs CisH37SH 29
InP CisH37SH, GH1:SH 30,31
RSSR Au (CorHis)eS, (CiHao)S 32,33
(disulfides) [CH3(CH,)15S]:
RSR Au [CH3(CH.)e].S 34,35
(Sulfides) CHs(CH,)1:S(CH)1{COH
RSOH Au CeHs-SO2H 36
RsP Au (CsH)aP 37
RNC Pt (CsHe)Fe(GHs)-(CH,)1,-NC 38
RSIC}k Si02 C10SICk, C,,SiCk, C6SiCh 3941
RSI(OR); glass CH, = CHCH,SIC},
C12H,5SICh
(RCOO0) Si/SiH [CH3(CH,).,.COO}L 42
[CH3(CH,).sCOOL
RCH=CH Si/SiH [CH3(CH,).sCH = CH 43
[CH5(CH,);CH = CH
RLi, RMgX Si/S-Cl C4HoLi, CigHs-Li 44
CsHsMgX, CioHasMgX X = Br, Cl
RCOOH Metal C,5H3,COOH, 45, 46
oxides H,C=CH(CH);sCOOH
CH;(CH,)MOGHsCOOH  m =19
RCONHOH Metal CHs(CH,) ;sCONHOH 47
oxides HO(CH,)sCONHOH
RPQH, ZrO, Zr(OsPCHCH,COOH) 48
IN,05/SNG; RPQH, (CsHe)Fe(GHs)(CH,)e-POH, 49

Note: See referen@O for references in the table.




2.2 Suface Patterning with SelfAssembled Monolayers

SAMs can be patterned down to nanometer scale over diffenetal and
semiconductosurfaces The most common are two direct deposition methods: (1) dip
pen nanolithography (DPN) and (2) miazontact printing (LCP). DPN utilizes an AFM
tip as a nanescale pen to deposit organic molecular substances onto the solid substrate,
with nanomete resolution, and its basic idea is similar to thodtits macrescale
counterparithe quill pen. The microcontact printing method utilizes micron and
submicron meter scale stamp to print general organic molecules on solid surfaces. These
two different praesses, LCP and DPN, are extensively in use to pattern the surface with
organic molecules and other naswuctures like protein and DNA. Because of the
surface oxidation occurring on most metals and polymerization of most of the molecules
(used for SI/SiQ surface) it is easiest to handle SAMs on Au surfaces, which is why

thiok Au SAM patterning is most commonly practiced.

2.2.1 Dip-Pen Nanolithography

The DPN process i\ relatively new direct depositiotechnique that was
developed in Mirkin's lab alorthwestern Universityn 1998 [B]. It utilizes an AFM tip
as anano-scalepen molecular substances i, and solid substrate aaper Figure 2.2
shows the basic mechanism of DPN as well as the approximate dimensions of commonly
used pen and ink nemules. When the molecut®ated tip is in contact with the substrate,
molecules diffuse out onto the substrate, chemically anchor to the surface, and ferm well
ordered SAM patterns. Under ambient conditions, water condenses at the AFM
tip/substrate junatn and effects the molecular diffusion. Like masoale quill pens, the
molecular ink coating on the tip surface works as an ink reservoir. A number of variables
including relative humidity, temperature, and tip speed can be adjusted to control the ink
transport rate, feature size alime width

10
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Figure 2.2 (a) Schematic diagranof dip-pen nanolithography.(b) Nanoscale
“greetings” written via digpen nanolithography. The letters are written with- 16
mercaptohexadecanagcid on amorphous Au surface.

Figure 22b shows an example of patterns generated via DPN: the patterns were
written in 16 mercaptohexadecanoic acid (MHA) on amorphous Au substrate. With the
help of automated lithography software, one can directly nirtorganic molecule

patterns from the PC onto solid substrate like-jetkprinters printing out graphics on

paper.

2.2.1.1Molecular Ink . Various types of organic molecules have besed for DPN
experiments. Most commonly used organic molecules for8iAlyls onsubstrate are
shown in Figure2.3. These molecules comprise of three different parts: (1) a
chemisorbing group, (2) an end group, and (3) a spacer (inert part). When these
molecules are deposited on a proper substrate, they chemically ancherstidtrate

and form well ordered stable crystalline monolayer film with thickness range from 1nm
to 10 nm. Table 1 shows the molecules that form SAM on various subsaaescific
binding group can be chosen depending on the subdiisteally, it is pssible to deposit

molecules via DPN if the molecules have large diffusion constant and affinity to the
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substrateVarious molecular species that have been utilized in the DPN process are listed

in Table 2.

Table 2. Organic molecular ink tested via DPN

Substrat| Molecules Binding Examples Ref.
e
Au alkanethiols RSAu CH3(CH,)17SH, [6-10]
HS(CH,);s:COOH
Au thiol modified DNA | RSAu 5-HS(CH,)s-CAC GAC [55b]
GTT GTA AAA CGA
AGG CCAG3
Au Thiol modified| RS Au thiol modified collagen [20]
proteins
Sio, DNA Covalent bond | 5-HS(CH,);s-CAC  AAA | [59]
ACG GGG GGG &°
Si, SiIQ, | Inorganic precursor | SFO-metal SnCland P23, AlCkand p | [19]
bonding 123
Glass Dye molecules Ven dar Waals | rhodamine 6G (R6G) [18]
Glass protein Chemical bond | CysaxoniRl on  silane| [18]
modified surfaces
Glass polymers Hydrogen bond PAA and PAM [18]
or electrostatic PAA, PAH, and SPS
interaction
Si metal Electric field| H,PtC} [13]
induced
chemical
reaction
Mica water capillary force | H,O [60]
SIO, Conducting polymer | Electrostatic DETA [61]
interaction

Note: See reference &b the references in the table.
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Figure 2.3 (a) Sefassembled monolayer molecules. (b) Alkanethiols on Au (111).

2.2.1.2Molecular Coating. SinceDPN relieson molecular ink coating orhe tip surface
as an ink supplyink loading on the AFM tip surface is critical for reliable DPN writing.
For reliable ink loading, one should consider the surface chemistry of AFM tips. When
the AFM tip is coated from solutioof molecular ink, the amount of loaded ink is
determined by the adhesion properties of solvent molecules. Even though sNaam8i
Si surface are hydrophilic, the AFM tip surface becomes hydrophobic after a couple of
days of air exposure because ofboar contamination. In case of Rpalar solvent, one
can use commercial AFM spwithout special treatment. However, many-bmmlecules
can be dissolved only in polar solvent like water. For stable ink loading of those
molecules, tip surface treatment exjuired.

Molecular coating can be achieved via solution or vapor coating methods.

Solution coating is similar to dipping maesoale pens in ink solution. In this method,

13



the solution of a desired molecular species is first prepared utilizing a propentsolv
Then, the AFM tip is dipped into the solution for a short period of time (e.g., ~30 sec)
and excess molecular ink is blown dry by clean nitrogen gas. In case -of 16
merceptohexadecanoic acid, the AFM tip is usually dipped in 1mM solution in
acetonitrie for ~30 sec. Molecules with a higher vapor pressure (e.g. Octadecanethiol
etc.) can be coated via the vapor coating method. In this method, AFM tip and molecules
are placed together in a small closed vessel and the vessel is heated to vaporize the
molecuar species. When the vessel is cooled down, the vaporized molecules are
adsorbed on the AFM tip surface and a thin molecular layer is formed. Reliable coating

of organic molecules on the AFM tip is one of the keys for successful DPN writing.

2.2.1.3DPN Writing. Once the tipcoating is completed, one can create complicated soft
nanostructure patterns on a solid surface by putting the AFM tip in direct contact with the
substrate. Since the DPN writing is driven by natural thermal diffusion of molecdes, th
contact force does not affect the deposition rate of molecular inks much. In this case, a
smaller contact force is preferred to avoid any accidental damage on the substrate due to
access force. In actual DPN writing, the AFM tip is operated in a contade with a
contact force of ~1nN and the tip is moved along the substrate to direct the deposition of
molecular species onto the desired region. Finally the patterned surface can be imaged
and tested with molecule coated AFM tip. Since the moleculamgoati the AFM tip is

very thin, one can still image the surface patterns with the molecule coated AFM tip. The
most common method for imaging thin molecular patterns is lateral force microscopy
(LFM) in contact mode or phase imaging in fuomtact mode. LM measures the tip
bending due to the frictional force, while phase imaging measures phase shift of the tip
oscillation caused by the attractive forces between the AFM tip and molecular patterns.
Since frictional forces also originate from the attractireefs, both techniques are, in

fact, utilizing the attractive force map to characterize the molecular patterns. The
capillary force is larger than any other attractive force at least by an order of magnitude.
Since the magnitude of the capillary force degee on the hydrophobicity of the tip and
surface, LFM or phase images under ambient conditions simply measure the

hydrophobicity of the molecular patterns.
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To apply the DPN process for practical lithography applications,neeels tde
able to predict thdinal shapes of the molecular patterrnigslespecially crucial to predict
the size of the two basic patterns, “dots” and “lines”, as all the complicated patterns can
be generated by the combination of these two basic patterns. If deposited moleoules for
SAMs with uniform density, the total number of deposited molecules is proportional to
the area of the molecular patterns. Utilizing the assumption of “constant deposition rate”
which has been experimentally proved in many cases, a simple empiricabegaatibe

utilized to characterize the DPN generated patterns,

where C is a constant called deposition rate.

From a practical point of view, this equation implies that if the deposition
constant C is measured once, one catipely predict the pattern size with known
contact time. For example, for dot patterns, area Z (Rx t, which predicts the radius
of the dot,

R= 2 ..................................................................................................... (22) .....
Y
For line patterns, A= WL = C x t where W and L are the width and length diniae

respectively, resulting in

C C
4 2:3)---
% Speed 2:3)

C can be eagilmeasured by simple test experiment befotiee actual DPN patterning
Once C is measured, one can generate “dot” and “line* patterns of desired size by
controlling the contactime and tip sweeping speed. Combining them, one can create

more complicated patterns with high precision.

2.2.2 Micro -Contact Printing

The micrecontact printing method was first developed by Kumar &vhitesides
at Harvard Universityn 1993 [77. In this method, soft micrometescale stamps made of
poly (dimethylsiloxane) (PDMS) are utilized to deposit organic molecules onto solid

substrate via direct contact much like mastale printing techniques (Fig.4a). Since
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micro-contact printing is agpallel printing method, it can pattern a large surface area
very quickly (Fig. 2.4b). Stamping methods have demonstrated ~35 nm resolution with
thiol molecules on Au surface8}. However, since the stamps amnade of soft polymers
materials, the bendingf stamps due to swelling of solvent molecules or external pressure
is one of the major factors limiting its resolution. In typical applications, the microcontact
printing method has been utilized to pattern large area patterns efficiently with a micro

or sub-micrometer scale resolution.

2.2.2.1Procedure to Make Stamp. Figure 2.5 shows the basic procedure for stamp
fabrication. The first step is the preparation of a template. The template can be virtually
anything with structures, such as TEM grid andtqtesist patterns on SpGsurface.
Then, PDMS elastomer mixed with a curing agent is poured onto the template and is
heated up to 6€ until the PDMS solidifies. Once the PDMS is cured, it is separated
from the template and can be utilized repeatedlyefmsit organic molecules onto a
Substrate.

One key condition to obtain a good stamp is that the template should not have any
undercut structures. If there are significant undercut structures as depictgdrenZ5Db,
it is difficult to separate the starapfrom the template after the curing process. For
example, developed photoresist layer patterns can be good templates because they do not
have undercut structures, while etched S&Dbstrate are typically not good templates
because wet etching often rdsuh significant undercut.

A fabricated stamp surface can be coated with molecules from a solution. For
reliable stamping, good adhesion of ink molecules on the surface is very important. In the
air, the stamp surface usually remains hydrophobic makisgitdble for molecular inks

based on nepolar solvent. Additional treatment is required for stamping of wadeed
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Figure 2.4 (a) Schematic diagram of théasiping procedure. (b)-Octadecanethiol
patterns on Au surfaagenerated via microcontact printing.

17



=
s S R

Good Template Pouring Elastomer Separation

-

Wrung Tem plale

Figure 2.5 Stamp fabrication process with (a) a good template and (b) a bad template.

molecular solution. A common method for stamp surface modification is plasma cleaning.
Plasna cleaning created hydroxylQH) group on the surface, and desired functionality
can be achieved by attaching molecules with silyl chloride group. Once a good molecular
coating is achieved, one can generate sutrometer scale patterns simply by appiyin

the coated stamp to the solid surface.

2.2.2.2 Deposition Mechanisms The detaileddeposition mectanism of nCP is well
descibed in Ref. 79]. The major deposition mechanism for microcontact prinsng i
direct contact (Fig Ba) However, othedeposition routes are alsbserved: as depicted
in Figure 26, (b) for diffusion and (c)for vaporization.

Direct comact is the major deposition mechanism in the stamping process. A key
for successful direct contact is uniform coating of molecules on the stamp surface. In
most cases, molecular ink is coated from solution. It is desirable to make the stamp
surface favorble to the “solvent”. Another key parameter of stamping is the reaction

speed of the organic molecules with the surface. The reaction speed varies depending on
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the type of molecules and the environment. For air sensitive molecules, it is required to

do thestamping under controlled environment such as a nitrbiggghglove box.

Stamp
I { c I |
(=) 4 A-Jt]b ll |

I Substrate

Figure 26 Deposition routesn micro-contact printing (a) direct contact, (b) diffusion,
and (c) vaporization.

An alternative depositiorpath is the diffusion of molecules on the substrate.
Unlike DPN in which diffusion is the major deposition mechanism, the surface diffusion
is not a favorable phenomenon in the stamping method because it increases the pattern
size and often results in umgatictable pattern shapes. The equation describing the
diffusion results in the stamping method is also quite different from the DPN experiment.
For a line pattern with a fixed length L, the width W of the stamped patterns is
proportional to log t, where is the contact time. This implies that the deposition rate of
molecules in the stamping is proportional to 1/t, while in DPN procesknehevidth is
proportional to the total contact time since the deposition rate of molecules is almost
constant. This éference comes from different boundary conditions, especially the
different shapes of the deposition region in each process.

Another pathof deposition is vapor deposition. Some volatile molecules can be
vaporized and directly deposited onto the substrdteis is another undesirable
phenomenon in both stamping and DPN writing.

DPN and micrecontact printing are two complementary methods which allow
one to pattern soft nanostructures on solid substrates. DPN is suitable fescasnbigh

resolution pattering with precise alignment. Since DPN can directly print out revade
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soft material patterns without intermediate processing step, the time required from pattern
design to realization can be extremely short. It is an ideal tool for rapid prototyping of
nanoscale devices. On the other hand, the preparation of microcontact stamps takes a
long time. However, once stamps are made, they can be utilized to pattern very large
surface in a parallel fashion very quickly. Microcontact printing is an ideal choice

pattern large surface area with a suirro-scale resolution.

2.3 Surface-Templated Assembly

Surfacetemplated assembly is an assembly method based on the interaction
forces existing between the molecules on the solid surface and the target esolecul
this method, the desired regions on a solid substrate is first coated with organic molecules
with specific chemical functional groups, and then the substrate is placed in the solution
of target molecules (or nanostructured components such as naiepananowires, or
CNTSs). Due to the specific attractive forces between the chemical functional group on the
surface and molecules in the solution, the assembly of molecules (or nanostructures) from
the solution is directed only onto the functionalizegion of the surface. This bottemp
scheme is especially useful in rapid, eelfective mass production of devices from
prefabricated naneomponents.

Figure 27 shows a schematic diagram, depicting the basic concepts of "surface
templated" glso often called "directed") strategy of SWCNT assembly. The general
principles described here are applicable for the assembly of other nanostructured
components as well. First, metal electrodes or other substrate structures are prepared via
conventional mim-fabrication processes (Fig.7a). Then, specific regions on the
substrate are functionalized with certain chemical functional groups that can attract
SWCNTs from its suspension, and the remaining surface area is passivated with chemical
groups that do not a#tct SWCNTSs to avoid unwanted SWCNT adbegFig. 27b). The
surface functionalization and passivation can be done by directly depositing the first
molecular species onto specific regions of the substrateD#AN or micro contact

printing (discussed previgsly), and backfilling the remaining
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Figure 2.7 Schematic diagram of directed assembly of CNT via sutiEmglated
process. (a) Micrdabrication of electrode (b) surface functionalization with SAMs, and
(c) assembly o€NTs due to molecularecognition.
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area with second molecular species, as both of the molecular compounds can form a
SAM on the substrate surface. FipsWCNTs will be assembled onttesired locations
when the substrate wasrmersed ira SWONT solution (Fig.27c).

In our experiments, we utilized DPN to create namw micrometer sized
molecular patterns oérbitrary shapefor initial process development and the micro
contact printing method to pattern large surface area with micrometer scale molecular
patterns. The SAM molecular patterns used to align SWCNTs are also widely used
ingredients for molecular electronics. So this assembly process will be compatible with
all the developments in molecular electronics using organic molecules. In this assembly
scheme, the SWCNS could be used directly as the central device component, as in
SWCNT-FET, or as interconnects with organic molecules and gibtmtialmolecular

electronics components such as DNA in integrated circuits.

2.4 Single-Walled Carbon Nanotubes

Carbon nanotube tubes (CNTwkere discovered and inttaced to the world by
lijima [81-83] fourteen years agd.he first experimental identification in 1991 ©@NTs
was on multwalled CNTs [84. Since then muchas been said, writtediscussednd
fantasizedabout tle science and applications of this unique class of nanostrudiutes.
family of CNTs, SWCNTsare perhaps the mosmportant in the field of electronics and
material sciences becausettodir unique electrical and mechanical propestie

Carbon nanotubes represent one of the best examples of novel nanostructures
derived bythe bottomup chemical synthesis approach. Nanotubes have the simplest
chemical composition and atomic bonding configuration but exhibit perhaps the most
extreme divesity and richness among nanomaterials in structures and structure property
relations. In terms of mechanical properties, SWERE among the strongest and most
resilient materials known to exist in nature. A nanotube has a Young’'s modulus of 1.2
TPa andtensile strengthimaximum ~100GPagabout a hundred times higher than steel

and cantoleratehigh strains before mechanical failure [85]
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2.4.1 Structure and Electrical Properties of SWCNTs

Carbonbased materials, clusters, and molecules are uniquany ways. One
distinction relates to the many possible configurations of the electronic states of a carbon
atom, which is known as the hybridization of atomic orbitals and relates to the bonding of
a carbon atom to its nearest neighbors. Since the enifigyece between the upp2p
energy levels and the low2s level in carbon is small compared with the binding energy
of the chemical bonds, the electronic wave functions for these four electrons can readily
mix with each other, thereby changing the petion of the2s and three2p atomic
orbital so as to enhance the binding energy of the carbon atom with its neighboring atoms.
Various bonding states are connected with certain structural arrangements, sp that
bonding gives rise to chain structursg, bonding to planastructures andp® bonding to
tetrahedral structures. One qaioturethe structure cd SWCNT from the rolled

C=5+4b

Figure 2.8 Schematicdiagramof the honeycomb lattice structure of grapheaed the
makingof aSWCNT. a)C represents a chiral vector of a (5, 4) SWCNBndb are real
space unitvectos. b) SWCNT fomation by rolling a graphea sheet and putting
fullerene at both ends.
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sheet of graphene with fullerenes attbends as showin the Figure B. Therefore we
can expect the planesp” bonding that is characteristic of graphite to play a significant
role in carbon nanotubes.

Most of the electrical properties of SWCNTs are characterized by a parameter

known as chiral vectorC (Fig. 2.8), which corresponds to a section of the nanotube

perpendicular to the nanotube axes (some time called equator of nanotube and whose

magnitude is the circumference tife carbon nanotube). The chiral vectﬁlr can be
expressed by the real space unit vectoandb of the hexagonal lattice of graphite (Fig
2.8)

CI; = ng + rrtl) = (n1m) ............................................................................ (2.4.)
where m and n are integers.

In Figure 2.8the chiral vector(liis (5, 4). Nanotube diameted, , and chiral

angleQ., can be represented in terms of m and n as follows

I
3 C
dt :[a°'6</n2+m2+nmzu .......................................................... (2.5.)
p p
€ ./3m u
QC = tan'léﬂu ............................................................................. (26).
g2n+ mg

Change in all these parameters can be explained by the rollitigeafraphene
sheet. Teoretical calculation§l0] have shown early on that the electrical properties of
the carbon nanotubes are very sensitive to their geionséructure. Although graphens
known aszeracgap semiconductotheoretical studies predicted thaSB®8VCNT becomg
either metallic or semiconducting depending on its chiral vector, i.e., boundary conditions
in circumference direction. These predictions have been confirmed by Raman
experiments [10] and direct measurements of local density of state by scanningigunnel
microscope (STM) [1R(Fig. 29).

The physics behind this sensitivity of the electronic properties of carbon
nanotubes to their structures can be understood within a band folding picture. It is due to
the unique band structure of a graphene sheet, whashstates crossing the Fermi level at
only 2 inequivalent points indspace, and to the quantization of the electron wave vector

along the circumferential direction. An isolated sheet of graphena &eregap
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semiconductor (Fig2.10). When forming a he, owing to the periodic boundary
conditions imposed in the circumferential direction, only certain set of k states of the
plana graphite sheet is allowed. If the tube axis is chosen to point in the y direction, the
energy as a function of k (i.e. thenlastructure) is a slice through the cofRry(2.109.

The tube then acts as @D1metal with a Fermi velocity that is similar to most metals.
However, if the tube axis poirg in different diretions, such as alongaxis, then the

band structure has afférent conic section. This typically results in a semiconductor 1
band structure Kig. 2.109. The bottom line is that a nanotube can beathe or

semiconductingdepending on how the tube is rolled up.

Figure 2.9 Realspace atomic structes of SWCNTs and correlating sttures with
electronic propertieas measured bysTM. (a) Atomically resolved (dots) STM image of

a 122 semiconducting tube in bundle. (b) Local density of states for a metallic (bottom
curve) and semiconductin¢op curve) SWCNrespectively [1P
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The generatules for the metallicity of the SWCNTs aas follows:

n-m_ Interger IMIELAUNIC «+ereereererrerseereemsersereneneeeessesseseessessessessensennes (2.7)

n-m

= Non- Interger SemICONAUCHIONG «+xwwererersrmrrsrrrnennies (2.8)

According to this condition, (n, n) tubeseametals; (n, m) tubes withnm=3;,
where j is nofzero integer, are very tingap semiconductors; and all otherelarge gap
semiconductors. Strictly within the baiiolding scheme, the rRm=3; tubes would be all
metals, but because of tube curvatufects, a tiny gap opens for the case where | is

nonzero. Hence SWCNIcomein three varieties: larggap, tinygap and zergap.

Figure 2.10a) Lattice structure ofyrapheneb) The energy othe conducting states in
graphea asa function of wave vector k, of the electron. ¢) Metallic SWCNT and its band
structure. d) Semiconducting SWCNT and its band structure.
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2.4.2 Band Structure and Density of State of SWCN3

Figure2.11 Shows the band structure and densitytaties of metallic (1010) and
semiconducting (10,0) SWCNT. Metallic SWCNE have zero band gap and

semiconductingWCNT hasa finite barml gap.

Band

G .
o \ O Semiconductor

1
(k) " p(dE/dK)

1D Electron

Band
\ O Metallic Nanotube

(Luttinger Liquid)

Figure 2.11 Band structur@and density of stated metallic and semiconducyg SWCNT.

2.5 Synthesisof SWCNTs

The first experimental identification in 1991 of carbon nanotwias on mulki

walled nanotubes [8 This report stimulated a large number of theoretical works on the
structure and properties of the silep and moe fundamental singlevalled carbon
nanotubes, one atomic layer in thickness in the radial direction. The experimental
discovery of SWCNTsin 1993 [&] further stimulatedgreat interesin this field, though,
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at first, small quantities of SWCNsTavailable dr research was a major obstacle for
systematic studies. These SWGQCNivere generally found along with much larger
concentration of amorphous carbon, carbon nanoparticles and other carbon based
materials. For these reasons most of the experimental stperémmed for the first
several years wermen multiwalled CNTs.

The first relatively largescale production of high quali§WCNTSs was achieved
by Smalley and coworkers usirtge laser ablation method TR Currently there are
severaldifferent techniquesto grow high quality pureSWCNTs: 1) arc discharge, 2)
laserfurnace, 3) bemical vapor depositiol88]. Nowadays, high quality pure SWCNTs

are readily available commercially.

2.6 Potential Applications

Carbon nanotubes have attracted thecy of manyscientists worlavide. The
small dimensions,extraordinarystrength and remarkable physical properties of these
structures make them a very unique material vathwhole range of promising
applications.

A decade after their discovery, the new knowledgdatlaiin this field indicates
that CNTs may be used im number of practical applications. There have been great
improvements in synthesis techniques, which can now produce reasonably pure
nanotubes in quite large quantity.

Nanotube can be opened and &l with materials such as biological molecules,
raising the psesibility of applications inbiotechnologysuch as targeted delivery of
biomaterials Because ofthe excellentelectrical and thermal conductivity they can be
used as interconnect while dissipat heat from tiny computer chip. The strength and
flexibility of carbon nanotubes makiem of potential use in controlling other nanoscale
structures, which suggested that thegpy have an important role in nanotechnology
engineering. Though it is debhta if large-scalenanotube materials can ever be made
with tensile strength approachinthat of individual tubes, composites may Yyield

incredible strength potentially sufficient to allow the building of such thing as space
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elevators, artificial musclesand ultrahighspeed flywheelsField emission display
(FEDs),giant magneiresisitance and superconductivitgve also been reportetD].

Because ofthe extraordinary electrical properties of SWCNg individual
SWCNTSs can work as conducting wires [123], field effect transistors []4or single
electron tunneling transistors, gas and bio sen8&is field emission displayf0], and
combination of nanotubes can be used to build a recfif8r or complex terminal
devices [16.

SWCNT devices have becoma long way, but how far they will go is anyone’s
guess. Clearly, they will be part of the scientific landscape for years to come as a model
system for studying physics at the nanometer scale.

Many commercial applications have also been proposed andl tésim
molecular electronics to sensirgor these real world applications we need to find ways
of successfully integrating them into existing microelectronic products and technology.
But if we mange to develop the technology to fabricate SWCNT of partitgyde, length
and diameter in a ctolled fashion-and to incorporate the tubes inlithographically
definedcircuits at particular places witifficiencies approaching 100%hen the sky is,
indeed, the limit.

While this is a challenging goal, thernppaar to be no fundamental barriers to
achieving it. A proper marriage of physics, chemistry and electrigahezring may be
up to the taskElectronics may begin to go the way of biology and use the carbon atom as

its backbone.
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CHAPTER 3

SURFACE-TEMPLATED ASSEMBLY OF SINGLE -WALLED
CARBON NANOTUBES

The novel and unique properties of SWCNTSs allow us to envision a generation of
new SWCNTbased electrical devices such as sensors and transistors with unprecedented
performance andessitivity [13, 14, 17, 9196]. As elaborated in the Introduction,
individual SWCNT devices have exhibited extraordinary properties suitablerasnt in
the next generation high performance integrated electronics. However, one major
bottleneck for indusial applications is the lack of a mass production method. Since high
qguality SWCNTs are usually synthesized in a powder form, individual SWCNTs have to
be "picked up" from the powder and "assembled” onto the substrate to build functional
devices. Howeverconventional microfabrication technique, which has been a workhorse
for modern semiconductor industries, is not suitable for such a-$aaje “assembly”
step. In previous reports, a small number of SW@id3ed junctions have been
successfully fabricate via various techniques §427]. However, since those methods
often utilized external forces such as electric field or flow cell to align SWCNTs and
relied on slow serial patterning methods such as elebgam lithography to fabricate
the device structas, they are tedious and high cost methods, and thus are not suitable for
mass production. Another strategy that has shown some success is growing SWCNTs
from predefined catalysis particle patterng{20]. The major deficiency in this method
is that itis very difficult to precisely control the growth direction of individual SWCNTs
at large scaleSmall number of devices has been made in this fashion; however, it is

difficult to imagine construction of complex largeale circuits in this manner.
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The sdt assembly technique is based on the molecular recognition process, which
provides a promising approach for constructing complex architectures from molecular
building blocks, such as SWCNTSs, bypassing the need for precise nanofabrication and
mechanical mapulations [¥] Biomolecules, with their inherent selfsembly
capabilities [8] are particularly attractive for this task. Biological recognition has been
imparted to SWCNTsOP] but their sefassembly into functional devices and circuits at
large scalehas not yet been demonstrated. Only recently has one gro@p [10
demonstrated DNAemplated assembly of single SWCNT field effect transistors.
Despite all the efforts, until now, the assembly ofdatple SWCNIbased circuits had
not been demonstrateal the best of our knowledge. We reported here first successful
assembly of millions of individual SWCNTs into regular arrays and SW®ohSed
junctions on the substrate with a high yield][3n this strategy termed “parallel surface
templated assembly”SWCNTs from a suspension are attracted toward molecular
patterns on the substrate and assemble onto specific locations with precise orientations.
Significantly, since the method does not rely on any external forces or slow serial
patterning technique, it cabe done in a completely parallel manner and is suitable for

high-throughput productions.

3.1 Challenges in DevelopingWCNT-Based Electronics

The following are two essential requirements for any leacge commercially
viable carbon nanotublgasecelectronics technology

1. The deposition of SWCNTs onto specific locations with specific orientations on
large scale with precise control.

2. Manipulation of SWCNTs according to their electronic properties. All known
preparative methods lead to paligpersed material of semiconducting,
semimetallic and metallic electronic types of SWCNTSs.

Many have attempted or proposed solutions to the first problem with methods
such as functionalization of the SWCNT surface, as discussed in the Introduction.
However, up untithis work, there had not been any successful report of precise large

scale assembly of SWCNTResearchers sometimes resorted to manipulating nanotubes
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one-by-one with the tip of an AFM in a painstaking, tioensuming fashion. Perhaps the
most promisingmethod up until this work was that carbon nanotubes can be grown
through a chemical vapor deposition process from patterned catalyst material on a wafer.
Though such a CVD process has been shown to allow a circuit designer to locate one end
of a nanotubethere is no obvious way to control where the other end goes as the
nanotube grows out of the catalyBased orcontrolled growth process using catalyst,

ore group proposed an architecture ®VCNT electronic circuits, in which CNT can be

used as intercarects and transista This proposed assembly process is shown in the
Figure 4.1. However, there remain several obvious insurmountable obstacles in this

scheme.

Figure 3.1 Proposed CNbased electronicsvhich should whstand a 1000 times higher
current densityhan Si microelectronicga) A single and (b) a parallel array of proposed
vertical coaxially gated CNTransistos, (c) a CNT-interconnect

We have developed, experimentally, a promising solution tor$tepfioblem [3]
by a surfacetemplated assembly process, in which we can precisely control the
orientation and location of SWCNTs onto a prepared substrate. In this priogs
SWCNT level precision has been achieved at large scale assembly of SWSING

quite large molecular patterns (as comgdoghediameter of SWCNS3).
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As for the solution to the second problem, four recent reports, using
dielectrophoresis, selective precipitation, -exthange chromatography, and
complexation/centrifugation [1( respectively, have provided exciting clues towards the
separation of metallic SWCNTM-SWCNT) andsemiconductinggWCNT (SSWCNT).
More recently, research groups at University of lllinois and Rice Universitg],[10
reported a selective reaction pathwiay SWCNTSs, in which chemical functionalization
is controlled by differences in the nanotube electronic structure; specifiddHy,
SWCNTs are more chemically reactive as compared 39WENTs. They reported that
the selective chemistry can be used as arsfvie route to separate, deposit, or
chemically link nanotubes of particular electronic structur@][1@lternatively, there has
been considerable progress in controlled preferential growthS-&WCNT, i.e.
controlling the phase purity of the CBlI{metalic versus semiconducting SWCHNTat
the time of growth [14].

These developments raise the hope the two major problems could be resolved in
the field of SWCNTbased electronic devices and large scale application of SWCNT
based electronics may become \éainl the near future. Below we describe in detail our

work in templated assembly of SWCBIT

3.2 Surface-TemplatedAssembly of SWCNTs

It is generally accepted that SWCNT is a chemically inert structure and to place
the SWCNTs at specific locations from SWCNT suspension they first need to be
chemically functionalized. Moreover, due to the chemical inertriesstionalization of
SWCNTs without damaging their surface is not possible. On the other hand, according to
some reported resultsgPthere existsa Coulombic interaction between SWCNTs and
the amine group. On the basis of this relatively weak long range attractive interaction we
thought that surfaceemplated process to align and assemble SWCNTSs could be achieved,
taking advantage of our abilitiés patterning organic molecules on a solid substrate.

Surfacetemplated assembly is a method based on the interactions existing
between the molecules on the solid surface and the target molecules. In this method,

desired region on the solid substrate istfcoated with organic molecules with specific
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chemical functional groups, such as the amine group for SWCNT assembly, and then the
substrate is placed in the solution of target molecules (or nanostructures like SWCNT).
Due to the specific attractive fadetween the chemical functional groups on the surface
and molecules in the solution, the assembly of molecules (or nanostructures) from the
solution is directed only onto the functionalized region of the surface.

Figure 3.2 shows a schematic diagram ey the basic concept of "surface
templated” SWCNT assembly strategy. First, metal electrodes or other structures are
prepared on the solid substrate via conventional microfabrication techniques
(photolithography and thin film deposition) (Fig. 3.2a).eihspecific regions on the
substrate are functionalized with molecule with certain chemical groups that can attract
SWCNTs from the suspension. These steps can be done in a matter of minutes using
parallel DPN [B] or micro-contact printing [77]. To avoid unwanted adhesion of
SWCNTs the remaining surface area is passivated with chemical groupsirf@iyTthat
do not attract SWCNTs (Fig. 3.2b). Finally, the patterned substrate is placed in the
SWCNT suspension for about 10 seconds so that SWCNTs are éssstadthe desired
locationswith preciseorientations(Fig. 3.2c). This whole proposed surfaeenplated
assembly process can be completed as fast as tionaémicrofabrication process, i.e.
the most time consuming step is the patterning of the edasr

Figure 3.2 Schematic diagram depictinghe basic concept of “surfacemplated”
SWCNT assembly strategy.a) Microfabrication of electrodes. b) Surface
funcfionalizationwith SAM. c) Assembly of SWCN7Via molecubr recognition.
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3.3 Substrate Preparation

The substrates we used in all of our experiments are amorphous thin film of Au/Ti
deposited on Si/Si@wafers. We used unpatterned Au films for process development and
electrode patterns with micr@zed gaps fo the fabrication of SWCNT electrical

junctions.

3.3.1 Au Film Preparation

The Au films were prepared in a commercial thermal evaporator (Edwards AUTO
306, base pressure 2x10orr). Before the deposition of the Au film (typically -28
nm), a Ti or € adhesion layer was deposited on a SifSs0Obstrate (0.5mm thick, Wafer
Services Inc.).The Ti or Cr adhesion layer allows one goow stable Aufilms on
virtually any solid surfaceNo further treatment of théwu film surfacewas performed
before puttig down theSAM. We always used fresh Au film (less than one week old)
for better binding of SAM.

3.3.2 Patterned Electrode Reparation

We have used electrode patterns of different shapes and sizes with minimum gap
size of 1um between electrodes. They wergneéel sing an optical lithography sgt
housed in a class 1000 clean room. We first cleane8it8&, substrate by sonicating it
in acetone and isopropanol for 3 minutes respectively. Then weccaiaed the
photoresist (AZ 5206, Clarion). After spamating we baked the sample at’@6for 30
minutes. We exposed the resisiated sample through a photo mask with desired patterns
using a UV light source and develop (developer AZ351) the exposed sample. For metal
electrodes we deposited Cr (Ti)/Au (3/7nm$ing thermal evaporation as described
above and finally, obtain the metal electrodes via liftoff in acetone. For electrode patterns
we always used thinner layers of Au and Cr (Ti) as in this way we were able to get

smoother and cleaner edges for the edeets after the lifbff process.
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3.4 Atomic Force Microscope Imaging

The atomic force microscopy (AFM) probes the surface of the sampleamith
atomically sharp tipthat is severalmicrons long The tip is located at the free end of a
cantilever thatsi 100 to 200 um long. Forces between the tip and the sample surface
cause the cantilever to bend, or deflect. A detector measures the cantilever deflection as
the tip is scanned over the sample or the sample is scanned under the tip. The measured
cantileve deflections allow a computer to generate a map of surface topography. In
contrast to scanning tunneling microscopy (STM), AFM can be used to study insulators
and semiconductors as well as electrical conductors.

Several forces typically contribute to tieflection of an AFM cantilever. The
force most commonly associated with atomic force microscopy is an interatomic force
called the van der Waals force. The dependence of the van der Waals force upon the
distance between the tip and the sample is showigure 3.3a

Two distanceegimes are labeled on Figure 3.3a, 1) the contact regime; and 2) the
norrcontact regime. In the contact regime, the cantilever is held less than a few
angstroms from the sample surface, and the interatomic force between tleseraatid
the sample is repulsive. In the poontact regime, the cantilever is held on the order of
tens to hundreds of angstroms from the sample surface, and the interatomic force between
the cantilever and sample is attractive (largely a result obtiggrdnge van der Waals

interactions). We used contact mode for most of our surface scans.

3.4.1 Lateral Force Microscopy (LFM)

Lateral force microscopy (LFM) measures the lateral deflections (twisting) of the
cantilever that arise from forces on tlentdever parallel to the plane of the sample
surface. LFM scans are useful for imaging variations in surface friction that can arise
from heterogeneities in surface material, and also for obtainingextynced images of
any surface. In our case, mostioé time the lengths of patterned molecules are the same
(or the difference is very small) thus it is very difficult or almost impossible to get any

height difference with conventional AFM imaging (topography signal). Since the
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patterned molecules alwaymve different functional groups, in suelsituation LFM is
the best way to check the patterning, taking advantage of different friction from different
functional groups. Topography and LFM are often combined to obtain optimal SAM

imaging.

a) b)

Figure 3.3(a) Inter atomic force versudistance. (b) Lateral deflection of the cantilever
from changes in surface friction (top) and from changes in slope (bottom).

As depicted in Figure 3.3b, lateral deflections of the cantilagually arise from
two sources: changes in surface friction and changes in slope. In the first case, the tip
may experience greater friction as it traverses some areas, causing the cantilever to twist
more strongly. In the second case, the cantilevey tmast when it encounters a steep
slope. To separate one effect from the other, LFM and AFM images should be collected
simultaneously.

LFM uses a positieeensitive photodetector to detect the deflection of the
cantilever, just as for AFM. The differende that for LFM, the detector also senses the
cantilever's twist, or lateral deflection. A properly engineered system can generate both

AFM and LFM data simultaneously.
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35 SelfAssembled Monolayer Patterning

To understand the interaction between SWCIdMd surface functional groups of
the SAM, we performed several control experiments by patterning different molecular
species on amorphous Au surface. Since high quality SAMs with various functional
groups can be easily prepared on Au surfaa@#\u is the most conveniensubstrate for
these control experiments. In our experiments, we utilized DPN and puCP to pattern SAM
on amorphous Au as described earlier.

DPN process was performed using a CP Research AFM system (Digital
Instrunrents) that is equipped witha lithography software (Nanolnk, Incy, closed loop
scanne temperature controller, aritumidity controller. For DPN, AFM tip ($h4) was
coated with different molecules, following th@oceduresdescribed earlier and in
literature BQ).

For micro-conta¢ printing, stamps of many different patterns, like lines,
rectangles, and dots with different pattern frequency and sizes, were fabricated via
microfabrication process following the procedure described earlier. uCP stamps were
made with Sylgard 184 (Dowad@hing) utilizing photoresist patterns o8i/SiO, substrate
as template. Once the stamps are ready, 2mM solution in ethanol, acetonitrile, or any
other suitable solvent are prepared and utilized for microcontact printing as described in
literature [1G].

3.6 SWCNT Suspension

Purified SWCNTs werepurchased from Carbon Nanotechnology, Idhe
SWCNT powder wasmixed with 1,2-dichlorobenzene (Fisher) and sonicated for 5
minutes to prepare the SWCNT suspension. We utilized two typical concentrations of
SWCNT sispensions in 1,2 dichlorobenzene: 1) high concentration of 0.2mg/ml; and 2)
low concentration of 0.02mg/ml or less. To further remove any impurities, which often
comes from magnetic catalyst nanoparticlasstrong magnet is placed near the

suspension anthe clean part of the suspension is extracted usipiget. For SWCNT
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assembly, the patterned surface was placed in the suspension usually for 10 seconds and

rinsed with clean 1;8ichlorobenzene at least three times immediately afterwards.

3.7 Resultsand Discussion

In previous reports, the "botteap" strategies have been applied to building
functional devices from various nanowire$,[24, 26]. However, these methods usually
have to rely on external forces such as flow cells or electric fieldotdrol the
orientations of the nanowires Here we demonstrate that, 1) the suréemplated
assembly alone can be utilized fmositionand align SWCNTs without any external
forces, and 2) the entire surfammplated assembly process can be dongarallel

manner with &ingle SWCNT level precision.

3.7.1 Alignment of Multiple SWCNTs

Since the direct patterning methods, DPN and pCP, allow us to deposit organic
molecules without compromising their chemical purity, we are able to reliably produce
high quality SAM patterns with a controllable affinity to SWCNTs. Here, we first
patterned the surface with the noolar molecule ODT (2mM in ethanol) using PDMS
stamp and baeckll the remaining area with the polar molecule, cysteamine (2mM in
ethanol) (Fig & a). We observed that the process with reverse order (stamping with
cysteamine and back filling with ODT) was not possible, as ODT, because of its high
binding ability, replaces cysteamine during backfilling. Next, the SAM patterned
substrate was immeidén the SWCNT suspension (0.2mg/ml in 1,2 diabl@nzene, as
described earlier) for ~1@sonds and rinsed thoroughly with clean-diéhlorobenzene
(Fig. 3.4b).The result with methylerminatedODT is especially striking (Fig. 3.4lz).

The SWCNT pattns on the cysteamine SAM show extremaBan edge definitionThe
high-resolution image shows some SWCNTs are even bent to stay inside the cysteamine

region (Fig. 3.4¢3.7).We first experimented witkysteamine, a polanolecule with
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/cysteamine

b) ¢)

Figure 3.4 SWCNTs assembledon molecular patterns of ODTWysteamine. a)LFM
image of patterns of ODT (dashrip9 and cysteamingright strips)SAM on Au surface

b) AFM contact force image of SWCNTassembled on cysteamimand ODT SAM
paterns on Au surface. c) High resolution AFM contact force image showing the sharp
boundary between cysteamifveith SWCNTS, lef) and ODTSAM (right) regions.

amine functional group because previously amine greNpl{) were reported to attract
SWCNTs via electrostatic interaction §2 We later found an extensive list of polar
molecular species that can attract SWGENMm suspension. The names (functional
groups) of such molecular species are cysteamine (aminghefidptohexadecanoic
acid (carboxyk acid) (MHA), 2mercaptoimidazole (nitrogen atom in aromatic ring)
(2MI), 4-mercaptopyridine  (nitrogen atom in aromatic ring) (4MPR-
mercaptopyrimidine (nitrogen atom in aromatic ring) (2MR3)mercaptel-hexanol
(hydroxyl) etc. Although we observedaththese molecules have different binding
abilities, all these molecules givdeanalignment of SWCNTs when patterned with a
nonpolar molecule (Fig. 3.5). In general, polar functional groups attract SWCNTs from
suspension very well, while ngolar grous (e.g. methyl groups in ODT) can

effectively block the adhesion of SWCNTSs. It should be noted that the functional groups
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that can attract SWCNTSs include thadet are potentially negatively (e.g. carboxylic
acid) or positively (e.g. amine) charged molesuEven though the exact form of this
attractive potential is yet to be explored, this result implies that interaction between the
SWCNTs and the surface functional groups originates from the polarization of surface
functional groups rather than theirtragatic charges. In addition, our results show that it

is the polarity of the working functional groups that dominates the attractiity edther

than other factors.

a) b)

Figure 35 SWCNTs assembledn molecular pattesnof ODT2MI. a) LFM image of
2MI patterns (darkstripg with assembled SWCNTand ODT SAM patterns (bright
stripg on Au surfaceb) High resolutionLFM image of SWCNTs assembled on 2MI
SAM without any SWCNTshowing the boundary between 2MI (center) @mIT SAM
(on bothsideg regions.

Figure 3.6 shows SWCMNTassembled onto a surface with two differgualar
molecular patterns. The density difference of SWCNT on two different polar molecular
patterns reflects the relative strength of the attractivee® between SWCNTs and
different presumablyfunctional groups. Another observation in this case is that the

SWCNTSs are clearly crossing the boundary of the molecular patterns.
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Figure 36 SWCNTs assembledn patterns of twodifferent polar molecules) LFM
image of SWCNTs assembled on MHA (narrow brigititips) and 4MP (darkwider
stripg b) AFM contactforce image of SWCNTs assembled on 2M8&tripswith more
SWCNTS) and on 4MP patternstfipswith fewer SWCNTS).

Assmbly of SWCNTSs on patterns of two different polar molecules and on polar
and norpolar molecular patterns is clearly different, as shown in Fig. 3.4, 3.5 and 3.6.
The causefor this behavior is thalifference of the attractive forcdsom two different
suface functional groups on the boundary. If both chemical groups attract SWCNTSs with
similar strength, SWCNTs can easily cross the boundary (Fig. 3.6). We found that the
boundaries betweepolar andnonpolar SAM patterns provide excellent edge definition
of assembled SWCNTSs. These results implies that, with proper combination of patterning
molecules, one can precisely align SWCNTs utilizing only surface molecular patterns
without relying on external forces such as electric field or flow cell.

Figure 3.7 povides a clue tahe understandingf the binding mechanism of
SWCNTs on molecular patterns. Presumably, the SWCNT first landed randomly along
the tangential line (solid line in Fig. 3.7c), and its portion in the ODT region was attracted
toward the cysteaime molecules (Fig. 3.7d) and finally it stayed in the polar region (Fig.
3.7d). The distance from the end of the tangential line to the edge of the cysteamine
region implies that the attractive force extends ovéwamicrometer distances. The
second pasble explanation for this precise alignment could be the dielectrophoresis

process, i.e. neaniform electric field generated by the polar molecules at the edges
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Figure 3.7 Binding mechanism of SWCNT assembly on molecydaterns.a) Bending
of SWCNT to stay within polar molecular patteros (eft). b) Random landing between
polar (left) and nomolar (right) molecular regions. c) Attractive forces between S\WWC
and polar molecules (on left) puhe SWCNT towards lefd) Finally SWCNT stayed in
polar molecular region®( left).

exerts a force othe SWCNT before landing. Even with very small field gradient this

force can be very large (calculations shows that force of the order nN is required for the
observed bnding) because of tHarge dielectric constanf SWCNT. We tried different
shapes of the polar molecular patterns, such as rectangles and circles, and we found that
the edge definition did not depend on the shape of the molecular patterns. One more
possble explanation of binding mechanism could be the hydrophobicity and
hydrophilicity of the solvent on the polar and fmolar regions of the patterned surface.

In this scenario, because of the hydrophilic nature of the polar molecules the solvent will
evgoorate later from the polar regions (observed experimentally as well) and due to
surface tension the SWCNTs can be pulled by the solvent towards polar molecular
patterns. This possibility can be verified by doing AFM in SWCNTs suspension solvent
i.e. in DCB.
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3.7.2 Alignment of Single SWCNTs over SAM Patterned Au Surface

The surprising discovery that SWCNTs do not cross the boundaries between polar
and norpolar regions and stay within molecular patterns withy &harp boundaries
provides thepossibilityto confine a single SWCNT in a polar molecular pattern as shown
in Figure 3.8b if it is small enough. Another issue in applying this process for mass
production is its throughput. It is usually believed tm@nometer scale patterreze
required to contrbthe assembly of a&ingle SWCNT. With this generally accepted
principle we began experimenting with reducing the linewidth of the polar molecular
patterns and we indeed observed a reduction in the number of SWCNTSs in each pattern
(Fig. 3.8c) By reducingthe pattern linewidth, we can achieve high precision alignment
of a few SWCNTs (Fig. 3.8d). It is reasonable to expect that single SWCNT assembly
can be achieved by further reducing the polar molecular pattern size. In this case, the
process would requiraanoscale serial surface patterning methods such as eleetron
lithography and DPN Even though there has been significant progressthan
development of parallel DPN ofl®am systems, those systems are not yet available for
industrial applications [16).

The breakthrough for this problem comes from additional control experiments in
which we observed a significant effect of the SWCNT suspension concentration on the
assembly.Figure 3.9 shows the assembly results from two different concentration
SWCNT sspensions. When a relatively high concentration (0.2mg/ml) suspension of
SWCNTs is utilized, SWCN¥ assemble over the entire 2MI pattern area (Fig 3.9a).
Surprisingly, at a much lower concentration (0.02mg/ml), onlsiregle SWCNT
assemble at the centefrtbe individualmicrometer scalenolecular patterns even though
the patterns still has large empty area (bright area in Fig. 3.9b) for extra SWCNTs. Even
though similar molecular patterns are utilized (6x2°)ithe SWCNT assembly from
"high" and "low" cancentration suspensions shows a striking difference. With this very
important development, for single SWCNT alignment me longerhave to pattern the
surface with nanometer scale SAM. Rather, it can be accomplished just by controlling the
concentration, ich is much more convenient as compared to reducing the linewidth

below micrometer. One possible explanation for this observation &thening effect
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on cysteamine
molecular patterns
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Single -Walled Carbon Nanotube

Figure 3.8 Aligning sngle SWCNT over molecular patterns. a) Scheodiagramof

two possibilities of SWCNT landing: 1) complete alignment within polar molecular
regions Fig. on left), 2) partial alignment within polar molecular regioRgy( onright).

b) AFM contact force image of SWCNTs assembled on polar molem@gdan. c)LFM
image of reduced number of SWC#&dver nanoscale line width polar molecular (dark
strip). d) AFM contact force image afingle SWCNT in very narrow polar molecular
patternsigright narrow lines) andhe rest of the area is ODT SAM. e) AFM miact force
image ofSingleSWCNT assemblebright lines) in polar larger molecular pattesr{see
inset).
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In a very low concentration suspension where the average distances between individual
SWCNTs are larger than a few micromsteve can assumeatonly a single SWCNT
approaches a micrometer sized surface pattern at any given time. The attractive force
from the molecular pattern should attract "grasp” the SWCNT toward the center of the
molecular pattern. Once the first SWCNT assembles on thematteanscreen outthe
electric field from the molecular pattern and effectively reduces the attractive force to the
other SWCNTSs in the suspension. In high concentration suspension where many SWCNT
are in a close proximity, multiple SWCNTs should ajpgiothe molecular pattern and
assemble simultaneously. Significantly, due to thiseening effect one can now
precisely position and align individual SWCNTs utilizing micrar submicrorscale
molecular patterns without relying on nanoscale resolutianalssurface patterning

methods.

0 mm 12 0 mm 12

Figure 3.9 SWCNTs assembledon similar shape 2MI patterns from two different
concentrationSWCNT suspensionsODT is used for passivation. &FM image of
SWCNTs assembled evemhere oer 2MI from high concentration SWCNT suspension
b) LFM image ofsingle SWCNT assembled over 2Miom low concentration SWCNT
suspensioifline in darkelliptical regions), 2MI SAM(darkelliptical regions.
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The results in Fig. 3.4, 3.8 and 3.9 providenew parallel strategy. First,
SWCNTs can be positioned and aligned along the molecular patterns with a combination
of polar andnon-polar molecules species without any external forces. Second, due to the
screening effectone can assemble only a sing®VCNT on a micrometer scale
molecular pattern from a low concentration SWCNT suspension. Indeed, we successfully
applied the strategy to assemble millions of SWENM a flat Au film substrate (Fig.
3.10). First the entire Au sample surface area (approgiyedmx 1cm) is covered by

Figure 3.10 Massive parallel assemblyof SWCNTSs utilizing micro-contact printed
surface patterns fromlow concentration SWCNT suspsn. AFM contact fore image
of anarray ofsingle SWCNTs on 2MI paterns on Au surfacehe inset is the lateral force
microscope image showin@ single SWCNT in a 2Mipatterns (bright area).
Approximately 1cm x 1cm area is covered by this array.

an array of elliptieshaped 2mercaptoimidazole SAM pattexribright area in the inset).
Here, the entire molecular patterning was done in few minutes utilizing microcontact
printing. Whenthe substrate is placed irlcav concentration SWCNT solution for just 10
seconds, only single SWCNTs assembles onto indiViduaron sized -MI patterns.

The result was the coverage of the entire sample area with an array of individual
SWCNTs (Fig 3.10). It should be noted that no external force was utilized here to help
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align the SWCNTSs. Since thast stegook only a few mintes and was done in a parallel
manner, the speed of this assembly process is comparable to that of conventional
microfabrication, and the method is potentially suitable for mass production of SWCNT
based structures. On a largeea Au film surface, we cachieve 90% or better yield

with a single SWCNT level precision.

3.7.3 Alignment of Single SWCN'B acrossElectrode Patterns

Alignment of individual SWCNTSs across the préabricated electrode pattern was
a key step in the assembly of SWCNT circuitp to now we have discussed the
alignment of SWCNTs over a Au film surface Of course aligning conducting/
semiconducting nanostructure on a flat conducting surface has no use, particularly if we
want to use/study their unique electrical properties. Asp ist realizing assembly of
SWCNT circuits at large scale, we demonstrated the alignment of SWCNTs across
multiple Au electrodes to form millions of electrical junctions. In this process, we first
made the electrode patterns using optical lithography, filhindeposition and liftoff
following the procedure briefly discussed earlier. We selected a pattern of an array of
parallel lines of electrodes, with electrode width of approximately ~2um and separation
of ~1um (Fig. 3.11) between the electrodelsvi@udy, in such a choice of electrode
patterns it is very difficult to do any reliable electrical measurements across each
SWCNT after putting them across the electeodgut here our main objective was to
demonstrate that in this procedure millions of inditlSWCNTSs can be aligned across
the electrodes in a parallel manner. As the electrical properties of such SWCNT device
structures, especially in the FET configuration, are well studied, the electronic
characteristics of the devices constructed with thgembly process can be studati
compared with known results. The resultill be presented in Chapter 5

After having the electrode patterns reagg patterned thesubstratewith ODT
SAM (dark area on Au, Fig. 3.11bysing PDMS stamipg. The ODT pattens are
parallel lines perpendicular to the Au electrodes. The remaining area on Au was back
filled with 2MI SAM (bright area on Au, Fig. 3.11b). Here, 2MI and ODT were utilized
only for Au surface functionalization and passivation, respectively. Thessid@ace area
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2-mercaptaimidazole
Pattern on Au

a) b)
SWCNT
OTS on SiO,
ODT on Au
c) d)
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Figure 3.11 Assembly ofSWCNTsacross prepatterned electrod@sAFM contact force
image of a large number of SWCBldssemblea@cross electrodes. Green ciscéowing
single, orange rectangle showirtgo, and blue triangle haveno SWCNTacross the
electrodegespectively. brloseup view of one of singlesSWCNT junctionsin g. c, d)
LFM image of ODT (dark area) and 2 AM (remaining bright areajver Au electrode
strips

between the Au electrodes wden passivated with octadecyltrichlorosilane (OTS). In
the ODT patterning we tried two procedures: 1) SAM patterning before liftoff of Au, 2)
SAM patterning after liftoff of Au. Both worked very well, although the success rate was
lower for SAM patterningafter liftoff. So after verifying that both processes can be used,
we performed the ODT SAM patterning before liftoff whenever possible. In stamping
ODT SAM before liftoff there was a problem of diffusion of ODT in blank regions of the
stamp at the edges the electrodes (Fig. 3.11c). This was detrimental to the assembly of
SWCNTSs, because if the edges of the electrodes were covered with ODT, the SWCNTs
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would be less likely to assemble across the electrodes. To overcome this problem we
tried two remediest) reduce the stamping time to 2 sec from 8 sec, and 2) dry the stamp
for longer time so there is less or no solvent left on the stamp which reduces the diffusion
of the ODT molecules. Both processes worked well and resulted in good passivation of
the surdce (Fig. 3.11d). The SiOsurface, which is also a polar surface and can attract
SWCNTs, must be passivated to prevent massive adhesion of SWCNTs between the Au
electrodes. We passivated the Si/gEgDrfacewith OTS. OTS has the same end group (
methyl taminated) as ODT. In this step, we did not need to do any further treatment to
the surface. Good OTS passivation was obtained just by immersing the ODT/2MI
patterned electrode sstrate in OTS solution (2mM ifexane) for three minutes,
followed by thoroug rinsing in hexane. One important point to be noted here is that OTS
did not affect the SAM patterns of ODT/2MI over the Au electrodes, which is very
important for the next step of SWCNT assembly. After the OTS passivation, when the
substrate was placed & relatively low concentration (0.08mg/ml) SWCNT suspension,
we were able to assemidagle SWCNTs between the electrodes over polar molecular
patterns, presumably, due to the screening effect as seen in Figure 3.10. Also, it should be
noted that this ocess utilized molecular patterns on Au electrodes (2Ml, e.g.) to capture
the SWCNTE, and the portion of the SWCNT between the electrodes, which presumably,
determines the SWCNT junction characteristics, is not in contact with chemical
functional groupsas OTS isa methyl terminated molecule like ODT. This scheme may
minimize the possibility of unwanted chemical doping,[26, 93, which is also ideal

for sensor applications or controlled chemical doping of the SWCNT in the future.

Another important obseation during the process development was the
occasional presence of a few SWCNTs between the electrodes across the ODT regions.
These SWCNTs were there due to the fresh Au surface at the vertical edge of electrodes
after lift off. To eliminate this probm we simply put the sample again in the ODT
solution for 5 sec to passivate the fresh Au which appeared after liftoff. We tried this
ODT passivation step before and after the OTS passivation of &ith equally good
results.

We have applied this schente assemble millions of SWCNBased junctions

over approximately 1cm x 1cm size sample surface area (Fig. 3.11a). When the surface
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templatd SWCNT assembly process is utilized on a substrate with more complex
microfabricated structures, thre@nensional stictures on the substrate may affect the
assembly process. For example, deep trenches or sharp edges of the electrodes can
possibly enhance or reduce the assembly probability. To objectively estimate the
effectiveness of this assembly method on electrtrdetsires, we utilized long Au stripes,

as described earlier, with about 1um gap as test structures (Fig 3.11a). 2MI patterns are
created on Au stripes every ~6um, and the remaining Au angd &@#passivated with

ODT and OTS SAM, respectively. When thasge patterned substrate is placed in a
SWCNT suspension, SWCNTs assemble between molecular patterns across thapSiO

The yield of this process can be estimated by counting the number of SWCNT junctions
with only a single SWCNT. In this case, the laoas and orientation of the SWCNT
junctions are determined mainly by those of molecular patterns rather than the shape of
electrodes, which allows us to objectively estimate the efficiency and yield for our
assembly process. In Fig. 3.11a, junctions wijti,0and 2 SWCNTs are marked by
triangles, circles, and rectangles, respectively, showing approximately 70% junctions are
connected by only a single SWCNT. As a matter of fact, the yield of this process strongly
depends on the size of the electrode gadstamlength distribution of the SWCNTs in

the suspension. When Au electrodes with 2 um gaps were utilized, the yield dropped to
less than 30%, indicating that our SWCNT suspension did not contain long enough
SWCNTs to bridge the gaps. Smaller gap sizeukh@ive a better yield because it
approaches the limit of flat substrate (better than 90% yield), which is also preferred for
high density integration.

The assembly process of SWCNTs across prefabricated electrode patterns is
summarized in Fig. 3.12. Bfly, optical lithography was used to generate required
electrode patterns (Fig. 3.12b). Ti (Cr)/Au film (3/7nm) was deposited (Fig.3.12c).
Surface patterning was done using PDMS stamp for large areas, and DPN for small area
prototype patterning (Fig. 3.8 Liftoff by sonicating the sample in acetone for 3
minutes followed by thorough rinsing in acetone and then 3 minutes sonication in
isopropanol followed by thorough rinsing in isopropanol (Fig.3.12e). Next step is the
OTS passivation of Si/SiO2 surfad®y dipping it in an OTS solution for 3 minutes

followed by thorough rinsing in hexane (Fig. 3.12f). And finally after immersing the
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substrate in a SWCNT suspension, SWCNT are assembled across the electrode over

polar molecular regions.

p OTSI!

Figure 3.12 Detailed schematic diagram for SWCNT assembly process on electrode
structures.a) Si/SIQ substrate. b) Electrode patterns via photolithography. c) Au/Ti
deposition viathermal evaporatioto make electrodes. d) Surface paitegmwith SAMs.

e) Liftoff to get the electrode patterns. f) Passoratf Si/SiQ, surface using OTS SAM.

g) SWCNT assembly across the electrode after dipping in SWCNT suspension.

We have not performed any kind of energy calculations for this assqmintgss
neither have we done any spectroscopy measurements to check what type of binding is
there between the SWCNTs and polar molecutémvever, one thing we did observe
was that the binding between the SWCNTs and polar molecules is very weak, as we can
remove SWCNTs form molecular patterns just by sonicating the sample in DCB for ~20
sec. In some cases, when we failed to obtain enough number of SWCNTSs on the pattern,
especially across the electrodes, we simply sonicated the sample in DCB solution for 15
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20 seconds to remove the SWCNTs and clean the sample, and the substrate could be
reused to improve the number of SWCNTSs across the electrodes. So if something wrong
occurs in the last step of the SWCNT assembly, we do not have to prepare new
substrates;imply by sonicating we can use the same sample again to achieve better
results.

Finally, judging from the experimental results, we can conclude that the surface
templated assembly process we have developed can be utilized to assemblesSAWCNT
macroscopicscale and this process is as efficient as conventional microfabrication
processes. An important point to note is that the assembly of clean and active SWCNTs
occurs in the last step of this assembly process, which means that the SWCNTs over the
electrodess as clean as it was at the time of growth. This is particularly important in

sensor applications of SWCNTSs.

3.7.4 Conducting AFM Scan of AssembledSWCNTs

After successful assembly tfe SWCNTFE across patterned electrodes, the next
important step ishe verification of the conduction state of the SWCNTSs in the assembled
device. In this assembly scheme SWCNT is not directly in contact with the Au electrode,
but through the organic molecules in between. To verify that the SWCNTs are in good
electrical ontact with electrodes, we took conducting AFM scan of our sample. Figure
3.13a shows the schematic diagram of the electrical circuit for conducting AFM (CAFM).
The AFM tip we used for CAFM was diamond coategNGitip (CP researchTM
Thermo Microscope) anthe data recorded is the value of current at each location. In
contrast to STM where the tip is maintained at a small distance away from the sample, in
CAFM the tip is in direct contact with the sample. The brightness in the scan signifies the
current dasity, therefore, brighter area in scan means the region is more conducting.
Figure 3.13b shows the conducting map of a sample, which clearly demonstrates that the
SWCNTs across the electrodes conduct very well. This is an encouraging important sign

for the feasibility of SWCN7Tbased electrical circuit applications of this newly developed
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b)

Figure 3.13 Conducting AFM scan of SWCNT across the electrodes. a) Schematic
diagramrepresentingthe circuit for conducting AFM. b) Cuent map ofa SWCNT
across the electrodes.

assembly process. Before any real applications, however, many factors which can affect
the electrical properties of SWCNJased circuits have to be considered. For example, a
guantitative evaluation of the efteon the contact resistance due to the organic
molecules is needed. The effect of OTS on Sigarticularly in gating the FET, needs to

be considered. A preliminary effort in the study of these factors will be presented in
Chapte 5.
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3.8 Conclusiors

In summary, we have demonstrafed the first time higkthroughput assembly of
macroscopic arrays of SWCHNJased electrical junctions. This assembly process
combines conventional microfabrication with soft material patterning. It is well suited for
rapid, efficient, and coseffective bottomup assembly of nanocomponents such as
SWCNTs into functioning device structures and even complex circuits. Of the process
depicted in Fig. 3.14, microfabrication of electrode is a mature process (Fig 3.14a),
surface paérning can be done in a matter of minutes using microcontact stamping,
parallel DPN or photolithography (Fig. 3.14b), finally SWCNTs can be assembled in a
few seconds (Fig. 3.14c). The end result is the attachment of clean SWCNTs across the
electrodes athe last step of the process without any modification to the surface of the
SWCNTs. The end product with clean unmodified SWCNTs, which retain all of the
original electrical properties, can be of great value in realizing the outstanding potential

in sensompplications for the CNTSs.

a) b) c)
Clean
Active
/ Region
Microfabrication Surface Functionalization (~10 seconds )

Figure 3.14 Schematiaepictionof the fast surfacegemplatedassembly of clean active
SWCNTs for mass production of SWCNT integrated devi@sFabrication of electrodes
using conventional icrofabrication processes. b) Surface functionalizatising SAM.
c) SWCNTusingmolecular recognition.
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The method is also highly compatible with other successful methods for SWCNT
assembly, such as flow cell and electric field techniques. They caple@ment each
other to achieve the best results and optimal efficiency. The next questiGanswe
build verylarge-scale integratedVLSI) circuits utilizing SWCNTsvith this technique
The question remains unanswered because of several challengifegmsodmong them
the most serious being synthesis of SWCNTs with identical chiralities. However, one
thing we can conclude from this work is that the results reported here should remove one
of the major stumbling blocks in realizing the final goal. Theabdjy to produce large
number of SWCNT junctions from dispersed SWCNTs should provide researcher
tremendous flexibility in exploring new device structures and open up new academic
researcland industrial application opportunities. In addition, it shdwddnoted that we
have demonstrated successful directed assembly of SWCNTs which are believed to have
minimal interactions withthe chemical functional groups. The method should be more
easily applied for similar assembly of other nanowires with more cléffoicctionalities
[107]. And indeed, inspired by this successful assembly of SWCNTSs, many other groups
have successfully demonstrated the assembly of other nanostructures using similar
strategy in sveral recent reports [&D

We are hopeful that this delopment may play a significant role in converting

current extensive academic research al@NTs into useful applications.
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CHAPTER 4

ALIGNMENT OF SINGLE -WALLED CARBON NANOTUBES
USING ONLY NON-POLAR MOLECULES

In Ch. 3wepreentedthe assembly cBWCNTSs over hybrid molecular templates
of polar and noipolar SAMs. Our conclusion at that stage was that the precise alignment
of SWCNT was due to the weak Coulombic interaction between the SWCNTs and the
endgroups in the polar mateles [&]. In this Chapter we report on similar assembly of
SWCNTs without the use of any polar molecules: patterns epalamn molecules alone
are enough for precise alignment of SWCNT, i.e. by patterning the surface only with
nonpolar molecules and d&ing rest of the area as is (bare Au surface). By immersing
such a substrate in SWCNT suspension we observed very precise assembly/alignment of
SWCNTSs on bare Au surface and no SWCNT was found on thpalanSAM. We also
succeeded in assembling SWCNTsAu nanoparticles on a substrate of hybrid surface
structure of Au nanoparticles and folar SAM. The successful assembly of SWCNTs
on metal electrodes without any polar molecules is an important development with regard
to the critical issue of contaaesistance3p]. With this development, all the electrical
characterization results already reported for SWCNT devices made with conventional
techniques can be compared directly with devices made by this assembly process.
Templatedassembly of SWCNTs witlpolar molecule, reported in the last Chapter, is
valuable in its own right: 1) Molecules with different functional groups may help to
develop an alternative solution and understanding of problem of contact resiS8@nce |
2) M-SWCNTs can act as intercorute in single molecule devices such asecular
transistors and dioddd, 6, 122 126]. Electrical properties of organic molecules can be
studied with nanoscale SWCNT contacts instead of metal contacts which are much more

57



difficult to fabricate. The tempted assembly processes of SWCNT with and without
polar molecules can both be very useful in the field of molecular electronics.

It is well known that thiol modified structures can control the position of Au
nanoparticles because of strong and well kndwnding between Au and thiol.
According to our results Au nanoparticles can be used to control the placement of
SWCNTs precisely. Thiol modified DNA and proteins are very comri66],[thus
indirectly DNA and proteins can be used to control the placemié®WECNTs. So well
known molecular electronics components, like DNA and protdibg] [can be used to
design more complex structures with SWCNTs using Au nanoparticles. These complex

structures could be very important from fundamental and applicationgioiigw.

4.1 Surface Patterning

4.1.1 Non-Polar Molecule Patterning and SWCNT Assembly

First, specific regions on the Si/SiGubstrate covered with Ti/Au films were
patterned with SAMs of ODT (2mM in ethanol) using PDMS stamping, followed by
thorowgh rinsing in ethanol. The remaining area of the Au film was left as it is. Figure 4.1
shows a flow diagram of the procedure. Figure 4.1d shows the patterns of ODT SAM and
bare Au surface (Fig. 4.1d). In the moolar molecular patterning we tried various
molecules, such as ODT, dodecanethiol, hexanethiol and butanethiol, all methyl
terminated, and all of them give similar results. After verifying that all these molecules
work well, we used ODT most of the time. In the final step, after dipping in high
coneentration SWCNT solution for ~ 10 seconds we obtained SWCNTs well aligned over
bare the Au surface and no SWCNTs over the ODT regivesused several different
molecular patterns from different PDMS stamps and created a variety of arbitrary shape

molecula patterns using DPN.
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4.1.2 Patterning of Au Nanoparticlesand SWCNT Assembly

For Au nanoparticle assembly, first specific regions of the Ti/Au film on a Si/SiO
substrate were patterned with SAMs of ODT (2mM in ethanol) and the remaining area
backilled with octanedithiol (OD) (10mM in ethanol) SAMs, followed by thorough
rinsing in ethanol (Fig. 4.1a). OD has thiol at both ends, one thiol end binds to the Au
substrate and other thiol end remains free, which enables the capture of Au nanoparticles
onthe OD SAMs. I11]. The OD/ODT SAMs patterned surface was kept in 2nm Au
nanoparticles suspension (SPI Supplies) for a long time (24 hrs) to obtain uniform
coverage of OD regions with Au nanoparticles (Fig. 4.1b). This was followed by
thorough rinsing inDI water and sonication in DI water for 30 seconds. At this stage
topography image clearly shows that ODT is lower as compare to Au nanoparticles
regions. Finally, the Au nanoparticle patterned surface was kept in SWCNT solution for
~10 seconds and we obtad SWCNT assembly only over Au nanoparticle regions (Fig.
4.1c).Here also different molecular patterns of various shapes and sizes were used from

PDMS stamping as well as DPN.

4.1.3 Metal Deposition on SAM Patternsand SWCNT Assembly

Before the metal degdion on SAMs we patterned the Ti/Au covered Si/SiO
substrate in two different ways: 1) ODT stamping and leaving the remaining area as is
(Fig. 4.1d); 2) ODT stamping and backfilling the remaining area with some polar
molecules. Over both the polar maldar regions and the bare Au surfaces between the
ODT, metal deposition always resulted in uniform growth. In contrast, the deposited
metal formed clusters on the ODT whose coverage increased with the thickness. After
dipping the substrate in a SWCNT susgien, adhesion of SWCNTs on the ODT regions
was observed to depend upon the Au coverage: SWCNT assembly on ODT was seen
only when the Au coverage was almost complete, with partial coverage ADDno
SWCNT adhesion was observed (Fig. 4.1f).
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OD/ODT Patterning After Keeping In After Keeping In
Au Nanoparticles SWCNT Solution

>

Si Substrate After Au/Ti Deposition

ODT Patterning After Depositing After Keeping In
Au Via Evaporator SWCNT Solution

Figure 4.1 Schematic representation of SWCGNaSsembly on Au surface and over array

of Au nanoparticles. a) ODT stamping and backfiling with OD. b) Au nanoparticle
assembly. ¢c) SWCNslassembly over Au nanoparticles. d) ODT patterrmngAu surface.

e) Au deposition via thermal evaporation. f) SWCNT assembly over Au deposited SAMSs.
Different thicknesses of deposited Au give different distribution of SWCNT over ODT
SAM patterns.

4.1.4 Polar Molecular Patterning and SWCNT Assembly

To compare the binding ability of two different polar groups or between polar
group and Au surface i.e. binding ability difference of Cdiffaces. We patterned the
surface with one polar molecule SAMs and before back filleghave to be vergareful
It could be possible that the back filling molecule bind to the top of first molecules SAMs
in parallel to the remaining Au surface as top of the first molecules has active functional
group. So before making any conclusion we checked in literature abouinitiag
abilities of different molecules, if there is any problem we can switch the molecules i.e.
stamping molecules can be used for back filling and vise versap®anto polar do not
create such kind of problem as fmwlar molecule do not have anytige functional
group. Rest of the patterning process is same as in previous sections
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4.2 Results and Discussion

Here we demonstrate: 1) SWCNT can be aligngdout any polar molecules (i.e.
over bare Au surfaces, over Au nanopatrticles, and even overipalladrface) with the
same precision as with polar molecule SAMs, 2)nbepolar molecules like ODT plays

a crucial role in the assembly process.

4.2.1 Assemblyof SWCNTson Bare Au Surface

After patterning the surfacgith a nonpolar molecule, ODTSAM, we immersed
the substrate in a SWCNT suspension (0.2mg/ml) for ~10 seconds. The SWCNTSs align
precisely within the Au surface (Fig 4.2). Regardless of the shape and size of the patterns
(line vs elliptic shown here) the quality of the SWCNT assemiids as good as over
polar molecule SAM. Another important observation here was the binding strength of the
SWCNTSs to the bare Au surface. As mentioned earlier the assembled SWCNTs on polar
SAMs can be removed completely from the molecular patterns byasioig the sample
in DCB for ~ 20 sec. But the SWCNTs could not be removed completely froimatiee
Au surfaceeven after more than 2 minutes of sonication in DCB (Fig. 4.3). By sonicating
the sample in DCB the number density of SWCNTs on Au was reducezbiiplete
removal was not observed (Fig.4.3). We believe that the initial decrease in the number
density of SWCNTs on Au is likely due to the removal of the weakly bonded SWCNTs
over one another, while the SWCNTs directly in contact with Au remain. Thave
been some reports on computational and experimental investigkti?lrof the binding
energy between SWCNTs and metals on the basis of electron transfer between the
SWCNT and metal. According to these results the binding of SWCNTs with gueis
wealest compared to other metals (Ti. Ni, Pd, Al etc.). Besides some qualitative
description of Coulombic interaction betae SWCNTs and the amine groug]2there
have been no quantitative reports about the binding energy between SWCNTs and polar
molecules.According to our observations of the effect of sonication on the assembled
SWCNTSs, they bind more strongly to Au as compared to polar molecules. We did not

attempt to alignsingle SWCNTs over small rectangular patterns of bare Au surface
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because such kindf assembly has no practical use. The most important implication of
the above results is the assembly of SWCNTSs across prepatterned electrodes without the

use of any polar molecules and in the final assembled devices the SWCNTs are in direct

contact with he electrodes (See Ch.5 for details).

b) C)

Figure 4.2 SWCNTs assembled on bare Au surface using only ODT SAM patterns. a)
AFM contact force image of SWCNTs assembled on bare Au surface and the empty
region is ODT SAM. b) LM image of SWCNTs assembled on elliptishbped bare Au
surface and the remaining area is ODT SAM c) AFM contact force image of SWCNTs
assembled on bare Au and ODT SAM. Highest density of SWCNTs observed, on bare

Au surface.
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Figure 4.3 SWCNTsthat remain attached thu surface afte2 minutes ofsonicationn

DCB. AFM contact force image of SWCNTSs that remain assembled on Au surface. High
resolution AFM contact force image (inset) of SWCNTs remain attached on the Au
surfece aftersonicationn DCB.

4.2.2 Assembly of SWCNE on Patterns of Au Nanoparticles

Au nanoparticles are among one of the most common-staid nanostructures.
They have found widespread applications because of the relatively inactive surface (no
oxidization), narrow size distribution, the ease in synthesis, and easy availability with and
without any molecular functionalization. Au nanoparticles are particularly well known in
thiol chemistry and in biology also due to ready thiol modificationA® and proteins.
Thiol modification of DNAs and proteins is a well known area of research; their
modification positions can be controlled precisely. For similar reasons we tried to bind
SWCNTSs over patterns of Au nanoparticles. The hope was that thielie@doBNAs and
proteins would be directly used in combination with SWCNTs in future molecular
electronic devices and bimedical applications.

ODT/OD SAMs patterned substrate (as described earlier) was kept in Au
nanoparticle solution for 24 hrs followeg tinsing andsonicationin DI water. This
process resulted in uniform dense coverage of the OD regions by the Au nanopatrticles

and no Au nanoparticles were observed on the ODT (Fig. 4.4a) as revealed by the AFM
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topography scans. Before the molecular tatepivas exposed to the Au nanoparticle
solution, the ODT region was higher due to the longer length of the ODT molecules; after
the Au nanoparticle binding, the OD region became higher. The change in the relative
heights of the two regions is clear for tAe nanoparticle binding. Because of small
height difference between regions of ODT and Au nanoparticles, we performed the
experiment on several different molecular patterns to ensure that the higher region is of
Au nanoparticles not of ODT. For examplégure 4.4b shows a substrate with ODT dot
patterns which had been backfilled with OD and immersed in Au nanoparticle suspension

Figure 4.4 SWCNTs assembled on array of Au nanoparticles. a) AFM contact force
image of A1 nanoparticles attached to OD SAM (bright strips), and the darker strips are
ODT SAM. b) AFM contact force image of Au nanoparticles attadché€dD molecules
(region around dots) and the ODT SAM (dot regions). High resolution AFM contact
force image (insg showing the ODT regions (circles) are lower than the rest of the area.
c) AFM contact force image of SWCNTs assembled on Au nanoparticles.
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for 24 hours. The high resolution image (inset) clearly shows that the ODT (dots) region
is lower as compared tthe surrounding. The sonication cleaning in DI water was

necessary to remove contaminants on the Au nanoparticles from the solution. Without the

d)

Figure 4.4 Contd d) AFM contact force image 3WCNTs remain attachedo Au
nanoparticlesafter 2 minutes sonicationin DCB. e) AFM contact image of Au
nanoparticles attached on OD molecules and ODT SAM before sonication in water but
after thorough rinsing in water. f) AFM contact force image of SWCNT assembled on Au
nanopatricles (very few) before sonication iDl water and ODT SAM regions. Before
sonication in water Au nanoparticles surface not very active due to physical deposition of
other particles present in Au nanoparticles suspension.
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sonication step, even with thargh rinsing in DI waterthere were contaminants left on

the Au nanoparticles (Fig. 4.4e) and subsequent adhesion of SWCNT was poor and
sparse (Fig. 4.4f). The sonication cleaning had no visible effect on the attachment of Au
nanoparticles on OD as revedley AFM. Finally, the Au nanoparticles pattern was
immersed in a SWCNT (Carbon Nanotechnologies Inc.) susperisBmg/m) for 10
seconds. Figure 4.4c shows a typical AFM topography image of the resulting assembly of
SWCNT on Au nanoparticles: the SWCNiere confined exclusively in the Au
nanoparticles region with sharp weléfined boundaries which coincided with the
ODT/OD boundaries. At the boundaries it was often observed that the SWCNT were bent
in order to avoid crossing into the ODT region and stékin the Au nanoparticles
pattern. These observations were similar to the SWCNT assembly results-palaron
molecule/polar molecule and npolar molecule/Au film templates.

To verify that the precise alignment of the SWCNTs resulted from Au
nanopartiles, and was not due to the thiol end of dithiol molecules, we performed several
control experiments in which the ODT/OD templates were directly put in the SWCNT
solution with and without sonication in DI water. In both cases the density of SWCNTs
assemldd over the OD molecule was far smaller than that on Au nanopatrticles, as shown
in Figure 4.5. Moreover, the SWCNT on OD can be easily removed with 15 sec of
sonication, while the same treatment only resulted in a slight decrease in the number of
SWCNTsatached to Au nanopatrticles.

To further verify that the Au nanoparticles on OD are chemically active and
SWCNTs are attracted by the Au nanoparticles and not by something else present in the
suspension absorbed over Au nanoparticles, we covered the wiate ©af a substrate
with Au nanoparticles (over OD molecules) and then we stamped the surface with ODT
molecules (Fig. 4.6). The results showed clear ODT patterns which verified that the Au
nanoparticles surface was still chemically active. This mole@aterning on top of an
array of Au nanoparticles itself is very important for multilayer molecular electronics
structures. All the above experimental steps verified that SWCNTs have significant
interaction with Au nanoparticles, most importantly, withany surface modification of
SWCNTs.
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Figure 4.5 SWCNTs assembled on OD/ODT molecular patterns with and without
sonication inD | water. a) LFM image of SWCNTs assembled on OD molecules (dark
strips) and ODT SAM (bright gprs) without sonication irD | water. b)LFM image of
SWCNTs assembled on OD molecules (dark strips) and ODT SAM (bright strips) after
sonication in water.

0 nmm 12

Figure 4.6 ODT SAM patterned Au nanoparticles surface. LFMagm of ODT SAM
patterns (darlstripg and Au nanoparticlegbright stripg (Au nanoparticlesre attached
to OD molecules SAM on Au surface).
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4.2.3 Attachment of Au Nanoparticles to SWCNTs Surface

As demonstrated abovéu nanoparticles can be used to ali§WCNT as
precisely as bare Au surface and polar moleculéhis result implies that there is
significant interaction between SWCNTs and Au nanoparticles. Encouraged by this result,
we have attempted to attach Au nanopatrticles directly to SWCNT. If @icteake inert
SWCNTs would be easily functionalized due to the versatility of the Au nanopatrticles.
We used high resolution transmission electron microscopy (HRTEM) and the associated

energy dispersive spectroscopy (EDS) to analyze the samples.

a) b)

— 20nm — 20nm

Figure 4.7 Metal (catalyst to grow SWCNT or Au nanoparticlgsyticles attached to
SWCNT. a, b) TEM image of metal particles (small black dots) attached to SWCNTs
after keeping th&€WCNTssample in Au nanoparticle solution &hours.

The experiments were carried out as follows: First, we removed the “formvar”
from the TEM grid (Support Film, Lacey Carbon type Ted Pella, Inc) using
chloroform, following the procedure given by the supplier. Then a drop of the SWCNT
suspasion was deposited on a TEM grid which was let dry in air. We then immersed the

sample in a Au nanoparticle suspension (2nm diamété01% in waterFrom SPI
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Supplies) for 2 hrs in one case, and for 24 hrs in the other. For samples immersed for 2hrs
in Au nanoparticles suspension, we could observe that some particles were attached to the
surface of SWCNT (Fig. 4.7&). However, because of the small size (2nm) and low
density we were not able to obtain definitive Au EDS peaks. We were not thus unable to
determine whether these particles were Au nanoparticles or the catalyst particles used in
the growth of the SWCNTs. We performed TEM on SWCNTs without any exposure to
the Au nanoparticlsuspensiorven then we observed particles attached to the surface of
the SWCNTSs. For the sample dipped for 24 hrs in Au nanoparticles suspension, TEM

c) d)

— 50 nm
e)

— 500 nm

— 50 nm

Figure 4.7 Contd c) TEM image of Au nanopatrticle clusters (black dots) attached to
SWCNT after keeping the sample in Awanoparticlesolution for 24 hours. d, e) high
resolution TEM images of Figure 4.7c.

images show big~100nn) Au nanoparticle clusters everywhere (Fig. 4.@band EDS

verified that these clusters were Au. Therefore, the outcome of this series of experiments
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remairs inconclusive. More work is needed to unambiguously demonstrate attachment of
individual Au nanoparticles to SWCNTs. Recently, there is a report clearly showing the
attachment of thiol coated Au nanoparticles to CHIJ via hydrophobic interactions.

We are hopeful that the results can be verified.

4.2.4 Assembly of SWCNTs wer Hybrid SAM Patterns of Polar and NorPolar
Molecules Covered with Au

The binding mechanism of the SWCNTSs to various substrates (polar molecules,
Au films, and Au nanoparticles) inishsurfacetemplated assembly process is still not
well understood. In Ch.3 we conjectured that the alignment of the SWCNTs was due to
the electrostatic interaction from the polar molecules. In this Chapter, we have shown that
SWCNTs can be aligned withouhe use of any polar molecules, i.e., by selectively
passivating the surface of Au film with SAMs of nolar molecules such as ODT. It is
not clear what role, if any, the ngolar molecules play in the assembly process. The
demonstration of the attaclemt of SWCNT to Au nanoparticles suggests a possible way
to elucidate the roles of various elements in the SWCNT assembly process: with partial
coverage of Au nanoparticles on an ODT pattern, one could examine directly the
competition between the affinityof SWCNT to Au nanoparticles and possible
“repulsion” of SWCNTs by ODT.

Since Au nanoparticles do not saésemble onto ODT SAMs, in order to
implement this experiment we used an alternative method to create nanometer scale Au
clusters on ODT: Au of varies thicknesses was thermally evaporated onto ODT SAMs
and below a thickness of ~6nm we observed clear Au cluster formation on the ODT.
Specifically, to explore the possible ability of ODT to block the adhesion of SWCNT, we
began by depositing an ODT SAMrige pattern using PDMS stamping on a Ti/Au film
and for the rest of the area we followed two different processes: 1) we filled it with
SAMs of polar molecules, such as 2MI-N&rcaptoimidazol) and MHA (16
Merceptohexadeconic acid) (Sigma Aldrich, 2mM #oluin ethanol); 2) we left it as it
was, i.e., as bare Au surfaces. Next, we evaporated various thicknesses (1, 3 5, 7, 9, 12,

and 20nm, as measured by a quartz crystal thickness monitor) of Au on the SAM
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patterned substrate. During the Au depositionghlestrate temperature was kept below
40°C and the pressure at 2x1Torr. For all thicknesses of deposited Au, we observed
uniform growth over the polar molecules or bare Au surfaces, which is in accordance
with previously reported resultd14] (for detiled discussions see ). In contrast, the
deposited Au forms clusters on the ODT regions up to Au thicknesses of ~6nm; uniform

b) c)

Figure 4.8 SWCNTs assembled on ODT with Au deposited on top: comparistween
compete and partial coveragéd) AFM contact force image of Au deposited (3nm) on
SAM patterns of 2MI (darkstripg and ODT SAM (brightstripg. b) AFM contact force
image of SWCNTs assembled on 2ktid ODT SAM after 3nmAu deposition There

are very few SWCNTon ODT with Au clusters. ¢c) AFM contact force image of
SWCNTs assembled on Au covered (7nm) SAM patterns of 2MI (relatively dark area)

and ODT (relatively brighter area).
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coverage of Au over ODT was achieved only for Au thickness greater than 6nm, as
shown in a series of AFM topography images in Figure 4.8. Figure 4.8a shows the AFM
image of an ODTMI pattern with 3nm Au deposited. High resolution image (inset 4.8a)
clearly shows the cluster formation over DOT regions. This substrate was imnreesed
SWCNT suspension (20 sec, 0.2md). Figure 4.8b shows the resulting SWCNT
assembly: surprisingly, there was no SWCNT on the ODT region, even with the presence
of large number of Au clusters. On the other hand, a high density of SWCNT was
observed on the Auegion between the ODT stripes (on top of tAgll). The only
observable change from the results on QIMI/templates without the Au deposition
was that the edges of the assembled SWCNT patterns at the boundary of OENIl and
regions are not as sharp. losld be noted that there have been repad§ [that in case

of Au deposition on ODT SAM, the first2 monolayers go under the ODT. However,

for larger thicknesses the Au begins to grow on top of the ODT. At 3nm, the Au clusters
should most likely be omop of the ODT. When the deposited Au (more than 6nm)
uniformly covers the whole ODT region (Fig. 4.8c) we observed uniform degisity
assembly of SWCNTs everywhere, on the Au covered polar angat@nmolecular
patterns (Fig. 4.8d). Although, there some difference in the density of SWCNT
coverage, this difference is consistent with both polar mtdegatterns assembly of
SWCNT.

4.3 Comparison of Binding Abilities of Different Polar Groups and
Au Surfaces

In order to directly compare the abilitiesf different CNFactive surfaces for
SWCNT binding, and perhaps to obtain some clues on the SWCNT binding
mechanism(s), we have studied the adsorption behavior of SWCNTs on a series of hybrid
patterns of polar molecule/Au and polar/polar molecules. We aozdp different
molecules with amine, carboxylic, thiol or aromatic rings, and examined their binding
strength with SWCNTs based on the densities of SWCNTs that adsorbed on the
molecular surfaces.
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In hybrid patterns of these surfaces with-pofar SAMs, dfferent polar groups,
Au nanoparticles, and bare Au surface clearly exhibited different affinity to SWCNTSs in
terms of number density and binding strength, however, in all cases we observed sharp
alignment of SWCNTs along the boundaries of different neglidn case of hybrid
patterns of two CN-Rctive surfaces, SWCNTs were observed to cross the boundaries.
Different polar moleculeswith the difference in the endgroup, structureand
lengthof molecules, have been compared with one another and wiguace, in terms
of their binding density and strength with SWCNTs in the templated assembly.
According to our preliminary observations, both the end group and the molecular
structure affect the binding ability. Therefore out of all polar molecules wetsdlfive
molecules (end group): MHA (COOH), 2MI ¢ 4MP (N.), cyteamine (Nk) and 2MPI
(N2). In particular, we compared the binding ability of the polar molecules and bare Au
surface. On the basis of the results of these experiments, one clear congkisiould
draw was that the bare Au surface is the most active in terms of the density of the

assembled SWCNTs and the binding strength compared to any organic polar molecules.

4.3.1 Comparison betweenDifferent Polar Molecules

In Figure 4.9a, we show a hprid polar molecular pattern in whicR-
Mercaptopyriimidazole (2MPI¥tripes were defined via micimontact stamping, and the
rest of the substrate backfilled withMéercaptopyridine (4MP). The sample was then
immersed in a SWCNT suspension (0.2mg/ml)lfeiseconds. SWCNTs assembled onto
both molecular patterns from the suspension. In addition, since both the molecules are
CNT-active, some SWCNTs were observed to cross the boundaries of the two molecular

patterns.

4.3.2 Comparison betweenPolar M oleculesand Bare Au Surface
We also carried out similar experiments with hybrid patterns of bare Au surface

with different polar moleculeskig. 6.1b shows the SWCNT assembly result for a
substrate with MHA/Au patterns. Clearly, there is much higher density of SWGWFs
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Figure 4.9 SWCNTs assembled on patterns of different Ghifive surfacesA) AFM
contact force image of SWCN&assembled on 2MPI (strips with more SWCNTSs) and on
AMP patterns (strips with fewer SWCNTd3) AFM contad¢ force image of SWCNT
assembled on Au (strips with more SWCNT) and on MHA patterns (strips with fewer
SWCNTs). C) AFM contact force image of SWCNBRssembled on Au (strips with more
SWCNTs on the left and right edge) and @MI patterns (strips with relaely fewer
SWCNTSs, mainly the central part). d) AFM contact force image of SWCNT assembled
on Au (strips with more SWCNJ and on 4MP patterns (strips with relativdBss
SWCNT).

the Au surface than on MHA and here SWCNTs were observed to crossutidahbes

of the patterns as well. Similar results were found for Au with 2MI and 4MP (Fig. 4.9c,
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d). Again, higher density SWCNT binding occurred on Au surfaces compared to any
polar molecules, although 2MI showed relatively more active binding of SW@hins

other molecules (Fig. 4.9c). Our limited experimentshghrid polar molecule patterns

also yield similar results, which was why in this thesis work we used most of the time
2MI for polar molecular patterning. Finally, we observed that sonicatio€B i@moves

all the assembled SWCNTs from polar molecule surfaces but not from bare Au surfaces,

as reported previously.

4.4 Conclusions

In summary, we have presented results on the assembly of SWCNTs on bare Au
surface and over Au nanoparticles patsewithout the use of any polar molecules. The
resulted alignment was as precise as it was over the polar moleculegolsion
molecules (ODT, e.g.) do not allow any SWCNTs to adhere on its surface even in the
presence of significant coverage of Au clusteBWCNTs were found to adhere on
Au/ODT only if ODT was uniformly covered by the deposited Au. Further, we attempted
experiments to attach Au nanoparticles to SWCNTs and due to the presence of catalyst
particles (used to grow the SWCNTSs) our results nemaonclusive, although there
were promising signs that this attachment could be accomplished. More experiments are
needed to demonstrate the attachment beyond ambiguity.

Clearly, more systematic experiments are needed to draw definitive conclusions
on thke relative binding activity and strength for different polar molecules. From the
results we can conclude beyond ambiguity the following: 1) SWCNT binds quite strongly
in comparison to polar molecules over the Au surface, 2) sharp edge definition in the
alignment of SWCNTSs is possible only in patterns combining -@blive regions (polar
molecules, Au, or Pd) and npolar molecules like ODT.

The inert chemical nature of CNTs has posed a persistent challenge in sensor
applications. Although previous reporisdicated that DNA and proteins could be
attached to CNTsLLqg, it usually involved some disadvantage$hiolization of DNA
and proteins is a rather common process and the thiol end of these modified structures

can bind strongly to Au nanoparticles. Theref our demonstration of the affinity
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between SWCNT and Au nanoparticles could potentially open a pathway for the
attachment of important biomolecules to CNTs without any prior modification of the
CNTs, which could help facilitate the realization of tm®renous potential for CNTs in
various sensor applications.

SWCNTSs are a chemically inert structure so it is generally believed that it is hard
to align SWCNT without any chemical treatment. The fact that polar molecules, bare Au
surface and Au nanopatrtislean align SWCNTs imply that it would be possible to align
other nanostructure using a similar technique, as most of the other nanostructures are not
as chemically inert as SWCNTs. Although the microscopic mechanisms for the assembly
processes are not yeell understood, these experimental results are of great practical
importance and could be very useful in developing a general principle for nanostructure

assembly using the botteup strategy.
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CHAPTERS

ELECTRICAL CH ARACTERIZATION OF SWCNT DEVICES
FABRICATED BY SURFACE -TEMPLATED ASSEMBLY

The intriguing properties of carbon nanotubes have led to an explosion of research
efforts worldwide. Understanding these properties and exploring their potential
applications havéoeen a main driving force in this area. Theoretical and experimental
work has been focusing on the relationship between SWCNTs atomic structures and
electronic structures, transport properties, eleatteotron and electrgohonon
interaction effects. Foall such characterization so far, SWCNTs have been utilized
individually or as an ensemble to build functional device prototypes. Real world
applications require large scale integration of SWCNT combined with +fabracation
techniques. In this Ch. weilldiscuss SWCNT-based FETusing large scale surface

templated assembly of SWCNiEscribed in previous chapters

5.1 Carbon Nannotubes in Electrical Qrcuits

Carbon nanotubes have many properii&®m their unique dimensions to an
unusual current conduati mechanism-that make them ideal components of electrical
circuits. It is exciting to envision, or even to implement, novel transisiicsp Electro
Mechanical System@VIEMS) devices, interconnects, and other circuit elements.

Devices made from metal8WCNTSs were first measured in 1993]jland have
been extensively studied since that time. Two terminal resisitance of metallic SWCNTs

can vary significantly from as small as ~6kO to several M O. Most of this variation is due
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to variation in conatct resance between electrodes and the tube. As techniques for
making improved contacts have been developed, the conductance have steadly improved.
The best contacts have been obtained by evaporating palladium (Pd) over tB&8Jtube [
number of groups have seeonductance approching the values @/h, as predicted
for a ballastic nanotube 33]. Semiconduting behavior in SWCNT was first reported by
Tans et al. in 19981%]. Semiconduting nanotubes are typicallyype because of the
contact and also becauskechemical species.

Because of extraordinary properties of SWCNEs, discussed irBWCNT
introduction(Ch. 2) individual SWQNT particularly in the field of electronicsan work
as conducting wires, field effect transist@mgle electron taneling transstors, sensors

and ombination ofSWCNTscan be used to build a rectifier complex terminal devices.

5.1.1 How They Conduct

Before we can measure the conducting properties of a SWCNT, we have to wire
up the tubeby attaching metallic electrodes to iThe tube can be attached to the
electrodes in a number of ways. One way is to make the electrode and then drop the tubes
onto them. Another is to deposit the tube on the substrate, locate them with a SEM or
AFM, and then attach leads to the tube using lidyoigy. More novel techniques include
growing the tube between pdefined electrodes or by attaching the tube to the surface in
a controllable fashion using either electrostatic or chemical forces. All these processes are
slow serial methods. In this dist&tion work, we have developed a fast parallel surface

templated process to assemble SWCNTs across millions of junctions.

5.1.2 SWCNT-Based FET

SemiconductinggWCNT can work as transistors. The tube can be turned “on” by
applying a negative bias to the gatad turned “off” with a positive bias. A negative bias
induces holes on the tube and makes it conduct. Positive bias, on the other hand deplete

the holes and decrease the conductance. Indeed, the resistance of the off state can be
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more than million timegreater than the on state. This behavior is analogous to that of a
p-type metabxide-silicon FET, except SWCNT replaces silicon as material that hosts
the charge.

But why is the SWCNTp-type? After all one might expect an isolated
semiconducting SWCNT tbe an “intrinsic” semiconductorin other words, the only
excess electrons would be those created by thermal fluctuations alone. However, it is
believed that the metal electrodes well as chemical species adsorbed on the surface of
SWCNT —“dope” the tbe to be gtype. In other words, they remove electrons from the
tube, leaving the remaining mobile holes responsible for the conduction. Indeed,
experiments show that changing a tube’s chemical environment can change the level of
doping, significantly, chaging the voltage at which the device turns on. More
dramatically, SWCNT can even be dopedype by exposing the tube to electron
donating element such as potassium and calcium or by using them as contact electrodes
[117).

While series of experiments densirate that many of the basic properties of
SWCNT are now understood, there are an almost limitless number of new geometries and
topics waiting to be explored and all manner of new structures to be created. Indeed,
researchers are developing a host of teshniques that creatively combine lithography,
chemistry and nanoscale manipulation, for example by growing SWCNTs on
prefabricated structures or by aligning them precisely at required locations. It is quite
remarkable that how far the field has comecaithe first measurements were made in

1997 -and this progress shows no sign of slowing.

5.2 SWCNT Devicesby SurfaceTemplated Assembly

In previous chapters we have discussed in detail the sttdagdated assembly
of SWCNTs. We showed that individual 8IMTs can be directed to assemble across
two electrodes to form macroscopic array of SWCNT junctions. In order to study the
electrical properties of such junctions and explore the viability of-assiémbled
SWCNT circuits for practical electronic appliceis, we used the templated assembly

method to assemble SWCNT across a single pair of prefabricated electrodes. Detailed
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electrical measurements were performed on such devices in the field effect transistor
(FET) geometry. In these experiments, we assertiigeeSWCNT using only nepolar
molecules so the assembled SWCNT is in direct contact with the metal electrodes, so that
the results can be directly compared with similar SWCNT devices made with
conventional lithographic techniques. In the future, similqgreements can be carried

out using templates of poladnpolar molecules, in which the electron transport from

the SWCNT through polar molecules can be studied.

SWCNT is a new artificial laboratory which om#mensional transport can be
investigated§], similar to semiconducting quantum wird4d.$]. However, the study of
electron transport in SWCNTs has been complicated by the difficulty of making low
resistance contacts to the measuring electrodes. This problem was resolved recently by
Dai and ceworkers [33] by using palladium (Pd) electrodes. They successfully obtained
ballistic transport in SWCNT using such contacts. It is now generally believed that Pd
gives highly reliable and almost ohmic contacts with SWCNTs. Due to the superior
properties of Pa&ontacts, we used both Au and Pd electrodes in our experiments and we
observed approximately two orders of magnitude lower contact resistance in case of Pd
contacts, consistent with reported resu®]

For the SWCNT assembly across a single pair offaprecated Au or Pd
electrodes (made with photolithography and liftoff as described earlier in Ch. 3), we
follow two different strategies. The most straightforward way is to stamp lines of ODT
on the electrodes perpendicular to the gap, as shown in Figliee The rest of the
electrode areas can then be backfilled with polar molecules or left as bare metal surface.
This method always resulted in multiple SWCNTs across the electrodes because of the
high yield of the surfacéemplated assembly technique.drder to achieve very few (one
ideally) SWCNTs across the electrodes, we also attempted alternative methods. In one
case we still used the simple technique of mmwatact printing, but with a PDMS stamp
of an array of rectangles. The stamping of the rpolalecules (MHA in this case) was
done so that the rectangles were at an angle with the electrode gap and only a few
rectangles bridge the two electrodes, as shown in Figure 5.1b. Alternatively, DPN was
used to write a single MHA pattern bridging the telectrodes (Fig. 5.1c). In both cases
the rest of the electrodes were passivated with ODT and thg ssi@ace in the gap
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between the electrodes was passivated with OTS to prevent assembly of SWCNTSs there.
These patterned substrates were then immersed/@NS suspension as the final step of
the device fabrication. Fig 5.1d shows a local region of one such device where one

SWCNT bridges the two Au electrodes.

Figure 5.1 Substrate preparations for SWCNT assembly acresdredle. a) LFM of

ODT SAM molecular patterns (dark strips) and Au surface (bright strips). b) LFM image
of MHA SAM patterns (dark rectangles) and ODT SAM (rest of the area). ¢) LFM image
of DPN patterns of MHA SAM (two oval shape dots) and ODT SAM (resheoarea
except gap between the electrodes (dark vertical strip) d) AFM contact force image of
SWCNT assembled across the electrode on line patterns as shown in part (a).
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For the electrical measurement experiments reported in this Chapter, weeused th
soft stamping of parallel stripes of ODT to pattern the electrodes and bare metal surface
to assemble the SWCNTs. This method typically resulted in multiple (~ 5) SWCNTs
across the electrodes. Since the SWCNTs pod~dispersed with metallic and
semicoducting tubes, we often ended up with both metallic and semiconducting tubes
bridging the electrodes. For FET and sensor applications we want only semiconducting
ones. By keeping the semiconducting SWCNTSs in the “off” state, metallic ones can be
burned out[119 by passing a large current through the electrodes, and the remaining

semiconducting SWCNTs can then be characterized.

5.3 Results and Discussion

After almost a decade of intensive research on the electrical properties of
SWCNTSs, a consensus has egeel from the initially disparate results. Maal the
intrinsic electical properties and device characteristics of SWCNTs are now well known.
We have fabricated and measured a series of-teregnal SWCNTFET devices using
the templated assembly methakgscribed above. A substrate of Si/Si®@as used in
which the Si was degenerately doped and served as the gate electrode. The electronic
characteristics of these devices, including channel conductance, contact resistance, and
transistor action, were fountb be consistent with those made with conventional
lithographic techniques. In some aspects, particularly the hysteretic effects in the
SWCNT-FETSs, our devices showed far superior performance. The strong hysteresis in
the FET characteristicsj vs V9 is a widely observed phenomenon in SWERHT
devices 120] and it has been a major obstacle for sensor applications of such devices.
The hysteresis could be suppressed by covering the SWCNT channel with a layer of
polymer B4], which unfortunately also ethinates possibility of using the device for
chemical or biological sensing. Here, on the basis of a set of limited but carefully
performed experiments we address this very important issue in SYFENTWe
demonstrated that the hysteresisgn Us Vsscan be significantly suppressed, in some
cases completely eliminated, in the devices made via templated assembly, most likely due
to the OTS passivation of the Si/Si®Gurface.
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5.3.1 Contact Resistance of SWCNTs with Au and Pd

Figure5.2 shows the souredrain curent as a function of the gate voltage for two
devices with Au contacts (Fig. 5.2a) and Pd contacts (Fig. 5.2b), respectively. In both
cases the gate modulation of the sowfan current was small, most likely due to the
presence of metallic tube(s) iooth cases. At similar souraiain voltage bias, the
current in the device with Pd electrodes is more than two orders of magnitude higher than
that with Au electrodes. Correspondingly, the SWCNT/Pd contact resistance is at least
two orders of magnitude l@vthan SWCNT/Au. In fact, in the Pd device the resistance
should be dominated by the SWCNT channel resistance, while in the Au device the
contacts should play a more important role. These values are close to the reported values.
Therefore, the electricatontacts between the SWCNTs and the electrodes in these
devices are as good as those made by other processes.
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Figure 5.2 a) Isp vs \&s curves for SWCNT across gold electrodes.sb)vs Vs curve
for SWCNT across palladm electrodes
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5.3.2 Hysteresisin SWCNT-FET

The interaction between SWCNTs and molecular species in the environment can
significantly affect the electrical properties of SWCNT devi@&. [This effect, in a
controlled manner, can be exploited for naatsachemical sensin®9], but any kind
uncontrolled residual effects from the environmenté&trimentalto sensor applications
as well as for SWCNFETs. For FET application surface passivation of the SWCNTs
can be developed to impart stable electritaracteristics against environmental changes.
Such kind of passivation, however, diminishes the possibility for sensor applications
because there we need chemically active surface for SWCNTSs.

Recently, several groups reported that SWEHNEITs fabricated wit a Si/SiQ
substrate exhibit pronounced hysteresis in the sednaie current versus gate voltage (Si
as the back gate) and attributed the hysteresis to charge traps in bylk)8i@errelated
defect trap sites near nanotubes or traps at the SifSi€face [21]. Hysteresis due to
various charge traps must be controlled for sensor and specific memory device
application of SWCNT. Covering the surface of SWCNT with differentneawting
chemical, like PMMA, to over come the charge trap effects isangibod solution
particularly for SWCN7Tbased sensor84].

Figure 5.3 shows a clear hysteresisqitVjs of a SWCNTFET under ambient
conditions at different sweep rated]3In the same work, the authors put the same
sample in high vacuum. However, ngrsficant change in hysteresis was observet].[3
According to their observation the main cause of the hysteresiswatbetraps between
the SWCNT and the SiDsurface. By putting the sample in vacuum the trapped water
between the SWCNT and the Si@irface cannot be removed, that is why hysteresis in
lasVgs curves remains. Later by suspending the SWCNT between the electrodes in
vacuum they were able to remove the hysteresigsMgd curves but as soon as they
shifted the sample to ambient atmosgehtihe hysteresis again appearsqigMgscurves

When they covered the whole surface of the SWCNT with PMMA and the
hysteresis ingk-V gscompletely disappeared, as shown in Figure 5.3b. This technique to
eliminate the hysteresis itysVys curves of SWONT-FET is potentially useful for

electronic applications but also prevent any use of the devices as sensors.
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Figure 5.3 a) Previously reported results about hysteresigisiWgd data and b) after
covering the surface oMBCNT by PMMA there is no hysteresis ug-Yys data [34.

Octadeclytrichlorosilane (OTS) passivation of Si/gi® an essential part of our
surfacetemplated assembly process of SWCNTSs across prefabricated electrodes to form
SWCNT-based circuits. OT$ a methyl terminated chain of carbon atoms with silane at
the other end which binds to the Si/Si€urface. When OTS forms densely packed SAM
over Si/SIQ surface it prevents any SWCNT solely on its surface due to its highly
hydrophobic nature (also cadl greasy nature). Also due to the hydrophobic nature, the
methyl terminated surface does not allow anything like water molecules to adsorb on the
surface. Currently this property of metligfminated SAMs is being exploited in
developing “self cleaning”wgfaces such wind shields, mirrors, and window glasses.

We believe that the high hydrophobicity of OTS is responsible for the much
diminished hysteresis in our devices. The conclusion is supported by a systematic
dependence of the hysteresis on the gualftthe OTS coverage. Figure 5.4 shows a
relatively large hysteresis observed for a device with poor coverage of OTS overSi/SiO
as indicated by the large separation of the up and down sweep curves.

In case of good passivation of the $SiGurface withOTS we observed a
considerable reduction in the hysteresis in ltgevs \&scurves(Fig. 5.5a). In previous
reports they explained the hysteresis in terms of trapped water between the SWCNT and
the SiG, surface.In our devices, due to the presence of QdrSthe Si/SIQ surface no

water can adsorb on the metitgiminated OTS and in case of good coverage OTS SAM
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no water can penetrate to the Si/gi€urfaceFigure 5.5a shows that hysteresis is almost

eliminated.
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Figure 5.41sp vs \ssdata of SWCNTSs across Pd electrodes. Data in forward and reverse
bias sweep directions clearly show a hysteresis, resulting from relatively poor OTS
coverage.

This big suppression and in some case complete elimination of hystergsissn |
Vs curves are a very important discovery in terms of sensor applications for SWCNTSs.
In these devices made by templated assembly, the SWCNTs are unmodified and most
part of the SWCNT is exposed to the environment, and yet minimum hysteresis is
obsewred. It is also worth noting that in thg Ivs \&s curvesthe current remains non
zero at maximum gate bias. SWCNT ispdype semiconductor and a large enough
positive bias should turn the channel completely off. The reason for this, as stated earlier,
is likely that there are metallic and semiconducting SWCNTs across the electrodes. In

devices where all SWCNTs across the electrodes are semiconducting, indeed an “off”

86



state can be realized, as shown in Figure 5.6 It is interesting to note that even with
parallel metallic tube(s) considerable gating effect was observed. Since all commercially
available SWCNTs are a mixture of metallic and semiconducting tubes and their
separation is still a formidable challenge, this observation implies that even in the

presence of metallic tubes these devices could find viable applications as sensors.
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Figure 5.5 a) Absence of hysteresisqNys data) in a device with good coverage of
Si/SiO; by OTS. b) At high souredrain voltages, Isteresis becomes observable.

The magnitude of the hysteresis also depends on the strainedias. As shown
in Figure 5.5b, the hysteresis is negligible at small biases but becomes more prominent at
higher voltages. For most of the sensor applicatfSWCNT based FETs, a bias of a
few hundred mV is sufficient. More experiments are underway reduce the number of
SWCNTSs in a device, explore consistent means to eliminate the hysteretic effect, and

evaluate actual sensing capabilities of such devices.
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Figure 5.6Isp vs Vo data of SWCNTs across AelectrodesData is for different (fixed)
gate voltages (¥s), from -2V to 2V. The device shows a very steep turn on betw&¥n
and-2V gate bias.

5.4 Conclusions

We have dmonstrated that using the templated assembly method SWFENS with
excellent electrical contacts can be fabricated. Considerable suppression in the hysteresis
of sourcedrain current with gate bias was observed in these devices due to the
passivation ofthe Si/SIQ surface by OTS, a necessary step in our assembly scheme.
With this method, SWCNT devices with excellent electrical characteristics and minimum
hysteresis can be asseledb over large scale, which makes it amenable to the mass

production of SWCNJbased sensor arrays.
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CHAPTER 6

PHYSICAL DEPOSITION OF METALS ON SELF -ASSEMBLED
MONOLAYERS

Growth of metal thin flms on organic SAMs via various physical deposition
techniques has attracted extensive interest in recent years, gdyticulthe context of
the development of molecular electronics. Despite some skepticism, organic SAMs
remain a key widely investigated component in molecular electronics. SAMs composed
of organothiols on Au surface play an important role in many receastigations of
electrical conduction through organic molecules. To study the electronic properties of
SAMs, metal/organic interfaces are typically formed to connect them to macroscopic
metallic contacts, where a Au substrate usually serves as a the btatitrode and a
conducting AFM or STM tip acts as the top electrod22{125. In other cases the top
electrode is prepared by vapor deposition of a metal126128. Fabrication of
metal/SAMs/metal hetrojunctions in nm scale can facilitate direct mesasot of the
conduction through a small number of SAM molecules sandwiched between two metallic
contacts. This technique guarantees intrinsic contact stability, in contrast to SPM
techniques, and can produce large number of devices with acceptablel 38=18(]
There are many reported results about metal deposition on SAMs of different molecules,
such as alkan¢hiols and counjugatethiols with polar and nepolar end groupsLBl-
139. The focus of most of these studies is to study the interactiorebet@eposited
metal and the end group of the SAMs using different spectroscopic technidees.
bonding between the deposited metal and the SAM has been studied using different
techniques such asrdy photoelectron spectroscopy, time of flight seconadarymass
spectroscopy, and infrared reflection spectroscafy-139. According to the reported
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results, the deposited metal generally forms a uniform layetoprof a SAM of polar
molecules 140-144); but in case of a SAM of ngpolar molecules the depitesd metal

may penetrate the SAM and reach the SAM/Au interface. The penetration could last over
a thickness of one atomic layer or more for the metal, depending on the metal and the
SAM [140-145.

Various metals including Au, Al, Ti, Ag, Cu, Ni, K, Na V& been vaper
deposited onto alkaridiol nonpolar (ODT) SAMs terminated with methyiCH3),
alcohol {OH), carboxylic acid-COOH), methyl ester@QOOCH3), and nitrile-CN)
groups, and the film growths have been studied extensii@lyl[39. Dependingon the
reactivity between the metal and the functional group, different degrees of penetration of
the metal into the organic layers have been repoiif. [Generally, the degree of
penetration increases as the metal reactivity decreb3ed 16, 147. In case of organic
functional groups, the reactivity is highest for oxygmmtaining functional groups,
intermediate for nitrile groups and lowest for methyl grodi@®[ Conceivably, this
penetration may result in formation of metal clusters over SAMt}o the best of our
knowledge there has been no reported study of these clusters using direct imaging
techniques such as AFM and SEWurthermore, all the above reports are about the
deposition of metal on a uniform SAM of molecules either with poldroenwith non
polar end. We have not seen any report on the deposition of metal on a hybrid SAM
pattern consisting of polar and rpaolar molecules.

There are many reported results about the metal deposition on SAMs of one type
of molecules, we first timé&ried to deposit metal on SAM patterns of different molecule,
specifically, the patterns of polar and fmolar molecules. Further, deposition only with
evaporator is reported but we deposited permalloy (alloy of Fe, NjFeM) using
sputtering systerour results of deposition are similar to that of evaporator

Here we report on a study of metal film growth on hybrid SAM patterns of two
different molecules, one polar and the other-polar. We have studied the behavior of
Au, Ti, Al, and Cr via thermakvaporation, as well as that of permalloy,;{N&1) using
magnetron sputtering. Similar results were obtained. Our initial motivation for this
investigation was to study SWCNT adhesion on ODT SAMs with various coverage of Au.

Therefore, we have investigat hybrid patterns of polar SAM (MHA or 2MI) and ron
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polar SAM (ODT) of various sizes and shapes using both soft stamping and DPN. In
these experiments, on polar regions we always observed formation of a uniform metal
film down to the smallest thickness wtudied (1nm). In contrast, on the ODT regions

we observed nonuniform growth and formation of metal clustahe feature sizes were

sufficiently small (=5 um).

6.1 Thermal Evaporation

Hybrid SAM patteris were prepared on a Ti/Au filmith micro-contact printing
or DPN of one molecule and backfilling of the other, as described before. Without any
further treatment to the substrate, it was loaded into a high vacuum evaporator (Edwards
AUTO 306) as soon as the preparation was finished. After achiaviage pressure of 2
x 107 Torr we thermally evaporated metal onto the SAM patterned substrate. During the
metal deposition the substrate temperature remained beRfvatfdl the pressure around
2 x 10’ Torr. The average thickness of the deposited messl measured using a quartz
crystal thickness monitor. Before opening the shutter, it was ensured that a stable
deposition rate and substrate temperature was achieved. After the desired thickness was
reached, the surface morphology of the metal on the Sfstlerns was subsequently
examined using AFM. We have studied several different metals inclddingl, Ti, and
Cr in this fasion.

6.2 Deposition via Sputtering

Similar experiments were carried out via magnetron sputtering of permalloy in a
high vaaium sputtering system. After loading the prepared substrate and achieving a base
pressure better than 5 x {0 orr, we used a 15sccm flow of Ar gas to achieve a constant
pressure of 3.5 mTorr for sputtering. We sputtered permalloy using a 2” magnetron gun
for 30 sec with a power of33W Before deposition we prgputtered for 5 minutes to
clean the target. The film thickness was determined from deposition time and careful
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calibration of the sputtering rate at fixed sputtering power, gas pressure, arwhpafsiti

the sample relative to the gun.

6.3 Results and Discussion

The central results of the experiments can be summarized as follows: 1) metal
deposition over hybrid patterns of SAMs of polar and-polar molecules resulted in
clusters on nopolar regions whereas over polar regions the metal film was always
uniform, 2) this contrasting growth of the metal film over polar and non polar regions
depends on theelative size of the two regions (ratio pblar/norpolar 2/4 vise versa,

1/1, 2/2, 3/3), and 3) metal deposition over hybrid patterns of two different polar
molecules resulted in uniform growth in both regions.

We have investigated SAM patterns of different polar molecules (with different
end groups) with the ngwolar molecule ODT. The methidrminated notpolar ODT
was known to have very weak interaction with deposited metal and while the COOH
terminated MHA and nitrogen terminated 2MI polar molecules have shown strong
interaction with deposited metals4p]. We also investigated different slespand sizes

of molecular patterns using DPN and micantact printing.

6.3.1 Effect of Metal Thickness

Figure 6.1 shows the results from depositing different thicknesses of Au (1 and
3nm) on a 2MI/ODT hybrid SAM pattern. In both cases, there was cleacldster
formation over the ODT SAM and uniform growth over the polar 2MI SAM. Similar
results were obtained in case of MHA/ODT patterns. At the Au thickness of 1nm, the
clusters on ODT appeared to aggregate near the center of the ODT stripe, while at a
larger Au thickness of 3nm the clusters appeared to distribute unif¢madgt of the
time) over the entire ODT stripe all the way to the ODT/2MI boundary Figure 6.2 shows
the evolution of the cluster formation on ODT with increasing Au thicknesk, & 5,
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7nm. For Au thickness up to 6 we observed clusters over ODT which became

unobservable with further increase in Au thickness

b)

0 mm 20 0 mm 5

Figure 6.1 Metal (Au) deposited (1nm and 3 nm) SAM patterns of ODT/2MI. a) AFM
contact foce image of 1nm of Au deposited SAM patterns of 28ips with uniform
coverage) and ODTstfips with clusters). b) AFM contact force image of 3nm of Au
deposited SAM patterns of 2MI (darstrip9 and ODT gtrips with clusters). High
resolution image (set) clearly shows clusters over ODT.
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6.3.2 Effect of Molecular Pattern Shape

We experimented with a variety of different micrometeale molecular patterns,
all with similar results, as shown in Fig. 6.3. For the same Au thickness of 3nm, we
always observed cluster formation on ODT and uniform film growth on MHA regardless
of the shape (stripe versus circle, Fig. 6.3a versus Fig. 6.3b) and filling (Fig. 6.3b versus
Fig. 6.3c). The latter two were the same pattern with opposite filling of ODT &, M
however, the results were the same. This observation also ruled out the possibility that the

cluster formation was due to defects in the ODT SAM from defects in the PDMS stamp,

c) d)

Figure 6.2 Evolution of cluster formi#on over ODT as thickness of deposited Au
increases. Thickness of deposited Au is 1, 3, 5, and 7nm for a), b), c), and d) respectively.
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because here the pattern was made by stamping MHA and backfilling ODT while in most

other cases the reverse was done.

b) c)

Figure 6.3 Metal (Au) deposited (3 nm) on SAM patterns of MHA/ODT. a) AFM contact
force image of 3nm of Au deposited SAM patterns of MHA (brightipg and ODT
(strips with clusters). High resolution image clearly shaovlissters over ODT b) AFM
contact force image of 3nm of Au deposited SAM patterns of MHA (dots) and ODT
(regions around dots). c) AFM contact force image of 3nm of Au deposited SAM patterns
of MHA (dots) and ODT (region around dots).

We tested severather metals including Ti, Cr, and Al. Similar phenomenon was
observed in all cases. Fig. 6.4 shows one example of the deposition of 3nm of Ti on a
SAM pattern of ODT/2MI. For different thicknesses and different metals we observed
some difference in theza of the clusters, but the qualitative behavior remains the same.
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6.3.3 Effect of Molecular Pattern Size
Out of coincidence we performed an experiment with some nanometer scale dot

patterns of MHA defined with DPN and the remaining area backfilled with ORtEr

2.5 nm Au deposition, surprisingly, we did not observe any clusters over ODT (Fig. 6.4).

//

0 mm 20 mm 6

Figure 64 Metal (Ti) deposited (3 nm) on SAM patterns of ODT/2MI. a) AFM contact
force image of 3nm of Ti deposited SAMtgerns of 2MI (dark regions) and ODSir{ps
with clusters). High resolution image clearly shows the Ti cluster on ODT.

This prompted us to do a series of controlled experiments. When we covered the whole
substrate with ODT, upon Au deposition we diot observe any cluster formation. We
also noted that in all the hybrid patterns in which we observed cluster formation on ODT,
the MHA/2MI and ODT patterns were of comparable size In the next series of
experiments, we patterned the substrate with relgtiV@rge polar/notpolar hybrid
SAMs, such as 5/20, 20/40, and 40/80 (all nm), and we tried both types of

combinations, e.g. stamping MHA and backfilling with ODT and vise versa. After the
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metal deposition on these patterns we did not observe anyrclosteation over the

ODT (Fig. 6.5).

b)

.

0 mm 45 0 nm 20

Figure 65 Metal (Au) deposited (2.5nm) on SAM DPN and large stamp patterns of
MHA and ODT. a) AFM contact force image of 2.5nm of Au deposited SAM DPN
patterns of MHA (small dots)nd ODT (region around dots). lAFM contact force
image of 2.5nm of Au deposited SAM patterns of MHA (relatively narrow brighter
stripg and ODT(wide strips)

97



6.3.4 Effect of Deposition Method

Sputtering and thermal evaporation are two contrastinffisreint physical vapor
deposition techniques. In terms of the energy of the vapor atoms, the two are at different
extremes (~100 eV for sputtering and ~1eV for evaporation). We performed a similar
experiment in which the metal (permalloy) was depositedhagnetron sputtering, in
order to examine possible effect of the atomic energy on the metal film growth on SAMs.
Fig. 6.6 shows the results for 3nm of permalloy sputtered onto a MHA/ODT pattern.
Clear metal cluster formation was observed on ODT with tmifgrowth on MHA. We
conclude that different physical deposition techniques have no observable effect on the

growth.

0 mm 18 0 mm 6

Figure 6.6 Permalloy (3nm) deposited SAM patterns of MHA/ODT. AFM contact force
image of permalloy deysited SAM of MHA étrips with uniform deposition) and ODT
(stripswith clusters). High resolution image clearly shows cluster over ODT.
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6.3.5 ODT/Au, MHA /Au and Polar/Polar Patterns

We have also prepared patterns of ODT and bare Au surface. ThesLib&trate
was stamped with ODT stripes only. After depositing Au we obtained similar result as
seen on polar SAM/ODT, i.e. cluster formation on ODT region and uniform coating on
bare Au regiongFig. 3.7c) Similar experiments performed on hybriditpaensof two
different polar molecule SAMs (MHA/2MI e.g.) yielded uniform metal film growth and

complete absence of cluster formation for all thicknesses as small agFigng\71).

a) b)

/
T~

Figure 6.7 Metal deposited SAM patternsf MHA/Au, MHA/2MI, and ODT/Au a)

AFM contact force imagof 1nm of Au deposited on MHbright strips) patterns on Au
surface. b) AFM contact force image of 3nm Au deposited on patterns of MHA (bright
strips) and 2MI (dark stripsk) AFM contact forceimage of 2.5nm Au deposited on
ODT (strips with clusters) and Au surface (dark strips). High resolution image clearly
shows clusters over ODT region.
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Later patterning only one polar molecule, like MHA on bare Au surface we observed
similar uniform metal fm growth and no cluster formatiofor all thicknessas small as
1nm (Fig. 6.7a)

6.3.6 Discussion

We do not know exactly the reason for cluster formation mean why neighboring
polar molecules affects the metal deposition onpwar molecules. But on the ba®of
series of controlled experiment at least we can say relative size and frequency of
molecular patterns does affect the metal deposition ofpalan molecules. Penetration
of metal in case of ngpolar molecules is well reporteti4l, 142, 143 Although from
these reports it is hard to predict the surface morphology Hetrirs of atomic layers
penetrations they clearly mentioned that after one or two atomic layers and in some
reports even after three atomic layers metal starts depositing at tloé %M and on
ward deposition is at the top of deposited metal. But in our case we observed clear metal
clusters formation up to 7nm. In case of Fig 6.1,2,3, metal deposition is 3nm which is at
least ~10 atomi@yers and we have clusters otteere meanaverage of ODT is yet not
complete. So on the basis of all these observation we can say relative size and frequency
of polar and noipolar molecular patterns may effect the metal deposition orpolan
regions.

We need to design more controlled experinsetat find the reason of this cluster
formation like some spectroscopic data so we can compare already reported data with this
new observation.

All these patterning of molecules which we did on Au surface could be done on
the Si substrate using moleculesvimg silane at the head of molecule instead of thiol. So
similar structures of polar and npolar SAMs patterns can be obtained on Si and other
semiconducting and insulating surface and after depositing metal on these patterned
surfaces we can have contlue and non conductive regions, as you can see in close scan
metal clusters on negoolar regions are far one another even up to 3nm of metal coating.
We have both line and dot pattern with cluster and uniform metal deposition, so their

combination couldbe used design interconnect for molecular electronics. Further
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arbitrary shape molecular patterns can be made using DPN, so this discovery with DPN
of soft molecules, which is presently the best opportunity to fabricate nanostructures with
resolution up talOnm, could led to the designing of electrical circuits/interconnect using
soft molecules. We deposited magnetic material first time on SAMs, our results shows
that very thin uniform magnetic films can be deposited on polar SAM. With the
possibility of vey thin magnetic films on SAMs, magnetic properties of such thin films

can be tuned using very rich chemistry of organic molecules with different end groups.

6.4 Conclusions

In conclusion, metal deposited on SAMs molecular patterns forms clusters on
nonpolar molecules and there is uniform deposition on polar molecules. It is not only the
relative binding ability of different molecules which is responsible for the cluster
formation on notpolar regions but it also depends upon the frequency and relagve siz
of the molecular patterns . Presence of polar molecular region in the vicinity-pblaon
region could effect the deposition on fmwlar region. Deposition process, evaporation
or sputtering gives the similar results, so deposition process is nohsésp the cluster
formation on notpolar region. Behavior of magnetic and froagnetic metals is also
same in this deposition process, both forms cluster oipolan region Cluster formation
on SAMs patterning itself is new observation which couldubed in many possible
applications, like layered structures of soft and hard material in different shapes and
optoelectronic channel could be developed using this technique in future.

Further, our preliminary results about magnetic material depositior g
new direction of research, as we know in some magnetic materials binding electrons are
responsible for magnetism and in some materials binding electronsffarentifrom
magnetic electrong very thin magnetic films such a property of magnetidamal can
be exploited to control/change their magnetic behavior.

The cluster size varies from 50 to 100nm where height of clustéism,
depending upon the type of metal and its average thickness. The clusters are not
connected to each other up to aae citical thickness for the metalh@se regions are

electrically isolated from uniformly coated regions over polar molecules. According to
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very recent report using pulse CVD technique metal can be deposited selectively only
over polar region in pattes of polar and nepolar molecules1f48]. In this way metal
deposited polar and ngolar patterns can make electrode patterns that can be used as
interconnects with proper choice of polar molecules, molecules sandwiches between
metal can act as moleanlcapacitor, transistor etc. Other reported result about the array
of metal deposition is via pulse laser deposition on SAM using nano%#8jeand laser
interference irradiation of the substrate during depositida]] Both of these patterning
processhave limitations on size and shape of patterns, in first case size and shape of
patterns depends upon the nanosieve, and in second case pattern size is limited by the
wave length of the ultraviolet laser and only array of parallel lines can be produted. B

in our case, metal pattern size depends upon the size of the molecular patterns, which by
using DPN can be reduced to 10’s of nm and almost there is no limit on the shape of the
patterns. Parallel DPN or by using the combination of DPN and stampiegalag can

be covered with any arbitrary shape of molecular patterns and this arrangement could be

used for nanoscale circuit architecture in future.
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CHAPTER 7

CONCLUSIONS AND FUTURE PERSPECTIVE

In this dissertation w&y we have developed a surfamenplated assembly
process for largescale, parallel, directed selEsembly of SWCNTSs onto a substrate with
pre-patterned metal electrodes using molecular recognition. Using this technique,
SWCNTs can be assembled preciselyto desired locations, over polar molecule SAM
or even bare metal surface, on a substrate and they can be aligned with precise
orientations via the manipulation of the geometry of the hybrid molecular patterns. This
method can potentially be used for massduction of functional SWCNT device arrays
and even complex circuits. Significantly, since the method does not rely on any external
forces or slow serial patterning technique, it can be done in a completely parallel manner
and is suitable for higthrowhput applications. We demonstrated the assembly of
millions of individual SWCNTSs junctions overlent size sample surface in a matter of
minutes. We also fabricated SWCNET structures across a single pair of souh@en
electrodes using this techniqu€&he electronic characteristics of such SWERHTs
made via templated assembly were found to be comparable to those made with
conventional lithographic techniques. In some aspects, e.g. hysteresis in the transistor
action, these devices actually exhibitéat superior performancelhis method is also
compatible with other successful CNT alignment methods such as fluid flow and electric
field techniques, and they can be combined to achieve the optimal results.

Now, can we build verfarge-scale integrated ctuits utilizing SWCNTs?
Obviously, we do not yet have a definitive answer to this question. The final realization
of the goal also depends on solving several other challenging problems such as control

synthesis of SWCNTs with identical chiralities. Howevaur development of the large
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scale “surfacgemplalted assembly” process of SWCHNdsed electrical junctions [31],
coupled with recent development on separating the semiconducting and metallic
SWCNTs via chemical processes [102], and on preferentialtiyrof semiconducting
SWCNTs [104] (with yield >90%) represent important progress towards the finaligoal.
the near term, the capability to produce large quantities of single SWCNT junctions
should provide researchers valuable flexibility in pursuindecght applications for
CNTs and may open up many new academic and industrial opportunities.

We have also systematically compared the binding ability and strength to
SWCNTSs of various polar molecules, Au film surface and Au nanoparticles. With the
same no-polar SAM (ODT) patterning, it was observed that bare metal (Au and Pd)
surfaces result in higher SWCNT assembly density and stronger binding than any polar
molecule SAM. The is another observation that is favorable for the assembly of SWCNT
circuits, adirect binding of SWCNTSs to the electrode surface intuitively should result in
better electrical contacts, a major issue in SWCNT electrical devices. This scheme also
facilitated direct comparison of the electronic characteristics of the templated assembl
SWCNT devices with established results from devices made by conventional lithographic
techniques. Similarly strong affinity of SWCNTs to Au nanoparticles was observed. This
raises hope that Au nanoparticles may be directly attached to individual SW@N@ls,
would provide an effective means of attaching important biomolecules such as DNA and
proteins to SWCNTs. The inert nature of CNTs has been a persistent obstacle for
biofunctionalization of SWCNTs and their applications in biosensing.

It is slightly ironical that, SWCNTs, which have one of the most inert surface and
are believed to have minimal interactions with chemical functional groups, can be so
effectively assembled using molecular recognition. This implies that this scheme may be
used, perhapmore effectively, for the assembly of other nanowires with more versatile
chemical functionalities [107]

The project is far from complete. Because of the rich physics and chemistry, and
enormous application potential involved, many aspects of the pogjecind should be
further pursued. An incomplete list includes:

1) Elucidation of the SWCNT assembly mechanism. Despite the wide range of

experiments performed, the assembly mechanism(s) on polar molecules and on
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2)

3)

4)

metal surfaces remain poorly understood. Ttuepolar molecule (ODT) SAM
appears to play an active role, which needs to be clarified. A better understanding
of the assembly mechanism(s) should lead to even better alignment and assembly
precision.

Systematic fabrication and characterization of SWEONETs with a single
SWCNT. The devices we have studied so far all have multiple SWCNTSs in the
channel. In some cases, metallic SWCNT(s) are present which greatly reduces the
gating effect and complicates the interpretation of the data.

Quantitative evaluain of the devices as gas and biological sensor. The
significant suppression of the hysteretic effect in the FET action in the SWCNT
FETs made with the templated assembly technique make them favorable for
sensor applications. Such capabilities will needb® clearly demonstrated and
guantitatively evaluated.

Fabrication and characterization of arrays of SWCNT junctions and FETs. The
demonstration of the assembly of large number of SWCNT junctions over
macroscopic scales were done with parallel arrays @& d&lectrodes, which
precludes thorough electrical characterization of each individual SWCNT junction.
Only rudimentary qualitative electrical measurements were performed on the
arrays with conducting AFM. Similar experiments need to be performed on more
sophisticated electrode patterns and electronic characteristics of individual
junctions need to be measured, in other words, the device yield needs to be

carefully evaluated.

As an offshoot of the main project of SWCNT assembly, we have investigated

the pdtern of metal film growth on polar and npolar SAMs, combining organic
material SAM patterning, physical vapor deposition and AFM imaging. Over large scale
patterns of polar or ngoolar SAMs, uniform growth of metal films was observed for
deposition tlitkness as small as 1nm. In micrometer scale hybrid patterns of polar and
nonpolar SAMs, an interesting variation was observed. For a total thickness as large as
7nm, the deposited metal forms clusters on thepater SAM whereas there is uniform

growthon the polar molecules. This effect does not depend on the type of metal or the

10¢



deposition method used, but depends on the absolute and relative sizes of the polar and
nonpolar SAM patterns. We do not yet understand the observation. Clearly, the presence
of polar molecules in close proximity effect the change in the metal film growth mode
and formation of metal clusters on the {pmtar SAM, The result may find useful
applications in novel fabrication of nanostructures and means of molecular wiring in
molecular electronics. But perhaps more interesting, from a fundamental science point of
view, this provides another example of intriguing phenomena emerging from the
interface of soft and sohdtate materials. Another example (not covered in this thesis)
was a set of experiments recently initiated by the author, in which significant
modification of ferromagnetism in a permalloy film was observed upon an organic SAM
binding, and perhaps more exciting, inducement of giant magnetic moment and in some
cases ferrmagnetism in Au upon binding of organic molecules. Hybrid nanostructures of
solid state components and organic molecules are truly exciting artificial material
systems which promise intriguing discoveries in fundamental science as well as novel

functionalties.
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EDUCATION

BIOGRAPHICAL SKETCH

SALEEM G. RAO

Ph.D., Physics (Summer 2005), Florida State University, Tallahassee, FL,

M.S., Physics, year Western lllinois University, Macomb, IL

M.Phill. Physics, year Quaid-Azam University, IslamabadPakistan

RESEARCH ACCOMPLISHMENTS
2001 Present Florida State University: Prof. Seunghun Hong/ Prof. Peng Xiong

8

8

20062001

Nano-scale directecassembly of carbon nanotubased circuits.

(Nature 2003, 425, 387)

Nano and micrescale molecular patterning via dgen nanolithography
andmicro-contactprinting for directedassembly of various nanostructures
(e.g. carbon nanotubes, nanoparticles, etc).

Physical deposition (via evaporation and sputtering) of different metals
(e.g. Au, Cr, Al, Ti etc) on selissembld monolayers (SAMs) patterns of
polar and noipolar molecules.

Currently working on

Study of the electrical properties of SWCGHKH&sed field effect transistor
circuits fabricated with recently developed surféeeplated assembly
process.

Study of the moditation of the magnetic properties of Permalloy
(FesoNizo) thin films (36nm) and possible inducement of ferromagnetism
in Au nanoparticles with polar and npolar organic molecule SAMs.

Western lllinois University

Internship, National Hig Magnetic Field Lab: Prof. Jack Crow/ Prof.
Mark Boley

Characterization of transition metal oxides (magnetic properties of 4d and
5d electrons).



19951996  Quaiee-Azam University: Prof. Asghari Magsood
8§ Study of amorphous to crystallization tramsiti using electrical
measurement, Differential Scanning Calorimetery, amdyxdiffraction.

TEACHING EXPERIENCE
20022002  Florida State University

8§ Teaching Assistant, Introductory Physics Lab (two semesters)
20002001  Western lllinois University
8§ Teaching Assistant, Introductory Physics Lab (one semester)

19972000  Humdard University, IslamabRakistan
8§ Lecturer, Physics | & 1l (Undergraduate, 200 and 300 level courses)
19951997  Bahria University, Islamab&thkistan
8§ Lecturer, Basic Eldconics and Digital Electronics (Undergraduate, 200
and 300 level courses)
19902000 Different institutions, affiliated with University of London and University
of Cambridge (England), Islamab&kistan
8§ Lecture/Teacher, Physics, Pure and Applied Ma#ties at Advanced
Level

AWARDS AND PROFESSIONAL ORGANISATIONS

Outstanding Graduate Student Award, Physics Department, Western lllinois University
(2001)

American Physical Society

American Chemical Society

Material Research Society

PUBLICATIONS

1. Rao, S. G Huang, L.; Setyawan, W.; Hong, S. "Nanotube Electronics: L8me
Assembly of Carbon Nanotubes," Nature 2003, 4253R6

2. Wahyu SetyawanSaleem Rag and Seunghun Hong “Conductance Microscopy for
Electric Conduction Study of Bitnspired Hybrid Nanostctures Under Ambient
Conditions”, Mat. Res. Soc. Symp. Proc. Vol. 735 200349

3. Seunghun HongSaleem G. Rap SPM Probe Beyond Microscopy, to be published
by Wiley (book chapter, submitted)

4. Huang, L.;Rao, S. G, Hong, S. "Pure Control of the AdsogutiBehavior of Single
Walled Carbon Nanotubes on Different MolectRatterned Surfaces”, J. Am. Chem.
Soc. (submitted).

5. Saleem G. Rag Ling Huang, Peng Xiong, and Seunghun Hong, “Assembly of
SingleWalled Carbon Nanotubes on Patterns of Au Nanopartiolesidy to submit).

6. Saleem G. RapSeunghun Hong, and Peng Xiong, “Physical Deposition of Metals on
Selfassembled Monolayers Patterns of Polar and-Raar Molecules on Au
Surface” (in preparation).
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7.

Saleem G. RapShahid N. Ahmad, and Shahid A. Shahe@dmagnetic Properties of
Permalloy Thin Films Deposited on SeKsembled Monolayers of Different
Functional groups”, (in preparation)

Presentations

1

Saleem Rag Shahid Ahmad, Shahid Shaheen, “ Anomalous Magnetic Behavior of
Thiol Self Assembled Monolayesn GoldThin films” 50" conference on Magnetism
and Magnetic Material 2005, San Jose, CA (Submitted).

Shahid AhmadSaleem Rag Shahid Shaheen, “ Deposition of Magnetic Materials on
Organic SeAssembled Monolayer” 80 conference on Magnetism and Matjoe
Material 2005, San Jose, CA (Submitted).

Saleem G. RapPeng Xiong, and Seunghun Hong, “Direct Attachment of Au
Nanoparticles to Singl&Valled Carbon Nanotube” MRS Fall Meeting (2004) Boston,
MA.

Saleem G. RapLing Huang, and Seunghun Hong, “Lar§eale Assembly of

Carbon Nanotub®ased Circuit structures” American Chemical Society, National
Meeting (2004) Anaheim, CA.

Seunghun Hondsaleem G. Rapand Ling Huang, “ Largé&cale Assembly of

Carbon Nanotub®aseal Circuit via SeHassembly Strategy” MRS Spring Meeting
(2004), San Francisco, CA.

Rao, S. G Huang, L.; Hong, S. “Precise Positioning and Alignment of Multiple
Carbon Nanotubes via Surfademplated Assembly,” 2003 American Physical
Society March Meting, Austin, TX.

Pradeep ManandhaBaleem G. Rapand Seunghun Hong, “Organic Molecular Ink
Suitable for Controlled Nanoscale Direct Deposition: Towards Direct Assembly of
Hybrid devices”, American Physical Society, 2002 March Meeting, Indianapolis, IN.

SKILLS

. Directed assembly and characterization of carbon nandiaged circuits.

Nanoscale molecular patterning: Bien Nanolithography, microontact printing.
Micro-fabrication: photolithography, metal thin film deposition (thermal evaporation
and magetron sputtering).

Nanoscale surface characterization: AFM, ultrahigh vacuum STM and AFM, SEM.
Material Characterization:-kay diffraction.

Thin Film Preparation: Evaporator, Sputtering.

Magnetic Measurements: VSM, SQUID.

Electrical Measurements: Conding AFM, resistance measurements at low and
room temperature using two and four probes, SWCNT field effect transistor
characterization.

Computer skills: Corel Draw, Origin, Excel, Photoshop, AutoCAD etc.
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