Methods of the Alignment-Relay
Technique for Nanosystems:

Optimization and Innovation

Monika Rose Snowdon

A thesis
presented to the University of Waterloo
in fulfillment of the
thesis requirement for the degree of
Doctor of Philosophy
in

Chemistry (Nanotechnology)

Waterloo, Ontario, Canada, 2020

© Monika Rose Snowdon 2020



Examining Committee Membership

The following served on the Examining Committee for this thesis. The decision of the
Examining Committee is by majority vote.

External Examiner Benoit H. Lessard
Associate Professor, Department of Chemical and
Biological Engineering, University of Ottawa
Supervisor Derek J. Schipper
Associate Professor, Department of Chemistry,
University of Waterloo
Internal Member J. Michael Chong
Professor, Department of Chemistry,
University of Waterloo
Internal Member Anna Klinkova
Assistant Professor, Department of Chemistry,
University of Waterloo
Internal-External Member Aiping Yu
Associate Professor, Department of Chemical

Engineering, University of Waterloo

il



Author's Declaration

This thesis consists of material all of which I authored or co-authored: see Statement of Contributions
included in the thesis. This is a true copy of the thesis, including any required final revisions, as accepted

by my examiners.

[ understand that my thesis may be made electronically available to the public

iii



Statement of Contributions

This thesis contains material from several published journal papers that I authored or co-authored

(either as M.R. Snowdon or M.R. Kulak).
Part of the research in Chapter 1 is for a review in preparation for Nature Communications Chemistry.

Part of the research work discussed in Chapter 2 was published in ACS Applied Nano Materials.
Reproduced with permission from reference M. R. Snowdon, S. Selmani, D. J. Schipper. ACS App!.
Nano Mater. 2019, 2, 10, 6637-6645. Copyright 2019 American Chemical Society.
doi.org/10.1021/acsanm.9b01514

I conducted the experiments, including sample preparation, characterization and analysis.

Part of the research work discussed in Chapter 3 is accepted with revision for publication in the New

Journal of Chemistry (RSC) December 2020.
Part of the research work discussed in Chapter 4 is a manuscript in preparation for ACS Omega.

Part of the research work discussed in Chapter 5 is a manuscript in preparation for the Science and
Technology of Advanced Materials. The research was conducted at the National Institute for Materials

Science funded by an International Co-operative Graduate Fellowship in 2020.

Part of the research work discussed in Chapter 3 was published in Phosphorus, Sulfur, and Silicon and
the Related Elements. Reproduced with permission from reference M.R. Kulak, D. J. Schipper. 2019.
Phosphorus, Sulfur, and Silicon and the Related Elements, 194:7, 760-763. Copyright 2019 Journal of
Phosphorus, Sulfur, and related elements. 10.1080/10426507.2019.1603234

I conducted the experiments including sample preparation, characterization and analysis.

Part of the research work discussed in Chapter 3 was conducted by undergraduate researchers under
my supervision and guidance: Synthesis and characterization of molecule [ptCOOH by Shirley Wang,
Synthesis and characterization of the three -COOH filler molecules by Dan Boada.

Part of the research work discussed in Chapter 4 was conducted by undergraduate researchers under
my supervision and guidance: MWNTs sample preparation and some of the data analysis by Iris L

Chan, NWs and GQDs preliminary investigation by Felix Zaile Zhuang.

v



Abstract

This manuscript details the achievements and the scientific evidence for the alignment
of single-walled carbon nanotubes for field-effect transistor applications. There has been
immense growth in the semiconducting industry over the last 60 years as it moves towards
smaller and faster devices. This growth corresponds with the predictions of Moore's law that
the number of transistors in a chip duplicates approximately every two years. However, the
functionality of devices is compromised as they become smaller in size. The manipulation of
nanomaterials can contribute novel solutions by providing information on the chemical-
physical properties needed to address the challenges of smaller dimensions to develop higher-
performance electronics. This dissertation reports on the efforts to replace traditional silicon
field-effect transistors (FETs) with single-walled carbon nanotubes (SWNTs), motivated by
the need to overcome some of the problems that SWNTs present before they can be integrated
into devices. The main difficulty for satisfactory integration arises from the tendency of
SWNTs to configure in several ways, resulting in unreliable carrier transport. The main goal
of the project was to optimize an aligning method and to select tube conformations with the
desirable semiconducting properties.

The alignment relay technique (ART) was developed for the simultaneous alignment
and sorting of SWNTs. This method applies a liquid crystal aligned monolayer of SWNT
iptycene-tweezers to an oxidized surface. The main research objective was to develop the
extent of ART and to explore those ramifications. Additionally, prior to this work no devices
had been manufactured with this technique, ART's effectiveness was unknown. Therefore, the
study also extended towards device fabrication to prove that transistors can be made with ART.

First, to increase SWNT alignment, the ART was modified to include a sonication
treatment, which boosted the degree of alignment up to 80%, but with a 10x decrease in
density. The average nanotube lengths were more consistent across the surface and increased
from 0.8 to 1.7 um. Extensive Raman spectroscopic analysis concluded a preference for 1.6
nm-diameter SWNTs. The ART was combined with other popular nano-surface deposition
techniques such as Layer-by-Layer and Langmuir-Blodgett to augment the density of SWNTs
on the surface. These combinations were hypothesized to increase the density of the aligned
SWNTs; however, the results showed bundles of tubes adhering to the silica surface, rather
than keeping with the orientation set by the ART. Consequently, additional surface molecules
were added to fill gaps in the iptycene monolayer, which increased SWNT density by up to
10% on silica.

Second, another form of iptycene-tweezer was synthesized using carboxylic acids, and
this new molecule enabled better nanotube adherence to alumina surfaces than silica ones. Both
alumina and gold surfaces were attempted with standard ART, and their surfaces were also
treated with other molecules to fill in any gaps in order to increase the alignment and density
of the SWNTs on the surface. The additional molecules were ineffective on gold but increased
the SWNT density by up to 16% on alumina.

Third, ART had only been explored with a single batch of SWNTs. Here, various
SWNT batches were investigated, along with multi-walled carbon nanotubes (MWNTs),
graphene nanoribbons (GNRs), and nanowires (NWs), to explore the extent of this new
alignment method. Only SWNTs in the diameter range of 1.4-1.8 nm were effective using the
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existing parameters. The MWNTs and NWs did not work as the diameters are too large to bind
with the iptycene tweezer effectively. The GNRs did not bind as they have a planar structure
that is a mismatch for the concave structure of the iptycene tweezers. Lastly, top-gate and
bottom-gate transistors were fabricated and tested using both electron beam lithography and
photolithography. The ART nanotubes tested in a vacuum as a top-gate can achieve an Ion/Iorr
of 10° with a mobility of 10 cm?/Vs. Although greater Ion/Iorr and mobility values have been
shown for CNTFETs, this work presents the first evidence that functioning devices are possible
when using ART, and lays the ground work for the successors of this research.
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Résumé

La fabrication des semi-conducteurs est une €norme industrie qui s’est largement
développée au cours des soixante derniéres années, ¢évoluant selon les prédictions de la loi de
Moore. Cependant, la miniaturisation des appareils €¢lectroniques compromet leur infaillibilité.
La recherche et la manipulation des nanomatériaux apportent de nouvelles solutions a ce défi.
Le domaine des nanotechnologies ¢étudie les propriétés physico-chimiques des semi-
conducteurs et permet de surmonter les problémes liés a cette miniaturisation afin de
développer des produits électroniques aux performances optimales. Un probléme a résoudre
est celui de la réduction de taille des transistors, un composant majeur des appareils
¢lectroniques tels que les ordinateurs et cellulaires, qui influe sur leur transport, puissance et
intégration. Une solution pour surmonter certains de ces problémes est d’utiliser les nanotubes
de carbone monofeuillets (SWNT, single-walled carbon nanotubes).

Cette these décrit une voie de recherche visant a remplacer les transistors traditionnels
en silicium avec des transistors faits de SWNTs, car certains problémes empéchant leur
utilisation dans les appareils électroniques. La difficulté¢ principale pour 1’intégration
satisfaisante provient de la tendance des SWNTs a se configurer de plusieurs maniéres, ce qui
entraine des propriétés semi-conductrices incohérentes. L'objectif primordial du projet était
d'optimiser une méthode d'alignement et de sélectionner des conformations de tubes présentant
les propriétés semi-conductrices souhaitables.

Afin d’améliorer 1’alignement des SWNTs, le Alignment Relay Technique (ART) a été
développé. Cette technique a pour but d’aligner et en méme temps sélecter les SWNTs. La
technique se base sur les propriétés des cristaux liquides pour I’alignement, et sur des
molécules iptyceénes qui peuvent interagir avec les SWNTs et les adhérent a la surface.

Ce projet a pour but d’optimiser I'ART a travers différentes modifications a sa
méthodologie. Des techniques de sonication, layer-by-layer, et Langmuir-Blodgett sont
étudiées. La sonication peut augmenter 1’alignement des nanotubes sur la surface par presque
80%, au prix d’une moindre densité de tubes en surface.

L’ajout de molécules additionnelles en surface est également exploré, ainsi qu’une
variation de I’iptyceéne original contenant un segment d’acide carboxylique. Cette version de
I’ART démontre une préférence pour les surfaces d’Al2Os au lieu de SiO». L’utilisation d’une
surface d’or a aussi été investiguée, mais n’est pas montrée d’efficacité. Aussi, des
investigations ont lieu en utilisant d’abord des nanotubes de carbone multifeuillets (MWNTs),
des nanofils, et nanorubans de carbone. En outre, des transistors ont aussi ét¢ fabriqués avec
les SWNTs alignés par ART en utilisant la photolithographie et la lithographie par faisceau
d'électrons. Les résultats démontrent un Ion/Iorr de 10° et une mobilité de 10 cm?/Vs.

En résumé, ce manuscrit détaille les réalisations et les preuves scientifiques de
l'alignement de nanotubes de carbone a paroi unique appliqué aux transistors.
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Figure 2-9. Raman spectra of the 1 min sonicated samples at 632 nm for a) toluene, b) THF, ¢) DMSO.
The data shows the RBM regions and the G-band signals. In c), only the molecule and Si-peaks are
apparent in the RBM region, and no nanotube chiralities are identifiable. .............cccoceniniininnnnne. 94
Figure 2-10. AFM micrographs a) 5 mins toluene, b) 5 mins THF, c¢) 5 mins DMSO, d)5 mins ACN,
e) 5 mins acetone, f) chloroform. Y/x-range is 10 um for all the images. ..........ccceeceevveriienciercieennnnn, 96
Figure 2-11. a) No-sonication — control, b) 5-minute sonication, ¢) 10-minute sonication, d) 40-minute
continuous sonication. Sonication was applied after nanotube deposition.............ccceevverierrecreennennn. 97
Figure 2-12. a) Standard deviation tabulated from all the orientations of each respective sample of
different sonication time treatment for comparing the alignment of the samples b) degrees away from
average alignment for all three-time frames being compared. Represented here, 0° = 120°, and
subsequent degrees outward are all the average orientation deviations. ...........ccceeveevveevreerreereenenennn. 101
Figure 2-13 Representation comparing the lengths of SWNTs on ART surface on control (no
sonication), S-minute, and 10-minute SONICAtion SAMPIES.......cc.ecvercrierrierierierie e e e esreesresereeenes 103
Figure 2-14. Average Raman mapping of sonicated and non-sonicated sample (30 x 30 um) at a) red
laser excitation energy and b) green laser excitation energy correlated alongside the dropcasted 90%
pure sc-SWNTs on silicon wafer. Peak at 233cm-1 is the organic layer and a peak at 303 cm-1 was
observed that resonates from the silicon and is used for calibration. S1 is the dropcast solution of
SWNTs evaporate on silicon. S2 is the control ART sample. S3 is an ART sample with 5 minutes of
sonication post-deposition. S4 is an ART sample with 10 minutes of sonication post-deposition.
Diameters and chiralities for the deconvoluted peaks are indicated. *could also be (12,5) chiral
NANIOTUDE. .. .eitiettetie ettt ettt ettt e st e e s tteeateeateeate e bt e bt e eseeeaeeeaeeemeeeate e bt e bt e satesatesaseeaseenbeebeenaeesneesneas 107
Figure 2-15. a) HIM resolution image of SWNTSs on bare silicon without any aligned organic
molecule present on the surface, 10 x 10 um image. b) The SEM In-lens 5kV image at 20 x 20 pm of
a silicon surface that has not been functionalized with the ART but does have 5-minute sonication
applied to it after a 24 h SWNTSs deposition period. These were the only tubes to appear on the entire
substrate SUrface (3 X 10 IMIM). .ocveveiiiciieiieiieree ettt e e e e e e s e e staessaessseesseesseesseesssenssas 112

Figure 2-16. In-lens images of carbon nanotubes on a) silicon surface, b) ART treated silicon surface.

Figure 2-17. 6 x 6 um image of a) conductivity and b) height image of NTs on silicon. The 10 x 10 pm
image of c¢) conductive image and d) height image of NTs on silicon. ........ccccocceveeveninienininieene. 114
Figure 2-18 a) conductive image, b) topography image, c) phase image of an 8.5 x 8.5 um area where

one of the NTs seems to be only conductive on half of its length...........ccoceeveniniiinniine 116
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Figure 2-19. Illustration of a functionalized surface being treated with two differently charged
solutions. The positive is an aqueous PEI dispersion, and the negative is an aqueous surfactant
dispersion 0f 90%0 SC-SWINTS. .....cciiiiiiiieiieiee ettt ettt st et e et eestaesteesaaesesesnsesnseesseenseennnes 118
Figure 2-20. Results from applying LBL treatment to ART samples, AFM micrographs of a) ART
silicon surface without any LBL treatment, but had sonication 5-mins, b) with one cycle of dipping into
the positive and negative solutions, ¢) repeating LBL cycle for a total of five times. All the AFM images
are of the same sample. d) Histogram showing the degrees away from the average alignment of all the
SAMPIES LOZELNET. ...vviiviiieiiiiiciiecitecte ettt ettt et eetae et eebe e be e taesebestbeesseesseetaessaesssesssessseesseesseesssensnas 120
Figure 2-21. a) sample that only had a monolayer of iptycenes treated with the LB method, b) sample
functionalized with ART and CNTs then subsequently treated with LB method. ............c..covveneeneee. 121
Figure 2-22. a) Graphical representation of the concept of modifying ART using intermediary
molecules represented as red squares for SWNTs alignment, b) attempted filler molecules 7-10 to test
tHE NYPOTRESIS. 1oovviiiieiiiciiecie ettt e e e e et e et e bt e s tb e s b e sebeesseesseessaessaessbeesbeasseesseesseesssassenssensss 124
Figure 2-23. AFM images of a) room temperature drying, b) oven drying, ¢) comparison of degrees
away from average orientation data when using molecule 7...........cccoevieiiiniiiniiniiiieeee e, 126
Figure 2-24. a) AFM image of using molecule 8 as filler, b) alignment information obtain from using
MOLECUIE 8 @S TILIET. ...ttt et et e b e st e st e st et eeeenes 127
Figure 2-25. a) AFM image of using molecule 9 as filler, b) alignment information obtain from using
MOLECUIE 9 @S TILIET. ...ttt ettt et e sbe e st e et e et e e b e ebeens 128

Figure 2-26. a) AFM image of using molecule 10 as filler, b) alignment information obtained from

usSing MOlecule 10 as fIIIET.......c.oooiiiiei ettt sttt et et e s 129
Figure 3-1. The AFM images of a) ART on Al,Os using molecule 1 and b) ART on SiO; with molecule
L ettt b e bttt b e a e bttt 133

Figure 3-2. The AFM images of a) Ipt-COOH with ART on alumina and b) the Ipt-COOH with ART
OT1 STLICA. -ttt ettt h e et et e b e b e e bt e s a et e a et e bt e bt e bt e sht e sateeate e bt e bt e nbeeeaeas 135
Figure 3-3. Distribution of degrees away from average alignment of the CNTs on the surface of both
the ART carboxylic acid and phosphonate ester treated SUrfaces. .........ccocuevvvrevieeviieneeneesrecreeereeene. 136
Figure 3-4. Raman spectra at 532 nm laser strength all on Al,Os for a solution of dropcast SWNTs (S1,
black — bottom), the ART surface with molecule 1 Ipt-P(O)OEt; (S2, middle — red), and the ART
surface compound 12 (S3, DIUE — t0D)...cveirrierieiieiie ettt sre e st stae e beeaveebeebeeesesenas 137
Figure 3-5. The AFM images of a) Ipt-COOH with ART on alumina using 8CB and b) the Ipt-COOH

with ART on silica using 8CB, ¢) distribution of degrees away from average alignment of the CNTs on
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the surface of both the ART acid using 8CB instead of SCB on the two substrates, d) structure of 8CB
TOT TETRIEIICE. ....eneiiieiiee ettt ettt h et b et e b e e bt et e s bt et e be s bt entenbe e et eneenne 139
Figure 3-6. Carboxylic acid moiety filler molecules incorporated with molecule 12/5CB on the alumina
SUIface USING the ART . ....cccuiiiiiiiiie et te e st esraeseteenbeesseeseessnennnes 140
Figure 3-7. Results from attempting molecules 13 and 14 in conjunction with 12/5CB on the Al>O;
surface. a) representative AFM of surface treated with 13, b) resulting data of aligned SWNTSs on the
surface using 13, ¢) representative AFM of the surface treated with 14. ............ccooeeiieiiiiieniecneen. 142
Figure 3-8. Results from using 16 and 17 as gap-filling molecules on the Al,O; surface. a) AFM image
using 16, b) resulting histogram depicting average alignment deviation of the SWNTs using 16, c) AFM

image using 17, d) resulting histogram depicting average alignment deviation of the SWNTSs using 17.

Figure 3-9 a) AFM of the sapphire surface showing the step size of 0.5 after UV-o0zone treatment, b)
10 x 10 pm AFM image of the sample treated with 1/5CB that resulted in SWNTSs bundles, ¢) 3 x 3 pm
AFM image of the SWNTSs bundles on sapphire with ART 1/5CB. ......cccevviiiiiiiiieeeeeeeerene, 145
Figure 3-10 a) AFM image of aligned SWNTs on the sapphire surface using IptCOOH, b) histogram
representing the degrees away from average orientation for the number of counted nanotubes, ¢) zoom
in AFM image for the appearance of the grooves in the surface...........ccccooevieveninieninieninniene 147
Figure 3-11 Results of the ART using 1/5CB on a gold substrate a) AFM, b) average alignment
histogram, c) Raman spectra showing RBM and G-band using a 532 nm laser. ........cccceceevereeucnnene 149
Figure 3-12. a) Hypothesis for altering the functional group for the ART, b) target molecule containing
sulfur for enhanced Au-S bINAING (19).....coouiiriiiiiiie ettt 150
Figure 3-13. a) Tapping mode AFM showing very few SWNTs on the surface, b) SEM of the sample
surface depicting un-aligned tubes, ¢) Raman spectrum of confirming presence of SWNTs on the
surface for the gold substrate using a mixture of 1 and 19............ccccvevvirierciieciiecieeeeee e 151
Figure 3-14. Schematic representation of adapted ART method using intermediary molecules (red
squares) for SWNTs alignment on the gold SUTfACe........c.cccveviieviierierieciece e 152
Figure 3-15. AFM of samples treated with a) diethyl phenyl phosphonate (7), b) thiobenzoic acid (20),
and c) triphenylphosphine sulfide (21), d) tabulated data for the few tubes that were found on these
functionalized surfaces showing degrees away from average alignment.............ccccccvevververvennennnenn 153
Figure 3-16. Raman spectroscopy data at 533 nm laser wavelength for the three investigated samples,
along with data of regular ART method on gold and nanotubes only for comparison purposes. *peak
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Figure 3-17. The potential molecular backbone for further synthetic investigations in ART anchoring
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Figure 3-19. Results from testing the Si3N4 and TiO, surfaces with 1/5CB under UV/Ozone cleaning:
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Figure 4-2. Raman spectra comparing RBM of the dropcast versus ART functionalized 78% purity
SWNTs in a) red wavelength, b) green wavelength. Peak at 232 cm! iptycene though very low intensity,
310 and 520 cm! from Si are for calibration; dropcast sample was thick so no reference peaks observed
but can compare G-band for calibration. Mapping region was 10 X 10 Um.......cccccceevvereervercnennnennn, 162
Figure 4-3. Raman spectra of the dropcast SWNTs-COOH sample at a) red wavelength, b) green
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Figure 4-4 The resulting SWNTs-COOH in surfactant solution a) AFM topography image, b) AFM
phase image, c) histogram of degrees away from average alignment over nanotube count............... 166
Figure 4-5. The SWNTs-COOH dissolved in water and then deposited on the ART surface a)
Topography AFM, Phase AFM showing the increased roughness and layers of impurities on the
surface, c¢) histogram of degrees away from average alignment over nanotube count, d) SWNTs-COOH

ART surface with alignment (topography), ¢) SWNTs-COOH ART surface with alignment (phase).
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Figure 4-6. Raman spectra in the two laser frequencies (a — 632 nm, b — 532 nm) of the RBM region
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Figure 4-7. a) AFM of 5 um SWNTs bundles dropcast on silicon, b) Raman RBM of the 5 um SWNTs
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Figure 4-8. a) toluene dissolved 5 um SWNTs on ART surface, b) hexanes dissolved 5 pum SWNTSs on
ART surface, c) hexanes dissolved 5 pm SWNTs on ART surface at reduced concentration 0.1%. 172
Figure 4-9 AFM of a) green SWNTs applied to ART, b) purple SWNTSs applied to ART at 1 x 1 um,
c) purple SWNTs applied to ART at 3 x 3 um, d) histogram for degrees away from average alignment
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Figure 4-10. SEM images of the a) 8 nm MWNTs after 3 days depositing, b) 10-20 nm MWNTs
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Figure 4-11. Comparing degrees away from average alignment for the non-sonicated, 5 mins and 10-
mins sonication treatments for a) 8 nm diameter MWNTs, and b) 10-20 nm diameter MWNTs, c) 20 x
20 um SEM of 5 mins sonicated M2, 20 x 20 pm SEM of 10 mins sonicated M2...........cccccoceeeenene 177
Figure 4-12. Comparing degrees away from average alignment for the non-sonicated, 5 mins with 1 h
of redeposition time and 10 mins sonication with 1 h redeposition treatments for a) 8 nm diameter
MWNTs, and b) 10-20 nm diameter MWNTs, ¢) 20 x 20 um SEM of 5 mins sonicated with redeposition
of M2, 20 x 20 pm SEM of 10 mins sonicated with redeposition of M2..........ccccceeveiiiieiinieieene. 178
Figure 4-13. Larger MWNTs with ART SEM images a) no sonication, b) 5 mins sonication, 5 mins
sonication + 1 h redeposition, d) histogram of alignment results............cccevveervieriieevieeneerieseeeereene. 180

Figure 4-14. GNRs (1% wt/vol) in toluene with an ART functionalized substrate after 24 hours, a) 3 x
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Figure 4-16. SEM of NWs on ART surface: a) 100 x 100 um image of ZnO NWs, b) 10 x 10 pm image
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Figure 4-17. AFM of ART treated surfaces with the following compounds: a) graphene 10 x 10 um,
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Figure 5-1. CNTFET 1 HR-SEM image at 1 kV of one of the first few successful devices made with
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Figure 5-2. Example of surface coated patterns a) full example of the developed pattern prior to metal
deposition, b) close-up of the general S-D areas before metal deposition, c) surface after metal
deposition, d) full pattern after the lift-off process, €) close up of gap channel from the LED lithography
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Figure 5-3. a) ART HR-SEM surface on marked substrate with (10,3) SC dispersed SWNTs, b) layout
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and Gate electrodes for TG EBL CNTFET. .....ccooiiiiiei ettt 191
Figure 5-4. Transport curves for CNTFET device 1 a) before and b) after annealing treatment, with
forward and backward SWEEP OF VG. c.uiiiiiiiiiiiciicie ettt 192
Figure 5-5. a) I-V transport data for Vsp = 0 V for iptycene only device, b) [-V transport data for Vsp
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Figure 5-6. a) CNTFET 2 HR-SEM before annealing, b) CNTFET 2 HR-SEM after all annealing tests,
the CNTs in the channel are indicated, c) I-V resistor test before annealing, d) I-V resistor test with
200°C anneal, e) I-V resistor test with 300°C anneal, f) I-V resistor test with 400°C anneal............ 195
Figure 5-7. Average G-band intensity of various CNTs treated with increasing annealing temperatures
from 300°C plotted with normalized intensity: a) Nanointegris 90% SDS/SC dispersed sc-SWNTs, b)
Nanolntegris 95% sc-SWNTs from CHCIs, ¢) (10,3) sc-SWNTs SC dispersed sc-SWNTs, d) sc-

SWNTS MiXtUre SC diSPEISEA. ...cccuiiiriiieiiieeiiieiieeeiteesreeetteeteeesreesteeestaeesseeessseessseessaeessseessseeennns 198
Figure 5-8. Results from testing CNTFET 3: a) Transport data in air b) output data in air, ¢) transport
data in vacuum, d) output data iN VACUUINL. ........cccveiiiiiieieeieeceeeite et esteestaesareereesveebeeveesesenenas 200
Figure 5-9. HR-SEM of CNTFETs made with LED lithography method used for BG SMU testing
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Figure 5-10. HR-SEM at 1 kV of EBL fabricated CNTFET channels...........cccccoeeeieniniieneiieenene 203

Figure 5-11 Bottom-gate EBL sample (CNTFET#9) a) sweep Vg from -60 to 60 V with 120 mV step,
b) sweep Vg from -60 to 60 V with 500 mV step, ¢) sweep Vg from 60 to -60 V with 120 mV step, d)

sweep Vg from 60 to -60 V With 500 MV STEP....eeviiiciieiieiieiierie et see e sre e ere e ssaesenes 206
Figure 5-12. Example of the fabrication of the top gated multi-SWNTs FET a) before and b) after
patterning in HR-SEM......ooiiiiiiii ettt sttt et 210

Figure 5-13. a) Progression of increasing Vsp for top gate CNTFET # 13 b) RBM Raman region of the
TG device but only the iptycene peak at 232 cm™ and the silicon peaks at 303 and 520 cm! are visible
At 10090 LaSET INEENISILY. .veerveeriieriieiieeieeteerteereestesteereebe e teesseesstessseasseesseessaessaesssesssesnsessseesseesseesnses 213
Figure 5-14. a) Image of the probes on the gel gate while testing the CNTFET, b) transport data at Vsp
=0.5Vand c) 1 V. d) outPUL data. .....cceeeeeeieeieeiieieeceeeeeree sttt see e ssaesebeenbeesseeseessnesnnes 215
Figure 5-15. a) Failed patterning attempt with Au ink that was spin coated onto the ART surface and
lift-off in acetone after 1 h room temperature drying, b) Ag ink spin coated and baked for 9 mins at
90°C, then removed in acetone, ¢) Ag ink spin coated baked at 3 mins for 60°C after spin coating and
treating the surface with UV-Os prior to depositing the inK.........c..cccvevvievieiieiieeie e 216
Figure 5-16. TEM images of a) (10,3) sc-SWNTs in SC, b) zoom out of sc-SWNTs mix of TEM
windows ¢) zoom in of sc-SWNTs mix in one of the TEM windows. The surface had been previously
treated With ART IPEYCEINES. ...uiiiuiiiiiie ettt ettt e et e e teeestb e e st eeestbeesaseesnsaeesseesnseeenssens 218
Figure 5-17. a) and b) Patterned area with (10,3) sc-SWNTs in SC/aqueous solution, ¢ and d) pattern
area with a high concentration of 90% sc-SWNTs in SDS/SC aqueous solution ............cccceeueeeeneee. 219
Figure 6-1 Number of publications over time containing CNT alignment concepts, sorting, and

transistors from the Web of Science database up until September 16, 2020. The search term for
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Tribute to Nanotubes

Tiny carbon tubes
All straight in a line
Takes some time

To perfectly align

To get rid of the small and metallic
Sonication worked quite fantastic
To eliminate the surfactant
I had to use an oxidation tactic
To diversify the surface
It required some extra synthesis with purpose
Tried to also increase the density

Had to test some fillers quite intensely

Other systems were tried
But the n-7t stacking wasn't satisfied
"Let's stick with the SWNTs"
Derek said, not at all mystified

Nearing the end of the time
An opportunity was sublime
So the tubes went to Japan

To be tested as transistors with expert Dr. Tang

Before I can exult

Here is the result
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Chapter 1: Introduction

Innovative approaches to increasing the power of in-silico devices can significantly impact the
fields of aeronautics, drug discovery, and general daily life. Specifically, transistors are critical
electronic components that demand constant improvement for device acceleration. Silicon-
based transistors follow the general pattern of doubling in quantity in an electronic system
approximately every two years.! > However, only a limited number of Si transistors can fit on
an electronic chip, and decreasing their size can lead to problems with electron transport and
current dissipation.! One alternative to repeatedly increasing the number of transistors per chip
that also improves transport and energy storage is to utilize single-walled carbon nanotubes

(SWNTs) as a silicon substitute.?

SWNTs are stable nanostructured carbon allotropes that can have either conducting or
semiconducting metallicities.* Because transistors are semiconducting systems, the SWNTs
must be semiconducting as well. Therefore, it is essential to obtain only semiconducting (sc-)
SWNTs and eliminate any metallic (m-) SWNTs. This goal is a challenge, as SWNTs are
typically created in a mixture of both sc- and m-SWNTs; and this mixture is difficult to
separate. Additionally, SWNTs should not be superimposed on one another in a device, and
achieving single layers of neatly aligned, appropriately spaced SWNTs is an additional hurdle
in producing practical nanotube transistors, as SWNTs typically bundle.>” Hence, it is
desirable to sort out the different types of SWNTs as well as align them in a set orientation
simultaneously. A schematic example of a desirable outcome in SWNT alignment is shown in
Figure 1-1. It is estimated that a target of 125 SWNTs/um? or at least a density range between

100-200 carbon nanotubes/um? in the device channel is necessary for field-effect transistor



(FETs) applications.®° In order to accommodate for billions of transistors per chip, the channel

length is targeted at below 100 nm.

The alignment relay technique (ART) developed by the Schipper group targets
simultaneous surface organization and sorting of sc-SWNTs. This multidisciplinary method
combines organic chemistry and materials technology incorporating liquid crystals to promote
the propagation and improvement of electronic nanodevices. The ART is the focus of this
work; its background and the reasoning behind its development will be described in Chapter
1, as well as the characterization methods used for its optimization. A detailed introduction of
CNTs will pre-face the ART primer. The various characterization techniques used are also
outlined.

The primary contributions of this thesis are to investigate further and adapt ART,
guided by the following question: what alterations can be done to improve or adapt the method?
The theory was applied at various stages to address the following sub-questions: I) how can
the technique be modified to improve the alignment? II) can the molecule be altered? III) what
other structures can ART work with? and IV) does this technique work in practice to create
functioning devices?

Chapter 2 describes the effects of adding steps to ART to increase alignment and the
number of tubes on the surface. These include simple modifications such as post-deposition
sonication and the inclusion of filler molecules. Chapter 3 presents changes in the anchoring
group and synthetic modifications to ART for different surfaces. This concept is followed in
Chapter 4 with an assessment of the effects of oxidized carbon nanotubes for ART, and other
nanosystems attempted with ART, such as multi-walled carbon nanotubes (MWNTs),

graphene quantum dots (GQDs), graphene nanoribbons (GNRs) , and nanowires (NWs).
2



Chapter 5 describes the project's primary contribution, the successful creation of CNT
transistors using ART. For comparison, it also describes the less-successful attempts. Chapter
6 summarizes the entire work and suggests possible directions for future research. The last

chapter (7) provides all the experimental details.
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Figure 1-1. Demonstration of aligned sc-SWNTs between two electrodes with target values for density
and channel length.

1.1 : Background and Literature Review
1.1.1 Primer on Carbon Nanotubes

In 1991, Ijima observed and reported to the scientific communities a tube-like carbon
structure, described now as a carbon nanotube (CNT).'"” The assembly of a CNT can be
represented as a layer of graphene being folded into a cylinder composed of benzene rings.
The nanotubes (NTs) have a significantly larger length-to-diameter ratio than other
compounds, categorizing them as 1-dimensional (1D) materials.!' These NTs can be classified
as single-walled nanotubes (SWNTs), double-walled (DWNTs) or multi-walled nanotube
(MWNTs). The two main categories - SWNTs, and MWNTs - are presented in Figure 1-2.12

From the image, MWNTs possess a much larger diameter than the single-walled version. The



CNTs backbone can be comprised of many different configurations, which ultimately dictate
their properties, such as conductive behavior.

The freestanding diameters of the nanotubes can vary from 0.4-100 nm depending on
the structure. For SWNTs, the widths are typically in the range of 0.4-4 nm,'*> * although 0.8-
2.5 nm is what is commercially available. The range of MWNTSs' diameter is quite broad, from
1.4-100 nm because of the concentric nature of the material. The smallest MWNT in terms of
outer diameter is 1.4 nm (DWNT), and the largest is at the maximum defined range of
nanomaterials at ~ 100 nm. However, some MWNTs can attain a diameter of up to 200 nm.'?
Interestingly, the smallest diameter tube that has been reported was a 0.3 nm SWNT grown
inside the cavity of a MWNT and found to possess both metallic and semiconducting states.!'
The lengths of any of these carbon nanotubes can extend to many microns or even
millimeters.'’

Additionally, the nanotubes can be separated by being either metallic or
semiconducting, even though commonly carbon itself is not typically associated as being a
conducting element. This electrical behavior is based on the electron orbital formation and
carbon structure. It is the reason why diamond, an sp® hybridized carbon material, is an
insulator, whereas graphene and CNTs, sp? allotropes, can display metallic or semiconducting
behaviour.!® Unsurprisingly, these nanomaterials are the main topic of much research
worldwide, as they can have such varied applications due to their structural and conductive
differences. Nevertheless, for transistor-based applications, semiconducting-SWNTs are the

predominant choice.



Figure 1-2. Comparison of a single-walled (10,3) (top) and multi-walled (bottom) carbon
nanotube from the front and side.

Figuratively, the development of CNTs can be described by the "rolling" of graphene.
This process generates different kinds of SWNTSs structures, all of which have their respective
metallicity associated with them. CNTs are represented more specifically as (n, m), which are
chiral indices that indicate the means by which the graphene sheet is wrapped, as Figure 1-3a
shows.!? The CNT conductivities are subdivided into three forms based on n and m: armchair
((n, n), i.e., n =m), zig-zag (n, 0) or helical ((n, m), synonymously described as chiral in most
literature sources) that possess a helical twist in their conformation (Figure 1-3b).!%-2!

The two integers are representative of the graphene sheet rolling up and connecting at
points n and m. The C (chiral) vector in Figure 1-3a is defined by the two wrapping integers
(n, m) and a duo of basis vectors (a;, a>) as demonstrated. Furthermore, the SWNTs with

identical chiral vectors can take on diverse handedness in terms of orientation, e.g., right-
5



handed R-(8,5) and left-handed L-(5,8).2 % Essentially, if the nanotube is neither zig-zag nor
an armchair, then it is a chiral tube that will possess a directional twist. The point group of the
helical CNTs is also distinguished differently than the armchair or zig-zag ones. The point
group of chiral (n, m) CNTs is defined as Dq — where the Q value is indicative of the quantity
of hexagonal structures in the unit cell of the CNT, and it is always an even integer. For (n, n)
and (n,0) CNTs, the point group is Dagn.?*

Contingent on the n and m numerical values, even if the diameters of the tubes are
closely matching, the SWNTSs can display either metallic or semiconducting characteristics.?*
26 Variance in the conductivity of the CNTs depends on the band structure and bandgap that is
directly correlated to the differences in molecular bond structure, determined by the chiral
properties of the starting material.?® Hence, the electronic character of the SWNTS are reliant
on the chiralities.”” The diameter is also dependent on the (n, m) values, as per Equation 1

designated in picometers:

aymZ+mn+n’
T

5 .
~ 17972 \/ ((m + )% —nm [pm] Equation 1 (Adapted

d. = from Saito, 1998, Ref 18)

Where a is the lattice constant and is expressed as 2.49 A. This expression originates from the

lattice of graphite, as has been derived by Saito et al.'®

Therefore, the conductive behavior and
diameter are interrelated with (n, m). A more straightforward rendition of Equation 1 is
expressed as the circumference length of the nanotube (L) divided by = (i.e., d; = L/n).!® The
equation is used as an estimate, especially for CNTs where n and m are below 10 (i.e., small

values). Additionally, Equation 1 does not consider the thickness of the nanotube walls. The

key takeaway is that the diameter of SWNTs is intertwined with their chirality.



a) 1 Zig-zag

Armchair

Figure 1-3. a) Illustration of the chirality map of a carbon nanotube on a sheet of graphene with sample
n,m values, adapted from Lei et al., reference 21. The basis vectors (al, a2) are shown and drawn to show
the formation of the chiral angle C. The (n,m) begins at (0,0). Orange colored (n,m) values are metallic
CNTs, while the black integers are examples of semiconducting chiralities. b) Examples of armchair (blue),
zigzag (green), and chiral (red) nanotube final structures.

Additionally, it is challenging to create pure semiconducting MWNTs, as they must
contain only semiconducting SWNTs. If any of the NTs are metallic, then the entire system
becomes metallic. This preference of conduction means that MWNTs are almost always
metallic. It is possible to identify if the MWNTs are of mixed metallicity or purely metallic

through Raman spectroscopy.”® Some cases of pure double-walled and triple-walled



semiconducting nanotubes exist,?> 3 but they are challenging to synthesize, making them
unideal for commercial applications. These conductivities are further addressed in section 1.1.4

Furthermore, compiled in Table 1-1 are some of the properties of CNTs. The data of
the CNTs is paralleled with that of other materials and nanomaterials. The CNTs have a
Young's modulus - which is the terminology used to express the stiffness of a material — that
is nearly five times stronger than the one of steel.’! The CNTs' tensile strength, meaning the
strength required to break the nanotubes, is about 100 times stronger than structural steel.
Additionally, the CNTs have demonstrated a high thermal conductive behavior in ambient
temperature approximately three times higher than that of a diamond. Unlike carbon’s famous
form of diamond, the CNTs are also excellent electrical carriers. Indeed, CNTs are
characterized by their high conductivity, specific surface, mechanical strength, and interfacial
effects.

The extent of CNT applications depends on their quality, cost, and orientation. For
instance, unidirectional arrays of CNTs apply to solar cells, optical antennas, and photonic
crystals. Vertical CNTs can be used as flat panel displays,* X-ray generators,** and microwave
devices.** Horizontal CNTs have shown potential as transistors,* sensors,*® and photonic
crystals.’” However, these abilities are rendered mediocre, and all desirable applications
disappear if their positioning, length, diameter (i.e., aspect ratio) and type are not controlled.
Hence, the key to carbon nanotube architectonics and technologies is the development and
control of CNTs with specific properties at scalable proportions. This control can be during

CNT synthesis or post-processing, through various purification methods.



Table 1-1. Examples of CNT strength and electrical properties as compared to other systems.

Material

Properties

Mechanical

Electronic

Thermal

Electrical

Young’s
Modulus

Tensile
Strength

Bandgap (eV)

Conductivity
(W/m-K)

Resistivity

Max.
current density

Quantized
conductance

Ref.

SWNTs

1TPa

60-100 GPa

n-m/3=integer,
zero eV

n-m/3z#integer,
0.4-2eV

1750-6600

10%Q-m

107-10° A/cm?

12.9 k01

Lu, J. P.; Han, J. Int. J. High Speed Electron.
Syst. 1998, 09 (01), 101.

Berber, S. et al. Phys. Rev. Lett. 2000, 84
(20), 4613. Wang, X.-D.; Vinodgopal, K;
Dai, G.-P. IntechOpen: 2019; p 2.

MWNTs

1-1.2 TPa

0.15 TPa

>3000

10°Q'm

107-10°% A/cm?

12.9kQ?

Wang, X.-D.; Vinodgopal, K.; Dai, G.-P.
IntechOpen: 2019; p 2.

Diamond

1.2GPa

1.2 GPa

5.45

2000

1011-10" Q'm

1.3 A/mm

Spear, K. E.; Dismukes, J. P.. John Wiley &
Sons: 1994; Vol. 25. p 4.

Hirama, K. et al.. Jon J Appl Phys 2012, 51,
090112.

Steel
(Structural)

200 GPa

400 MPa

45 (1% carbon)

107 Q'm

106 A/cm?
(Avg)

www.engineeringtoolbox.com — Accessed
May 14, 2020

Graphene

0.5TPa

130 GPa

3000-5000

108 Q'm

107-10°% Afcm?

12.9 kQ?

Tombros, N.; et al. Nat. Phys. 2011, 7 (9),
697.

Lee, C.; Wei, X.; Kysar,J. W,; Hone, J.,,
Science 2008, 321 (5887), 385-388.

GNRs

1TPa

137 Gpa

width
dependant

3000-5000

0.02 Q'm
(unzipped)

10% A/cm?

Edge defect
dependant

Duryat, R. S., IOP conf. ser., Mater. sci. eng.
2016, 131, 012018.

Li, T. C; Lu, S.-P. Phys. Rev. B 2008, 77 (8),
085408.

ZnO NWs

25-200 GPa

4-6 GPa

20

0.01Q'm

103 A/em?

Hoffmann, S. et al. Nanotechnology 2007,
18(20), 205503.

Yuldashey, S. U., et al. J. Nanosci
Nanotechnol. 2016, 16 (2), 1592.

Lu, J. G. Springer Netherlands: Dordrecht,
2012; pp 919-927.

Lee, C. J. et al. Appl. Phys. Lett. 2002, 81
(19), 3648.




1.1.2 Fabricating Carbon Nanotubes

The synthesis of the CNTs can be through an assortment of approaches. The popular
methods are laser ablation, chemical vapor deposition (CVD), and [electric] arc-discharge
(synonymous with arc-evaporation). All three of these can fabricate MWNTs and SWNTs at
an over 75% yield.*® Electrolysis and sonochemical or hydrothermal formation of CNTs are
also prevalent. As with any experimental preparation, each method possesses its respective
benefits and drawbacks, producing different growth results. Based on the target properties of
the CNTs, the synthetic methodology used to fabricate them can be chosen.

In particular, CVD is one of the most popular synthetic methods as it can create large
batches of nanotubes with properties depending on the catalyst used, as the dimensions of the
catalyst dictate the diameter of the tubes. This diameter dependence is because the particles
nucleate the tube growth. The feedstock gas and substrate surface used can also affect the
quality of the CNTs. An illustration of the procedure is represented in Figure 1-4. The carbon
source is input as gas, and plasma or a heating coil are implemented as an energy source for
the gaseous carbon along with a carrier gas, like Na) or Ar). Hydrocarbons sources like
methane are used as the source for ?C. The sample surface is enveloped with metal catalysts
such as Ni, Co, or Fe to above 700°C (usually). Mainly, CVD is used to dissociate the carbon
atoms from molecules, and the appropriate temperature, atmosphere, and catalyst dictate the
yield and types of the CNTs obtained.”” The SWNTs are formed at higher temperatures than

MWNTs.*
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Gas + Precursor /

(Catalyst) - Deposited

! Gas outlet

| Furnace (+700 °C) |

Figure 1-4. Diagram for CNTs synthesis using common hot-wall CVD.

The mechanism for CVD growth is separated into two different versions: either a
vapor-liquid-solid (VLS) model or a vapor-solid-solid (VSS) model. The VLS method is
defined by carbon atoms diffusing from a decomposed area and then precipitating in solution.
The chosen surface and the catalyst dictate the different areas of exposed metal that absorb
heat and precipitation areas that give away heat. Therefore, the interactions between the surface
and the metal catalyst are significant in forming the CNTs. Weak catalyst-substrate interactions
result in a tip-growth (Figure 1-5a) mechanism, whereas strong interactions result in base-
growth (Figure 1-5b). The tip-growth model contains a metal that has an acute contact angle
with the catalyst. The hydrocarbon will decompose on the exterior of the metal, and the carbon
atoms diffuse across the metal particle. The CNTs then precipitate from the bottom of the metal
surface, and the entire metal catalyst is pushed up and off the substrate. The CNT will exhibit
continuous growth so long as the catalyst has areas that remain uncovered for the hydrocarbon

atoms decomposition.*!

The end growth of the CNT occurs once an excessive amount of carbon encloses the
catalyst. A favorable interaction among the substrate and the metal is also possible, resulting

11



in the base growth of the CNTs.** Carbon diffusion and the hydrocarbon decomposition still
occurs, but instead of CNT precipitation pushing the metal particle up, the CNT pushes itself
up and away from the substrate.® The CNTs grow outward, with the catalyst particles
remaining at the base. These two models are part of the VLS mechanism as they begin with
hydrocarbon vapor, have a metal-with dissolved carbon atoms (liquid carbide) intermediate,

and then output a crystalline carbon solid.*

On the other hand, the alternative mechanism considers the carbon atoms to only
diffuse on the very surface of the catalyst particle (Figure 1-5¢). This process describes the
VSS mechanism, which indicates that the carbon precursor dissociates from the hydrocarbon
vapor, then diffuses exclusively on the catalyst particle solid surface, followed by CNT growth
(carbon solid). When growing SWNTs from transition metals like iron or nickel, the VLS is
the accepted approach.*":* When growing SWNTSs on other nanoparticles, such as SiO,, the

VSS mechanism has been observed to be accurate.*
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(2011), reference 45.

Catalyst

Support

Substrate

CH

Catalyst

Support

CH

Xy

Substrate

CH,

~

L
L Tl

J Catalyst

Support

Substrate

\_

CH,

-

!

13

Catalyst

Support

Substrate

\ My

Surface

G Exclusive
Catalyst

Support

Substrate

Catalyst

Support

Substrate

o

iii. /




There are many different versions of CVD that can all be differentiated based on
pressure (low, high, or merely atmospheric), reactor (hot or cold-walled), precursors being
solid, liquid or gas sources, and heating sources that can be thermal or plasma-enhanced; yet
they all share the same fundamental growth aspects. That is, either the VLS or VSS models,
and their dependence on catalyst type and concentration, and supported substrate for growth
control. The negative aspect of the CVD technique is the poisoning of the catalysts’s surface
from other forms of carbon that prevent further CNT growth. The cost of pre- and post-
fabrication preparation and cleanup are also considered drawbacks. One solution is to
incorporate water vapor with the hydrocarbon feedstock gas to clean up the amorphous carbon
buildup.*' This addition keeps the surface clean and allows for the growth of nanotubes on the
millimeter-long scale.’” The two common subcategories of CVD are through the cobalt and
molybdenum catalysts and CO gases (CoMoCAT) and the high-pressure carbon monoxide
(HipCO) methods for extensive and scalable production. Synthesis of NTs with the CVD
technique is commonly applied by Sigma-Aldrich”, frequently using CoMoCAT for their many

SWNTs variations.

Conversely, another sub-category of CVD is catalytic pyrolysis (CP). This method is
chemically the same as CVD by involving the irreversible decomposition of organics at high
temperatures. However, CP possesses more straightforward processing steps. Catalyst
molecules or organometallic precursors are injected into the hydrocarbon gas.*® The CNT
growth then occurs on a specific substrate, such as quartz, or on the reactor wall. So, the growth

is generated indirectly from the metal catalysts eliminating the need for intensive metal

* https://www.sigmaaldrich.com/materials-science/material-science-products.htmL? TablePage=16376687
(Accessed April 11-2020)
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purification. It is estimated that OCSiAl's Graphetron 1.0 that generates high purity Tuball
brand SWNTSs produces them in this manner.'* Additionally, CP is capable of forming CNTs

on a large scale from recycled plastics, such as polypropylene.*

The other dominant techniques for CNT fabrication are arc-discharge and laser
ablation. They function on similar principles by both incorporating the condensation of heated
carbon atoms in the gas phases that are produced from solid carbon evaporation. The reason
CVD is significantly more popular than these latter two methods stems from the concept that
controlled synthesis, such as horizontal arrays of SWNTs on various substrates, is regularly
achievable. In contrast, arc-discharge and laser methods can currently only create nanotube
bundles in powdered form.*® However, Nanointegris Inc., a sub-company of Raymor
Industries, creates their SWNTSs through arc-discharge.” The company is reputable for its high
purity SWNTs, which are purified through a density gradient ultracentrifugation (DGU)

technique after their fabrication.*

For arc discharge, the gas is electrically torn apart to generate plasma and it was the
original method for CNT production.!® Two carbon-containing rods, identified as cathode and
anode, are held in a chamber that is either filled with a gaseous or liquid environment.
Formation of nanotubes can occur with a direct-current (DC) or alternating-current (AC) as the
power source, as well as through a pulsed arc-discharge method. The arc is created via close
contact of the electrodes that can generate plasma at very high temperatures (~5700°C) that
can sublime the starting material carbon source that resides inside the anode.’! The carbon atom

vapors cluster together and are attracted toward the cathode, where they cool down and remain.

T http://nanointegris.com/wp-content/uploads/2020/03/NanolntegrisCatalog_2020.pdf
! http://nanointegris.com/wp-content/uploads/2017/10/Nanolntegris-Brochure-ENG.pdf
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This process occurs in a few minutes, and the CNTs can be collected from the cathode as well

as the walls of the chamber.

MWNTs are formed on the cathode when pure graphite rods are used, with fullerene
soot produced inside the chamber. In contrast, SWNTSs formation uses a catalyst, typically Fe
or Co, on the graphitic anode in addition to a pure graphite cathode. The mechanisms for
growth are unclear.’! The SWNTs are then formed on the chamber walls as soot, as shown in
Figure 1-6. Similarly to CVD, the dimensions of the catalyst metal particles dictates the size

of the SWNTs.

16



Reactor

T ™
— (
™ ® 00 .0.'
s ¢ e} 8
L '\_ ey

b) Reactor
-""-.__‘_‘ a3 L )
\).: o 200 o0
'8t @ |
Cathode h 'T. Anode
@ [ 2
"J_‘,“ | [ ]
_— \,
—_— ! Plasma ™ -
C)' Reactor
— Kk \
~— .. )
Cathode \% Anode
&
—_——— 'ﬁ% Plasma

Figure 1-6. Illustrations are representing the growth of SWNTs using arc-discharge. Carbon gaseous particles
are the black particles and metal catalysts in the grey particles, a) the catalysts and carbon vapors are released
from the anode and move toward the cathode, b) because of their fast momentum, the catalyst particles do not
stick to the cathode and move away from the generated plasma, c) the carbon particles nucleate at the surface
of the metal particles on the walls of the chamber, producing SWNTs. Adapted from Arora and Sharma (2014),
reference 51.

For laser ablation, sublimation of graphite on quartz occurs by using high powered laser
vaporization under an inert atmosphere, typically Ar or He.®* #' The energy required is
produced by the laser, yet the technique functions very similarly to arc-discharge. The CNTs
are collected on the surface of a water-cooled collector rod.>* A metal catalyst is also required
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for the production of high purity SWNTs, but not on as large a scale as its two other
counterparts. Usually, Co or Fe catalysts in some form of a bimetallic combination are used
and mounted on a pure graphite pellet. Additionally, the quality of the CNTs is also influenced
by the power of the laser and its wavelength. For instance, as the power of the laser pulse is
augmented, the thickness of the NTs decreases, and this treatment results in thinner tubes.34
Hence, the key benefit of this procedure is the control of the parameters to generate many
different high purity CNTs with low amounts of metallic impurities, as the metal impurities

evaporate from the end of the tube.

However, branching of the SWNTs is a significant drawback, along with the scalability
regarding the temperature (> 1200°C), pressure (250-550 Torr, though MWNTs are favorable
at 750 Torr), and the laser source. Temperature is particularly challenging to tailor for SWNTs
formation as the growth zone is over 1200°C, but the number of defects increases at over
900°C. Yet, a low temperature (> 400°C) produces a minimal number of tubes, and heat
applied below 200°C forms no target product.’> Some cases report the usage of two lasers or
double pulsing of a high powered laser.’> 3¢ Furthermore, frequent pulse repetition is required,
but the larger the diameter, the fewer CNTs can be made, and the target surfaces must be
thoroughly smoothed as roughed targets inhibit the evaporation of the catalysts. The laser-to-
target interaction must also be fine-tuned to allow for efficient evaporation of particles into the

gap phase for nanotube formation.

Overall, there are many different categories and sub-categories for SWNTSs fabrication.
Nevertheless, optimization of the main techniques is still desirable as CNTs are sought for

many academic and industrial projects. As well, minimizing the cost for CNT production is
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another main challenge for all the methods described, and the post-synthesis sorting and
purifying of the different SWNTSs types is time consuming and costly. Some chiral control has
been shown by having a planar metal surface rather than catalyst particles in some cases,’” and
attempts at synthesizing CNTs from nanobelts or small molecule armchair orzig-zag segments

is also an area of investigation for precise chiral control.*

1.1.3 Carbon Nanotube Defects

Defects in CNTs can cause deviations in their strength, optical and electronic assets.”
Depending on the synthetic method, various defects can be present in the tube structure. The
CoMoCAT and high melting point alloy catalysts in CVD are methods for achieving high
purity SWNTs. However, minor defects are still present, usually originating from the
nucleation or capping step during CNT growth. Larger tubes such as DWNTs or MWNTs have
a higher likelihood of having defects from the synthesis process, whereas SWNTs are nearly
independent of structural defects during fabrication.®*¢' Most deformities will arise from post-
fabrication treatments.®* The surrounding environment during synthesis and processing can
primarily affect tube quality and properties. [f SWNTs are exposed to high e-beam irradiation,
such as with electron microscopy techniques, then the loss of an atom can occur that leads the

CNTs to attempt to reconstruct their structure.®

However, these defects can be advantageous for functionalization, wherein CNTs with
various side-chains can be used for biological® or sensor applications.®® Alternatively, they can
also have a negative impact on conductivity, causing SWNTs breakage. Although not a
prominent parameter of this work, it is essential to be aware of the different kinds of defects

that can be inherent in the SWNTSs structure. Mainly, simulations are used to study CNT defect
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effects, and their presence can be confirmed through transmission electron or scanning
tunneling microscopy.® The curvature of the CNTs is induced due to process manufacturing
in conjunction with the large aspect ratio of the materials and their low bending stiffness.*”- ¢

The appearance of prominent CNT defects are depicted in Figure 1-7.

a) b) Q)

Figure 1-7. The backbone of defects possible in CNTs, the double bonds are absent for clarity: a) ideal
structure, b) mono-vacancy, c) reconstructed monovacancy, d) double vacancy, e) triple vacancy, and f)
the Stones-Wales/5775 deformity. Adapted from Collins et al.(2009), p 5. Reference 59.

For devices, reduced variations in performance and SWNT properties can be overcome
by having multiple aligned nanotubes in the same channel.® However, it is also important to
indicate that even if the CNTs are largely defect-free, substrate or atmospheric interactions can

also interact and affect SWNT properties.*!
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1.1.4 Carbon Nanotube Electronic Properties

The bandgap (Eg) is crucial as it dictates the possible electrical conductivity of the material.
The bandgaps for sc vs. metallic and insulator materials is shown in Figure 1-8. From the
schematic, insulators have too large a gap for electrons to travel toward the valence band from
the conduction band. In contrast, metals have an unlimited exchange of electrons between the
two. In semiconductors, energy can be added to move electrons across the gap, and hence the
sc-system can be switched ON and OFF to control the electron flow.” The electrons must be
excited to move above the Fermi level (Ef) to conduct electrical signals. The Eg requirement
must also be no more than 3.2 eV, that is, the energy from sunlight, otherwise the gap is too
challenging to overcome, and the material is an insulator. For CNTs, the bandgap of the sc-
tubes is inversely proportional to their diameter. This property makes targeting diameter
separation of CNTs a very high priority.

Semiconductor : Metal Insulator

Conduction Band

A

Conduction Band

Conduction Band

Energy

32 ev2E,

Filled band

Figure 1-8. Energy bands gaps for different materials. Eg is the material bandgap, Eris the Fermi energy
level. Semiconductors must have a band gap less than 3.2 eV in energy for electrons to move to the
conduction band. A greater gap and the electrons are unable to be excited into the next band level.
There are no insulating CNTs, but the insulator gap is shown for reference.
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Therefore, CNTs have unique electrical transport properties due to their band structures
in conjunction with their tiny dimensions. The electronic band structure for SWNTs is
formulated with respect to the one of graphene with the addition of imposing a boundary
condition due to the cylindrical structure.”! Two wave vectors are related to the SWNT: a wave
vector that is parallel to the tube kj; and the circumference wave vector k1. Due to the planar
structure of graphene, it is described by ky and kx wavefunctions of an electron in reciprocal
space, whereas CNTs have ki and kj because of their tubular morphology. The parallel vector
is assumed infinitely long, while the circumference vector must repeat itself as it rotates 2n
times around the SWNT diameter(d;). Therefore, the k. is quantized as it rotates 2rt around the

SWNT. It is represented by the below Equation 2 and Figure 1-9.

k,-C= md,k, = 2mm Equation 2 (Park, 2009,
p. 6, Ref 71)
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Figure 1-9. Wave functions and diameter illustrated on a SWNT.

Subsequently, as shown in Figure 1-10a, the 1D band construction of the CNT is
attained from a cross-sectional analysis from slicing the graphene energy dispersion diagram
model with the allowable k.. In Figure 1-10b and c, the zone-folding schemes are shown for
the m- and sc- SWNTs.!* 72 A 1D sub-band is attained for each cross-sectional cut. The 1D

bandgap constructions of SWNTs are resolved by the spacing among the allowed
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perpendicular K-values and their angles concerning the surface of the Brillouin zone of the
graphene. Moreover, this is all determined by the (n, m) index of the SWNT, relating to their
diameter and chirality. The essential transport properties are determined by the band structure
close to the Er. This property is specified by the permissible k. environments that are nearest
the K point. The K point is defined as being the node where the valence band encounters the
conduction band. When the permitted k. state passes through the K point (Figure 1-10b), there
is no bandgap. The two-energy dispersions are linear bands that intersect at the Fermi level,
displaying metallic behavior. On the contrary, if the permissible k. states do not transit across
the K point, then a bandgap is present. This bandgap is shown by two parabolic 1D bands, and
the distance between the bands can be in the range of 0.1 — 2 eV for SWNTs.” As the diameter

of the CNTs increases, their bandgaps decrease.

Hence, two separate types of conductivities are possible within the CNTs. Moreover,
these conductivities are relate to the diameter as k. is ultimately affected by it.”! No bandgap
occurs when the K point is crossed by k.. When there is no cross-section at the K point, the
CNT is a semiconductor. In order to determine an SWNT's metallicity from n and m values, a
metallic condition has been extrapolated. The metallic condition can also be demonstrated

numerically (Equation 3).

2m+ . . . i
min _ integer (i) or (n-m) = 3 Equation 3 (Adapted from

Park, 2009, p. 9, Ref 71)
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Figure 1-10. a) Representation of the energy dispersions at six K points for the initial Brillouin zone for
graphene, where the SWNT ki allowed states are the dashed lines, b) 1D energy dispersion for the metallic
SWNT band structure and the cross section of the energy dispersion, ¢) 1D energy dispersion for the
semiconducting SWNT band structure and the cross section of the energy dispersion. Adapted from Park, 2009,
reference 71.
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Equation 3 indicates that if there is an integer of 3 when subtracting the n and m values,
then at least one of the ki values will coincide with the K point. Any other value not
corresponding with "3" will predict a semiconducting nanotube. However, the concept if n =
m or n-m = integer of 3 does have some exceptions due to the curvature of the CNTs with
smaller thicknesses, and some CNTs also exhibit semi-metallic properties.™ For instance, small
diameter zigzag and chiral tubes exhibit finite gap behavior, and the (5,0) NT possesses

metallic behavior rather than semiconductive.”

Furthermore, the bandgap is based on the band structure of the density of states (DOS)
of the SWNT.” The DOS is an indication of the number of energy states that can exist at a
given energy (E) concerning the conduction and valence bands of a material. Usually, the states
are shown as E11 and Ex. For convenience in the following discussion, Ei; is differentiated
into either Si11 or M1, where the S is for the semiconducting DOS, and M is for the metallic
DOS. The DOS dictates how many energy states there can be, but not if they are occupied.”
The probability that one of the states will be occupied by an electron at a specific energy level
is defined by the Fermi function if the system is under equilibrium. The Fermi level is when,
at absolute zero temperature, there are no energy states above this level. It is the highest energy
state at 0 Kelvins. No electrons have enough energy to surpass the Fermi level under cold
conditions. Therefore, even a semiconductor will behave as an insulator, as no electrons have

the energy to jump across the bandgap.

In Figure 1-11, the DOS as it relates to the energy is shown for both the semiconducting
(11a) and metallic (11b) CNTs.”” The Fermi level is situated at zero, and the left and right of

the graph represent the valence and conduction bands, respectively. A peak that is observed in
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the DOS is defined as a van Hove singularity (VHS).”® The VHS is a result of k1 being
quantized around the tube. An optical transition is possible when an electron or hole obtains
energy and can then jump or displace itself from one energy level to a different one.” A map
of interband transition energies can be extrapolated from the information regarding the valence
and conduction bands position within the Fermi energy and the diameter of the tube (d;), which

can allow for the identification of m- and sc-SWNTs.”®

In SWNTs, there are two transitions to recognize.’”® ’® Firstly, as per Figure 1-11, the
excitation of Si; describes the bandgap change from the valence to the conduction band
symbolized as vi to ci. There is also Sz, which indicates the changeover from the valence
toward the conduction band of v2 to co. Where Si;1 is standard in semiconducting materials and
describes fluorescent emission, S>> describes a photon-induced excitation of the electrons in
the CNT.” The presence of Sx, allows for the identification of different SWNTSs. The Si; and
S2> values are unique for each sc-SWNT chirality.”” In metallic tubes, there is only M1, which

is equivalent to Si; transition.

Primarily, the absorption and emission spectra work together for SWNT identification
in solution. The m-SWNTs are not observed in the same manner, as they have no fluorescence
due to the non-existent E;. However, it is possible to pinpoint the Si; or My values of either
m- or sc-SWNTSs.” 77 The extrapolated trend for each CNT diameter is M11>S2>>S11, and this
observation is further used in the Kataura plot that is incorporated into Raman spectroscopy
for SWNT chiral identifications (see section 1.3.3.1).8%-2 It is because of these transitions that
CNTs can be observed and characterized using Raman, optical absorption, and

photoluminescent spectroscopy.
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Figure 1-11. a) DOS energies for sc-SWNT, b) DOS energies for m-SWNT. Adapted from Hagen and
Hertel, 2003, reference 77.

1.1.5 Carbon Nanotubes as Transistors

SWNTs possess all the properties for creating the perfect FET. They are promising for
fabricating dense, high performance yet low power circuits.® * In particular, the SWNTSs can
provide 1D ballistic transport of either electrons and holes. This description means there is no
energy wasted in scattering particles. They also possess high drive currents and large
transconductance, along with high-temperature resilience and strong covalent bonding. In
CNTs, the electrons travel across the tube axis.” The gate controls the current intensity in the
transistor channel. If no gate voltage (V) is applied, then the transistor should be in the OFF

state.

Unlike in MOSFETs, where channel width (Wen) and length (Lcn) affect the drain
current (Ip), the CNTFETs have spatial independence.?’> The CNT device current is also
independent of carrier mobility. They do, however, depend on the charge in the channel, the
Fermi, or carrier velocity. The carrier velocity describes the ability of the electron transmission

between the two contacts.®* The current is contingent on the source (S) and the drain (D) Fermi
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levels and how they can input the carriers into the system. This aspect is known as bias

dependence.® %3

The current flow can trail two different types of pathways in the CNTFET. It can be
either classified as “MOSFET-like” or work on the principle of a Schottky barrier (SB). The
SB indicates that there is a potential energy barrier residing in the center of the sc-material and
the source/drain metal electrodes. The barrier occurs because there is a difference in Fermi
energy between the bands of the sc-material and the metal that the current carriers must
overcome. The SB based CNTFET describes direct tunneling through the SB at the source-
channel junction.® The transistor functions by modulating the transmission coefficient in the
device.®® This property indicates that a significant barrier will limit the current in the channel
at low gate bias. As the gate bias is amplified, the barrier width decreases, which then increases
quantum tunneling along the barrier. The current flow in the transistor channel then increases.
The barrier width and the transconductance - the amount of current formed when applying a
voltage across the device gate- are ultimately dependent on Vg.* ¥ The metal electrodes
transfer charge to the CNT that leads to band bending and, therefore, SB behavior. Here, the

metal electrode contacts can affect the -V curves and results.3% %

Alternatively, heavy doping of the source and drain terminals creates CNTFETSs that
mimic MOSFET behaviour. The drain current (Ip) is controlled by the charge that is introduced
in the channel through the gate terminal. Chemically modifying the surface of the CNTs is also
possible, but it is difficult to control defects or defects scattering that can occur from the dopant
species.” Therefore, the source or drain material results in an SB CNTFET or an

electrostatically doped NT gives a MOSFET-like CNTFETs. In either system, the carrier

28



transport region occurs within the CNT. The devices fabricated in this work were SB

CNTFETs.

Nonetheless, a few problems must be solved before SWNTs can be integrated into
working devices. Reliability and production cost must be consistent and accessible. The main
difficulty is that the SWNTSs can orient themselves in several arrangements on a surface and
are a mixture of different chiralities, which is ineffective for FET applications. Therefore,
having a highly uniform orientation of SWNTs with selected semiconducting properties is a
big obstacle in this field.* Purification, placement, and performance need all be consistently

and easily reproducible for the full acceptance of CNTFETSs.®

The placement and controlled position for CNTs is particularly problematic as the
nanotubes are flexible structures and have a high tendency to bundle. They have strong n-n
and Van der Waals (VdW) interactions within themselves and need some form of surfactant to
disperse them in aqueous solutions, which ends up affecting their properties. Techniques need
to target way of creating straight, equally dispersed tubes that will not be removed by solvent
cleaning and retain a rigid positioning. A high density of CNTs is also desirable as FETs are
inefficient if designed with only a single nanotube. In addition to this already difficult task, sc-
SWNTs or better even, single chirality sc-SWNTs should be aligned for consistent device

performance. And then, the technique needs to be scalable for mass fabrication in electronics.

For CNTFETs fabrication, there are a few variations in the overall structure of the
system. Different geometries for the CNTs and the electrodes can be applied. The structure can
be either top-gated, back-gated, or coaxial-gated, which means that the gate surrounds the

CNT. Back gated CNTFETs have the nanotube placed on the surface of the source and drain.
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They were the first CNT devices attempted through depositing laser-ablated nanotubes on an
already pre-patterned surface. The device was functional, but only with a very high gate
voltage, with no current saturation, and low transconductance.’’ Improved data was obtained
through the use of a top-gated CNTFET structure as the overall geometry of the material was
scaled depending on the nanotube size, and the current flowed with less resistance through the
tube itself.**> Adding an extra feedback gate connecting to the D-electrode in a top-gated
CNTFET has also been shown to improve the lon/Iorr ratio and reduce current leakage in the
OFF state, as well as decrease ambipolar conduction.”>** Coaxial-gated devices provide even
more electrostatic control over the source-drain channel but are increasingly difficult to

fabricate.®?

Table 1-2 indicates some of the CNTFETSs fabricated thus far. Many examples are top
gated SB operating devices but doping like the MOSFETsS is also observed. The Ion/lorr is
affected by changes in the type of dielectric layer and their thickness, as well as the electrode
metals and their thickness. Ideally, high current with a low Vpgs below 1 V should be obtainable
for CNTFETs. The results are also affected by the external treatment of the CNTs, as in,
annealing and contact with external surfaces or atmosphere can impact the nanotubes and the
device. Metal contacts can be formed usually using Ti/Au, Ag, Pd, or Al for SB formation at
the CNT-Metal interface.” Pd has been shown to have a very similar work function to the
CNTs and adhere to their surface,® but other metals are also still investigated, as shown in
Table 1-2. Both electron and hole channels can be formed.*® Usually, the CNTs can be treated
prior to metal electrode deposition to improve contact with the surface, as was done by Liu et
al. in 2019 and 2020.> * Annealing can also occur after metal deposition but at lower

temperatures so as not to affect the thin electrode surface. It has been observed that when the
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gate voltage is equal to 50% of the drain voltage, the minimum current in the system is
dissipated as an equal number of electrons and holes.”® Therefore, all details when building and
fabricating CNTFETs should be noted for the devices as any slight deviation can impact the
results. This is also why CNTFETs are still continuously being investigated due to the
continuous changes in not only the device fabrication but also alignment and sorting. All these
efforts are for the possibility of creating wafer scaled CNTFETSs to enable high-performance

carbon electronics.
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Table 1-2. Summary of some CNTFET devices over the years.

Transistor SWNTs Diameter| Electrodes
f ?
Material Type of Gate (nm) SiO: Layer (thickness) Channel L | Channel W Post process ? lon/lore Vps Ref.
Tans, S. J.; Verschueren,
Single sc-SWNT| Back-gated 1.4 300 nm Pt (15 nm) 300 nm - No - - A. R. M.; Dekker, C.
Nature 1998, 393, 49.
Yes — electrical
Mixed sc-/m- Ti/Au breakdown of 5 Li, J. et al. Carbon 2004,
SWNTs Top gated 1.4 >00nm (20/40 nm) 1-4 pm 36HM | SWNTs; 300 °C 10 v 42(11), 2263.
anneal
. 3 Zhang, Z. et al. Nano
Single sc-SWNT| Top-gated 1.5 15 nm (HfO2) Sc (60 nm) 120 nm 5 um No 10 1v Lett. 2008, 8 (11), 3696.
cr/Pd/Au Zhang, X. et al. /. Vac.
Single sc-SWNT | Bottom-gated 1.65 300 nm 3um 100 um No 10° -4V Sci. Technol. B 2013, 31
(1/10/50)
(6), 06FIO1.
N-doped Ti/Pd Yes - Oz plasma Kim, J. W. et al.
Multi-sc/m- | Bottom-gated 1 600 nm (2/40 nm) 7 um 20 etch (100W, 10° 2V Nanotechnology 2014,
SWNTs 100 Pa 1 min) 25(43), 435404.
. Co-Mo alloy 3 Cao, Q. et al. Science
Single sc-SWNT| Top-gated 1 20 nm (20 nm) 11.2nm 50nm No 10 o5V 2017, 356 (6345), 1369.
. Graphene/Pd 3 Qiu, C. et al. Science
Single sc-SWNT| Top-gated 1.3 300 nm (1 layer/30 nm) 20 nm 200 nm No 10 04V 2017, 355 (6322), 271.
Sc-SWNTs Film Feedback Un-specified Pd/Au Yes- Anneal 3 hr 4 Liu, L. et al. Science
(aligned array) gated 1-15 thickness (40/40 nm) 375nm 3.6 um 600 °C, Ar 10 2V 1 2020, 368 (6493), 850.
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1.1.6 Carbon Nanotube Sorting

Post-processing of CNTs is often necessary as the nanotubes are created with catalytic
and other carbon allotrope impurities, as discussed in section 1.1.2. Separation by
conductivities (electronic enrichment) or chiralities (monochiral enrichment) or directional
handedness (enantiomeric enrichment) is desirable depending on the application. Over the
three previous decades leading to 2020 since the popularization of CNTs, their sorting can be
classified into either centrifugation like DGU, aqueous two-phase (ATP) extraction, polymer,

or small molecule separations, dielectrophoresis and gel chromatography.

Because the different chiralities of nanotubes have all slightly differing densities, DGU
is a highly scalable method for sorting. The larger the diameter, the heavier the weight of the
CNTs, and therefore, SWNTSs can be separated based on diameter size.”” These differences in
diameter buoyancy allow for highly accurate SWNT purification that can range from
conductive to enantiomeric separations.”® The main challenge is identifying the appropriate
conditions as this varies depending on the CNT mixture. Parameters vary in terms of density-
gradient of the dispersants and medium, nanotube concentration, temperature, and centrifuge

power.

Conventional surfactants including sodium dodecyl sulfate (SDS), sodium dodecyl
benzyl sulfate (SDBS), sodium cholate (SC), or triblock copolymers can be used for preparing
aqueous dispersions of SWNTs. Unbundling and uniform coverage of the SWNT sidewalls
with the surfactant is necessary for successful DGU. If the SWNTs are not solo-suspended
(individualized), then uniform sidewall surfactant coverage cannot occur, and the sorting
process is hindered.”” However, the CNT buoyancy is dependent on its surface coating’s
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extrinsic and intrinsic electrostatic interactions, which can make DGU results challenging to
interpret. Additionally, the centrifugal force that DGU is dependent on is weaker than the

molecular interactions in the CNTs.”

Gel chromatography is very similar to DGU, wherein a mixture of CNTs is placed in a
gel media, and the sc-CNTs bind strongly to polysaccharide gels, and m-CNTs do not.” This
technique has continued to expand, with much recent progress from the Kataura group.!®192 A
combination of hydrogels and different surfactant wrapped CNTs can extract sc-SWNTs for
their helicity and handedness.!® ' The SWNTSs can also be frozen or centrifuged in the gel for
separation. ™ By tuning the concentration of SDS in the mixture, the specific chirality of (5,4)
and (6,4) SWNTs can be purified from a mixture.'” Additionally, investigation on a dextran
gel column has shown that room temperature separations result in small diameters of SWNTs
being purified. As the temperature increases, so does the SWNTs' diameter that leaves the
column. Further work has also demonstrated that gel chromatography with HCI treatment can
quickly remove m-SWNTs entirely from a mixed metallicity solution.!® Then, by changing
the concentration of the acid, specific chiralities of sc-SWNTs can then be eluted from the

mixture.'%

A competing scalable technique is ATP extraction that has been shown to obtain large
batches of high purity sorted metallic and semiconducting SWNTs through molecular force.!%
The method is based on polymer-polymer phases separations. A duo of immiscible aqueous
phases are formed because there is a slight difference in the polymers physical properties.
Through homogeneous molecular interactions and differences in the solvation energy of a

mixture, the extraction of different components in the solution is possible. Different structures
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will have different affinities in either solution phases, enabling separation. The SWNTs must
be either DNA- or surfactant enfolded. Notably, DNA-wrapped SWNTs input into the ATP
extraction processes has led to R-and L- handedness and chirality separations.?? The method
has high reproducibility and resolution as both phases are homogeneous, so many
heterogeneous molecular interactions are eliminated, and the separation can be tailored based

on the specific surfactants.!% 7

Dielectrophoresis (DEP) has also been used for separating and depositing specific
metallicities of SWNTSs. The first report was by Krupke et al. on SDS wrapped SWNTSs,!”” and
the work was subsequently upscaled.!® Using DEP, researchers have fabricated CNTFETs
based on a semiconducting aligned network.!” Although this process requires high-
temperature oxidation (1100°C) and chemical post-processing with N-methyl pyrrolidine
SWNTs, the protocol was highly scalable, using only a single layer of photolithographic
treatment. Additionally, the authors indicate the system could be optimized if the SWNTs were

individually aligned and separated between the electrodes, rather than overlapping.'”

Diameters of SWNTs can also be controlled through the use of flavin terminated silane
SAMs. 1 The isoalloxazine derivative was chosen for interacting with the CNTs as it has
favorable n-m stacking, H-bonding, and solvent interactions with the SDS wrapped SWNTs.
The surface was functionalized for 12 h and then left in a solution of SDS-SWNTs for another
12 h. It was observed through photoluminescence and Raman spectroscopy that SWNTs were
below 1 nm in diameter and of majority metallic chirality. It was speculated that the smaller
diameter SWNTs are fully wrapped by the flavin, whereas the larger diameter tubes only have

partial interaction with the molecular surface. Therefore, once the sample is washed with 1%
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SDS, the larger tubes are removed, while those below 1 nm in diameter remained on the
substrate. This study displayed a preferential binding for diameters to the treated surface, but
not the alignment of the SWNTs. Electrical studies were conducted to demonstrate low

resistance in the network. The authors indicated future work in sensor applications.!!°

1.1.7 Carbon Nanotube Alignment

The effective alignment of individual CNTs is desirable in order to harness their
outstanding electronic properties fully.!"" Additionally, singular CNT properties were able to
be analyzed due to efforts of separation and alignment.''? Alignment methods can be divided
into manipulating the SWNTs after the synthesis or controlling their orientation directly during

growth.'

1.1.7.1 After-CNT Synthesis Alignment

Subsequent work on the horizontal alignment of SWNTs showed that imprinting
patterns of amines and carboxylic acids on a SiO; wafer can align SWNTs exclusively in the
functionalized areas.!'* The SWNTs are in solution, and the functionalized wafer is dipped for
10 seconds to achieve functionalization. Additionally, high Ion/Iorr ratios at 10° were achieved
without the removal of the organic layer underneath the electrodes. The work is reproducible
on a large scale; however, the functionalization occurs through dip-pen lithography, which can

be both time and labor-consuming when placing the individual molecules.''*

Acid-functionalized SWNTs have also been shown to adsorb to slightly basic hafnia
(HfO,) surfaces selectively.!!> Therefore, patterned channels of HfO, were placed onto a SiO»
wafer and left in an aqueous hydroxamic acid-functionalized SWNTs solution for three hours.

These CNTs became water-soluble due to acid modification. Then, the sample was annealed
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under argon at 600°C to eliminate the acid functionality and obtain unfunctionalized SWNTs.
This process depicted selectivity for the functionalized SWNTs to deposit and aligne only
within the pre-patterned trenches on the sample. However, based on the electronic
measurements, the SWNTs were mostly metallic. This observation was concluded to be
because the m-SWNTs react 70% faster with the acid, and therefore were readily
functionalized and dissolved in the water. There were only a few sc-SWNTs deposited.
Nevertheless, of the CNTFETs tested with the aligned sc-SWNTs, an Ion/Iorr ratio of 107 was

ultimately observed.!!s

Alternatively, work by Sharma and Strano showed that an alternating pattern of polar
and non-polar SAMs on an Au surface can result in a highly aligned SWNTs monolayer.!!
The process was possible due to droplets formed from a SWNTs thin film placed on the
functionalized surface. The droplets of the film selectively migrated to only the polar parallel
patterned areas exclusively.!'® Once the first layer of thin SWNT film was deposited, additional
layers could be added to increase the density. Although the deposition of the patterned SAMs

on only Au can be time-consuming, it is possible to align single SWNTs in this way.

The Langmuir-Blodgett (LB) technique can also be applied toward SWNTSs' alignment.
The LB method defines the transfer of a monolayer adsorbed at the air-water boundary by the
vertical plunging of a solid substrate. Films can be compressed or expanded on the surface to
control density and thickness, and the process can be repeated to create multiple thin layers.
Through this process, thin films of quantum dots, Ag NWs, and CNTs are possible.!'” For

SWNTs alignment, a highly concentrated thin film has been observed.!'® '
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Work by Li et al. showcased densely packed networks of polymer wrapped SWNTs.!'"?
And further progress has been made using high purity mixtures and adapting the LB technique.
For instance, a high purity solution of 99.9% polymer wrapped sc-SWNTs was dissolved in
chloroform and underwent the LB transfer to a hexamethyldisilazane (HMDS) patterned SiO»
wafer.'"® A FET was created from the sample, depicting an Ion/Iorr ratio of 10° for the highly
aligned network.!'"* However, the LB method can be challenging to scale up, as the water-air
interface is susceptible to impurities, which can affect the final film deposition. Additionally,
with the network, sc-SWNTs do overlap, which also has an impact on their electronic
efficiency. This overall process was named floating evaporative self-assembly (FESA).
Subsequent work has shown that concentration and rate of dipping can be tailored and
optimized for consistent densities on larger wafers.!?° It was also demonstrated that evaporation
of the chloroform in the SWNTs is also not necessary for the FESA process and that the
diameters and gaps between the tubes can also be controlled. The method is also dependent on
the CNTs' size and width of the functionalized patterned areas. If the substrate is pulled too

quickly from the solution, the tubes are bent and not straight on the surface.!?

A further adaptation to FESA for quicker SWNT alignment was conducted by Chai et
al."”! Long-range SWNT alignment was achieved with the application of direct-current and the
LB dipping method with additional gold patterns on a substrate.'?’ The SWNTs become
polarized between the substrate and Au electrodes and are drawn into alignment on hydrophilic
channels. The SWNTs used were a mixture of sc- and one-third m-SWNTs but did depict a
low resistance when tested as a device.'?! It would be interesting to observe the effects of the

current on the sc-SWNTs vs. m-SWNTs.
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The Langmuir-Schaeffer method has also been investigated, with a higher degree of
SWNTs alignment than with the LB films and the FESA method.'”? Aligned 99% purity
SWNTs in DCE were transferred to a substrate surface, achieving a network of 500 SWNTs
um2. The fabricated device displayed an Ion/Iorr ratio on the order of 10°. Although the
distribution and alignment in the thin SWNTs film is high, it does not portray any selectivity

of diameter or conductivity, nor is there any selection for constant SWNTSs lengths.!??

Single SWNTs have also been aligned using dielectrophoresis onto doped SiO».!?* This
use of external electric forces has proved useful in creating individual CNTFETSs on a large
scale with high accuracy. Moreover, the method eliminates CNT bundling. But both m- and
sc-SWNTs are distributed on the surface, and there is no selection between the two due to the

electrical parameters used.'?

Self-assembly is guided by the SWNTs, usually wrapped in SDS, being deposited to
hydrophilic functionalized surfaces. Both experimental studies''® and recent computational
investigations'?* corroborate the observation that surfactant wrapped SWNTs bind to
hydrophilic surfaces. Work by Kataura has shown that through functionalization and nitrogen
blowing, SWNTSs can also be moderately aligned.'* Electrostatic attractions are responsible
for the SWNTSs' self-assembly, whereas VAW forces are responsible for the lack of SWNTs
binding on hydrophobic surfaces.!?* A further analysis of all the underlying forces in SWNTs

alignment has been reviewed by Goh et al.!?

The majority of the developed alignment methods rely on a solution of SWNTs. These
methods are categorized into using external forces,'? thin-film technology,'?? self-assembly,'**

or a combination as shown by FESA!'"® and the current induced FESA.'?! In all the solution-
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based methods, the SWNTs alignment generally begins with creating a homogeneous
suspension with the NTs. A surface is functionalized, and then the dispersed SWNTSs solution
is transferred onto a functionalized surface. These directions show the high alignment of either
individual or connecting SWNTs. However, the selectivity of different types can be minimal,
and there can be defects incurred to the SWNTs, in particular, if the SWNTSs are functionalized

covalently and not just with surfactant.

1.1.7.2 In-situ alignment

The surface of the substrate itself can also be used to align SWNTs. In-situ alignment
can also avoid forming defects on the SWNTs as opposed to the post-synthetic processes.
However, the chirality must be entirely controlled for CNTFETs, as the mixture of metallicities
needs to be avoided for these systems for optimal application. The controlled alignment of
SWNTs during the growth process has been identified on sapphire *” and quartz.'*® Using a
catalyst under CVD conditions, SWNTs alignment is observable along with specific directions
of the surface cut axis. The quartz surface utilizes a Fe catalyst (600°C), whereas the sapphire
surface uses Co-Mo to allow for a more extensive temperature range for the CNT growth (750-

900°C).

The a-Al>O3 surface is also selective for different metallicities based on the growth
axis. A majority of zigzag SWNTs were exclusively aligned along the A-plane, whereas
armchair SWNTs were along the R-plane of the sapphire substrate.'?” The different atomic
configurations of the sapphire surface seem to affect the SWNTSs' chiralities.'?” Although this
selectivity was not observed on the quartz surface, very densely packed arrays of 5

SWNTs/um? were achieved efficiently.'?*
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Both in-situ and post-fabrication alignment is very valuable, and the scope of aligned
SWNTs was summarized by Li and Zhang."** However, for CNTFETs, individual uniform
SWNTs need to be aligned and not connecting on a surface for optimal performance. For this
application, methods need to be both universally consistent in the production of aligned
SWNTs and scalable. Current alignment methods require either high-temperature reaction
conditions;"®! others are expensive,'*? time-consuming,'® or fail to demonstrate high
scalability.!** Additionally, they do not simultaneously filter different properties and align the
SWNTs in a mass-marketing feasible manner. It would be necessary then, to have a method
that can orient and select for the different SWNTs types simultaneously. The following section
details these efforts. Simultaneous synthesis and alignment of CNTs is a desirable research
target as it produces the SWNTSs without any post-processing. The in-situ type of methodology
can also be used for creating vertically aligned SWNTs.'? However, it is problematic to

regulate the specific metallicity of the as-grown SWNTs.

1.1.8 Carbon Nanotube Alignment and Sorting

Work by Lemieux et al. developed a method for nanotube sorting between sc- and m- SWNTs
by selectively functionalizing surfaces with either phenyl or amine-terminated SAMs. The
functionalization occurred in an inert atmosphere at room temperature within a few hours.'**
A mixed metallicity blend of SWNTs was dropcast onto the functionalized surface while in
motion on a spin coater. An extensive degree of CNT alignment was accomplished, and the
phenyl groups favored m-SWNTs deposition, while the -NH>’s had dominated sc-SWNTs, as

was evidenced from the Ion/lorr ratios and Raman spectra. Unfortunately, the center where the

41



CNTs were dropcast did not have alignment. Additionally, the alignment radiated outward

from the center of the wafer and was not uniform in one direction across the wafer.'®

The density amplification technique has also shown a significant degree of alignment
of sc-SWNTSs.!* Specifically, m-SWNTs were selectively removed from a polymer film of
polymethylmethacrylate (PMMA) through a thermocapillary flow method!*’ in a single step.
The sc-SWNTs-PMMA film was then stretched and transferred onto desirable substrates.
Functioning CNTFETs were fabricated with a concentration of 10 SWNTs um™ and an
TIon/Iorr ratio of 10* indicating that the transfer and procedure did not decrease performance.'*
However, specialized equipment was necessary, and the sorting did not co-occur with
alignment; yet the method was demonstrated to have a promising high scalability and
reproducibility.!*® The first report for the thermocapillary flow by Du et al. eliminated the m-
SWNTs very successfully but showed a decrease in aligned tube density on the surface.!?’

Further work by Si et al. then demonstrated increased density and device performance.!*

In-situ alignment and selection for different conductivities and diameters have also
been proved further on a quartz surface.!*® During CVD synthesis using a copper catalyst, the
quartz morphology was used for SWNTs alignment and growth, as discussed in Section 1.1.2.
During this process, some random arrays are formed, and catalyst residues, as well as m-
SWNTs, are present. To circumvent these issues, a water vapor purification treatment can be
implemented. It was observed that the water vapors etch away the majority of m-SWNTs and

remove any un-aligned CNTs from the surface.'*’

Additionally, by optimizing five growth cycles, the density of the aligned SWNTs

reached 10 pm™. Results indicate that sc-SWNTSs in the diameter range of 1.5- 2.0 nm remained
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on the surface, while m-SWNTs of this diameter were removed. All SWNTSs with diameters
below 1.5 nm were also removed regardless of conductivity. The reasoning for this removal is
two-fold: the presence of oxidant water vapors removes un-aligned SWNTs as they lack the
rigidity and structural integrity. Then the concentration of exposed vapors can be targeted
toward the m-SWNTs that were observed to be more sensitive to the oxidizing environment
and were removed, along with the smaller diameter CNTs that have increased water
sensitivity.®® A CNTFET was fabricated but with a low Ion/Iorr ratio (i.e. below 100)
indicating that the method still requires optimization for electronic systems, as the oxidizing

treatment could be affecting the sc-SWNTs performance.

These are methods of direct growth, transfer, and directed assembly that attempt to
achieved simultaneous sorting and alignments of sc-SWNTs for large-scale FET applications.
High uniformity sc-SWNTs in parallel arrays on substrates free of bundles are required for
efficient device performance. Drawing inspiration from Lemieux’s work in using
functionalized SAMs, the ART allows for a controlled assembled monolayer of aromatic
tweezer molecules by using the aligning properties of liquid crystals. The selectivity of sc-
SWNTs has shown preliminary evidence based on the size of the tweezer molecule, which
demonstrates favorable binding to specific diameters. The ART attempts to be the

reproducible, scalable, non-destructive process for CNTFETs fabrication.
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1.2 Alignment Relay Technique

The Alignment Relay Technique (ART) methodology utilized herein can contribute
practical solutions to the alignment and selection of SWNTs while avoiding some of the
disadvantages of the aforementioned deposition processes. It integrates the inherent aligning
nature of liquid crystals, intermolecular interactions of SWNTSs with an iptycene structure, and
surface chemistry between the substrate and the iptycenes. Because of the extensive
interdisciplinary nature of the technique, its many components are separated and discussed
individually prior to introducing the full process. The components include: the interactions of
the ART molecule with the CNTs, how the molecule binds to the surface, and how the molecule

aligns to the surface

1.2.1 Intermolecular Interactions with SWNTs

As discussed in section 1.1.1, the structure of CNTs is that of many benzene rings
joined into a cylindrical shape. The sp? bonds and aromaticity in the nanotubes can allow for
interesting noncovalent interactions. The aromatic stacking refers to the electrostatic potentials
of sp? ring systems, where the positive potential of one ring interacts with the negative potential
of another ring. Variations of - stacking are illustrated in Figure 1-12, representing electron-
rich aromatic interactions.!** 4! The strength of n-stacking is contingent on the geometry of
the structures forming the interaction, and contributions can also come from other VAW and
particle electric charges present in the material. The parallel slipped stacking (face-face) or

direct stacking interactions are stronger than those of the T-shaped.
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However, they are typically not any stronger than H-bonds (~4-40 kJ/mol) when
modeling single molecules.'*’ The extended m-system present in CNTs can have multiple areas
for stabilizing m-m interactions that accumulate along the length or diameter of the tube. These
interactions have been shown to work efficiently for separation,'*> 4} and solubilization'** of
SWNTs. For example, the separation of SWNTs with aromatic polymers proved to remove m-

SWNTs from sc-SWNTs selectively.!*
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Figure 1-12. Display for aromatic stacking a) how the electrostatic charges are distributed in benzene, b)
illustration of T-shaped stacking, c) illustration of face-stacking, d) illustration of parallel stacking. Adapted
from Martinez, 2012 (reference 139) and Sinnokrot, 2002 (reference 140).

In particular, studies using porphyrin tweezers were able to access high purity (67%
enantiomeric excess) of either R- or L- (6,5) SWNTs.!* Additionally, pyrenes were observed
to have a high interaction affinity to nanotubes when they increased in diameter. Pyrene, being
planar, therefore, had a higher attraction to the increased planarity in the larger diameter

tubes.!*® Therefore, planar systems have a higher affinity to similarly planar systems when

discussing n-m stacking. As SWNTs have a curved or convex m-system, interactions with flat
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or planar compounds are mismatched. The convex sp? systems of the nanotubes require a bent
or concave equivalent system for enhancing these m-m stacking interactions. A favorable
configuration for concave-convex aromatic interactions can aid in the selectivity of the
SWNTs.!*” Hence, the foundation for choosing a m-concave iptycene system in the ART, as its
shape can be modified to complement different tube diameters and chiralities.

Additionally, these interactions can also occur with other polymers, small molecules,
or even with other nanotubes. Unfortunately, the cause for one of the main problems with
CNTs: bundling, is due to their ability to have non-covalent interactions across their long
lengths with each other. The CNTs have a high propensity of form bundles, which negatively
impacts their properties for FETs. Of course, avoiding this problem is a critical component of
their applications into devices. High concentration bundles of SWNTSs can typically be broken
apart by high powered tip-sonication. Combining ART with sonication is an area to be
explored, as this form of treatment could be used to effectively de-bundle the tubes once on
the surface and thereby increasing the likelihood that individual SWNTs will bind with the
ART iptycenes. The ART iptycene structure is shown in Figure 1-13, where the core for
SWNTs binding is made possible through the two triptycene components of this iptycene

structure.
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Red = Anchoring Group
Blue = Core for SWNTs binding

Figure 1-13. Structure of ART molecule 1 used in this work. The phosphonate ester groups act as anchors
to the substrate surface to retain the molecule. The benzene rings act as areas for n-n stacking with the
SWNTs. The molecule also has a concave structure to interact with the cylindrical form of the CNTs.

1.2.2 Substrate Binding

The anchoring component is key to the ART molecule properly adhering to the surface, and
without the iptycenes the nanotubes will not be aligned. The tethering component needs to be
covalently bonded to the surface in order to prevent its removal when depositing the nanotubes
and so the molecules position does not change once aligned and placed onto the substrate. The
phosphonate group in molecule 1 (Figure 1-13) was selected as it has been observed to bind

well to a variety of metal oxide surfaces'*

and was readily accessible by using bis(di-
ethoxyphosphoryl)acetylene.'* The phosphonate functional group provides a point for either
an H-bond or coordinate bond and two areas for covalent bonding through substitution with
the ethoxy group.'*® Additionally, with two of these functional groups on the surface, six areas
for bonding can emerge per iptycene molecule.

The different methods of binding with the metal oxide surface are shown in Figure
1-14. The ethoxy group can be substituted for a methoxy or hydroxy group (phosphonic

acid).!®! The phosphonic acids are the most generally used, especially in self-assembled

monolayer structures.!>!"!3* The bonding occurs with the loss of the corresponding alcohol, and
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structure 14a) is more likely in the presence of Lewis acid metal oxides. Structure 14b) is more
common on poor Lewis acid surfaces because the phosphoryl oxygen cannot efficiently bind,
so it H-bonds instead. This result is because acidic surface sites can increase the electrophilicity
of the P-atom, thereby helping with the condensation and hydrolysis of the POR groups on the

surface.!>?> Bonds can be chelated as in structure 14c or separated as in 14a and 14b.

a b ¢ d e
® P, _P, P P H----0” “OFt
0~.""0 H---0" 40 H---0° .0 0= "OEt
| | |

Figure 1-14. Phosphonate ester binding with a metal oxide (M) surface. The -OEt group can be replaced
with -OMe or -OH (phosphonic acid), in order of bond strength: a) diative and two covalent bonds
(strongest adhesion), b) H-bonding through the carbonyl and two covalent bonds, ¢) H-bonding and two
covalent bonds coordinated on the same metal, d) one covalent bond, ¢) one H-bond (weakest adhesion).
Adapted from Queffélec et al. 2012 (reference 148).

Alternative anchoring components could involve silanes, phosphonic acids, and
carboxylic acids.!*® As shown in Table 1-3, depending on the target surface, the anchoring
component can be altered to be the most optimal tether to the surface.'*> Specifically, silanes
have been demonstrated to have an efficient binding with SiO, surfaces,!** 155 15 however,
their addition to the iptycene backbone would be more synthetically elaborate. The phosphonic
acid moiety has also been effectual as part of organic FETs fabrications.!” Regardless, the
most critical parameter is obtaining enough surface hydroxyls on the surface to ensure
reactivity.!!> 1> The number of -OH groups provide the means for the formation of enough
bonds such that the molecule 1 remains chemisorbed the surface during SWNTs deposition in

the ART process.
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Table 1-3. Binding table of different substrates to optimal adsorbate by Jadhav et al. (Reference 153)

Surface Type  Substrate Adsorbates

Metal Au R-SH, R-S-S-R, R-S-R
Ag R-NH», R-NC, R-COOH
Pt R-NC, R-SH
Pd, Cu, Hg R-SH

Semiconductor GaAs (III-V) R-SH
CdSe (II-VI) R-SH

Oxide AlLO; R-COOH
TiO> R-COOH, R-POsH
ITO R-COOH, R-SH, R-SiX3
Si02 R-SiX3

1.2.3 Surface Oxidation and Cleaning
Acid “Piranha” oxidation is an ex-situ wet chemical method for removing trace organic
impurities on surfaces as well as hydroxylate them. It is a solution of conc. H2SO4: H2O2 (30%
aq.) that can range from 3:1 to 7:1 in ratio. The explosive nature is minimized by maintaining
the hydrogen peroxide concentration below 50%. The exothermic reaction is shown in Scheme
1-1a. The exothermic reaction rapidly occurs to form peroxymonosulfuric (Caro's) acid.'*® The
Piranha etch is also proficient at removing metals from surfaces and is used in various
semiconducting fabrication operations. It is also capable of oxidizing CNTs to incorporate
carboxylic acid and hydroxyls along the length of the tube.!>’

UV-0Ozone (O3) is alternative cleaning and oxidation method. This cleaning technology
converts organic impurities to HoO or CO>. The highly oxidized states of inorganic
contaminants can then be rinsed with water. Additionally, it has been shown to effectively

create a fresh layer of Si-OH in under 20 seconds,'®

and it has been extensively reviewed by
Fink et al.'®! Atomic oxygen is formed along with ozone by short wavelength (185 nm) UV-

rays. Then, long-wavelength (255 nm) UV radiation decomposes the ozone to form more of
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the atomic oxygen for decomposing hydrocarbon impurities.'®? Essentially, the bond energy
for several molecules can be broken if they are transcended by the energy per mole of the UV-
rays (185 nm = 647 kJ/mol; 255 nm = 472 kJ/mol). The chemical processes are outlined in
Scheme 1-1b. Step i generates the ozone, step ii indicates that the generated ozone is further
dissociated to atomic oxygen. Simultaneously with ii, the impurities are also absorbing the UV
rays and are creating free radicals, ions, and excited molecules. In step iii, the impurities are
removed as simple volatile molecules by reacting with hydrocarbons and nitrogen-containing
species. The contaminants then desorb from the surface.!®!- 162

Both Piranha and UV-Os3 are capable of simultaneously cleaning and oxidizing the
surface. However, the UV-Os; technique introduces less hazardous parameters to ART, and

therefore, the process merits investigation in this work.

Rapid formation of peroxymonosulfuric acid:
H,S04 + H,0, —= H>S0s5 + H,0

a) Piranha cleaning/oxidation

(i) Generation of Oz=o?§5aar§]hort UV wavelength:
b) UV-0s cleaning/oxidation A

0O, Oo*+ O*

0*+0, 0,

(ii) Ozonolysis at long UV wavelength:
- 254 nm

OF

0*+0,

(iii) Decomposition of organics:

0 xs.0*
- +0 +R
HO/&\R _>_> Hzo + C02 2

Scheme 1-1. a) Piranha cleaning chemical process (Jones 2007, p. 48, reference 156), b) UV-Ozone
chemical process decomposing a carboxylic acid as an example (Kohli 2019, pp 75-76, reference 160).
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1.2.4 Liquid Crystal Technology

Liquid crystals (LCs) are organic compounds that have both anisotropic and liquid
properties.'® As per their name, they are in between two phases of matter. A substantial interest
in LCs technology is spurred by their ability for orientational and positional order that can be

164 electric and magnetic fields.!> The LC

controlled by polarized light, alignment layers,
mesophases can be achieved either through temperature variations or solvent conditions. At
low temperature, the thermotropic LC is solid, and at too high heat, it becomes a regular liquid
as per Figure 1-15. If the LC has mesophases that are created through changes in heat, then it
is classified as thermotropic.!®> If the phases are formed through changes in the solvent,
affected by concentration and temperature, then is it considered a lyotropic LC. Some systems
exhibit mesophase changes when exposed either to heat or solvent, or both and are considered
as amphotropic LCs.!%® The lyotropic LCs are akin to micelles but with orientational order.
They can form cylindrical, rod-like micelles or lamellar structures and are very common in
biological systems.'®” Additionally, Lagerwall et al. have been able to utilize the micelle-rod
alignment of lyotropic LCs toward SWNT alignment using magnetic fields below 1 T.!6

The mesophases of thermotropic LCs can be described as either smectic or nematic.
The most common phase is nematic, in which case there is not a set positional order of the
molecules, but they have alignment and, therefore, what can be described as long-range order
(Figure 1-15). The nematic phase is fluid like a liquid, but it can also be directionally controlled
through external parameters such as magnetic fields or orientational templates. The other phase
is smectic, and it occurs at lower temperatures than the nematic phase.'%” It has long-range

order and alignment properties as the nematic, but it also has short-range positional order along

one single direction. The layers can glide over top of each other. The smectic phase has two
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sub-categories: A and C. Smectic A has horizontal layers, while in the smectic C phase, the
rod-like molecules have a tilt to them.

Additionally, if a molecule is a chiral LC, it can also possess a chiral nematic phase or,
rather a cholesteric phase. This phase has twisting within the layers.'®” For ART, the LC used
is 4-cyano-4'-pentylbiphenyl (5CB), and it is in the nematic phase at ambient temperature,
therefore allowing alignment at ~ 23°C. Another liquid crystal, 4’-octyl-4-biphenylcarbonitrile

(8CB), is in the smectic A category and also allows for room temperature alignment.

Temperature
Smectic A > P

':

Nematic
Liquid

Smectic C

L J
[

‘ Liquid Crystals Phases ‘

Figure 1-15. Illustration of the solid crystal structure phase transition to liquid as temperature increases.
The phase transitions of smectic and nematic for thermotropic LCs are shown.

However, the LCs that dominate materials research and are used in electronic
applications such as displays are of thermotropic nature.'® This class of LCs can be further
subdivided into calamitic (Figure 1-16a) or discotic (Figure 1-16d) structural types.'”® The
calamitic structure is similar to a stick or rod. It consists of a hydrophobic tail, an aromatic,
usually bi-phenyl unit, and a dipole group on the opposing end of the hydrocarbon chain. The
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tail limits crystallization, the stiff unit enables polarization (i.e., birefringence), and the dipole
allows for electric field influence.!®> 17 The discotic LCs are akin to circles of aromatic rings
surrounded by alkyl chains.!”! The discotic types, such as coronene derivatives (Figure 1-16d),
have shown useful charge carrier properties for device applications.!”? Either of these kinds of
thermotropic LCs can provide controlled alignment and orientation.

For ART, the focus is on calamitic LCs; specifically, experiments are conducted with
either the original 5CB (Figure 1-16b)!* or investigate 8CB (Figure 1-16¢).!”® The work is
inspired by findings on the triptycene molecule that can be aligned by 5CB.!7* Long and
Swager have shown the T-like shape of the triptycene derivatives can incorporate the rod-like
structure of SCB within its structural matrix. The study concluded that when the 5CB is
exposed to an aligning environment such as polyimide alignment layers, it orients itself with
the template and then imparts that alignment on the molecules.'”* Hence, this form of

alignment transfer with SCB is one of the foundations for ART.

Hydrocarbon Stiff Unit

tail Dipole
—

R

b) ©) O
“oo- oo- &S
5CB 8CB

Coronene diimide

Figure 1-16. a) Structural backbone and components for the calamitic thermotropic LC, b) structure of
5CB, c) structure of 8CB, d) example of a structure of a discotic thermotropic LC, coronene diimide.
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1.2.5 Synthesis of the CNT Tweezer in ART

The iptycene for the SWNT interactions (1) was synthesized by the following process
(Scheme 1-2). Starting molecule 2 can be formed from cis-2-butene-1,4-diol with thionyl
chloride and pyridine or be purchased directly. Compound 3 is made from the Diels-Alder
addition reaction of anthracene with the synthesized cis-1,4-dichloro-2-butene over 2 days at
190°C in a 95% yield, and unreacted anthracene is recovered using flash chromatography
purification. Note that either the cis or trans isomer of 2 can be used,'* as the positions of the
chlorines do not matter due to the subsequent elimination reaction. An E2 elimination is then
pursued using potassium fert-butoxide under argon conditions to form molecule 4 (70%).
Then, the double triptycene-like structure molecule 5 (67%) is made through lithium-halogen
exchange with 1,2.4,5-tetrabromobenzene and two equivalents of compound 4 via benzyne
chemistry. This reaction is then followed by the treatment of 5§ with 2,3-dichloro-5,6-dicyano-
1,4-benzoquinone (DDQ) to form compound 6 in a 65% yield. A Diels-Alder reaction of
molecule 6 with bis(di-ethoxyphosphoryl)acetylene creates compound 1, which is then the

molecule used for alignment purposes, as shown in Figure 1-13.
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Scheme 1-2. Overall synthesis for the ART iptycene.

1.2.6 ART Process

The alignment relay technique (ART) is scalable and simple while showing selectivity
for some SWNTs diameters over others.!* The surface functionalization occurs with a
molecule that is easily aligned, and it is this alignment of the molecules that continues over to

the SWNTs. Primarily, the alignment relay technique utilizes an alignment molecule (1)
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(Figure 1-17) that possesses an iptycene backbone paired with a phosphonate ester anchoring
group.'® The iptycene is integrated explicitly with ART to interact with carbon nanotubes
through m-m stacking interactions favorably.!” Additionally, 1 has a non-planar structure,
which is advantageous for interacting with curved systems, such as the nanotubes.'’® The
molecule itself is aligned on a surface by being solvated in a liquid crystal, 4-cyano-4'-
pentylbiphenyl (5CB) in this case. A drop of the solution is placed on the surface of the
polyimide alignment layer. This surface is the key component used for liquid crystal
alignment.'®* The ART has been shown to work on silica, indium tin oxide (ITO)'* and gold
surfaces.!”’

As the LC aligns, it imparts its alignment towards the molecule. A surface capable of
covalent binding with the phosphonate ester of molecule 1 is placed and compressed with the
alignment layer. Excess of the 1/5CB mixture is removed, and this results in a monolayer of 1,
where the triptycene backbone is in a prime position for interacting with CNTs (Figure 1-17).
Given the difficulty in directly imaging small molecules on a surface, the exact positioning of
the iptycenes in the monolayer is as of yet unknown. It is also likely that the arrangement of

the molecules is not as uniformly aligned as depicted in Figure 1-17.
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Figure 1-17. Scheme outlining the alignment relay technique (ART) using iptycenes (blue, 1) and SCB liquid crystal
(green). The micro-aligned glass template (purple) controls the liquid crystal orientation, which in turn imparts
the alignment onto the molecule. Only after placing the mixture of 1/SCB on the template is the mixture put in
contact with Si/SiO2 surface to covalently bind which is shown in previous work. Once the surface is functionalized,
the LC is washed off and sample is placed in contact with nanotubes in solution for 24 h.

Evidence of the aromatic stacking between the iptycenes and SWNTs is shown by
Atomic Force Microscopy (AFM), as without the functionalized surface, the nanotubes do not
align.'* A sample without any iptycenes was placed in the solution of SWNTs for the same
deposition time as ART samples, but no alignment was observed. Further evidence is from a
previously reported control experiment that had the iptycenes molecules but lacked the liquid
crystal as the solvent, so there was no alignment relay of information. This trial also
demonstrated no deposition nor alignment of the SWNTs.* The final structure after SWNTs

application in Figure 1-17 schematically represents SWNTs' alignment after standard ART.
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Nonetheless, ART requires fine-tuning for eventual applicability in electronic devices.
For instance, the alignment of the nanotubes may be sporadic across the sample surface, and
the SWNTs themselves may deviate by size, length, and type. In addition to the interactions
depicted in Figure 1-12, it is also plausible that the SWNTs are interacting with the substrate
surface directly in the space between neighboring iptycenes. Samples can also be plagued with
CNT overlap, bundling, or partial to incomplete n-n stacking. Adjustments and modifications

to explore the ART of SWNTs for FET applications are culminated in these pages.

1.3 Characterization methods

Analysis of carbon nanotubes can be conducted by means of a wide assortment of surface
characterization methods. Depending on the CNT sample, solutions can be characterized using
UV-vis, photoluminescence, Raman, or IR spectroscopy. The former three are used for chiral
characterization. The CNTs can be transmission electron microscopy (TEM) imaged, as well
as with AFM or scanning electron microscopy (SEM) analyzed, with high accuracy. The
microscopic methods are frequently used in combination with spectroscopic methods. AFM
and SEM are the more widely used methods, where AFM tapping mode is preferred for

minimal tube damage.

1.3.1 Atomic Force Microscopy

The AFM itself allows for the measurement and manipulation of atomic surfaces. Additionally,
it does not need a clean conducting surface to provide a nice image, as is the case with scanning
electron microscopy (SPM). Therefore, AFM has a wide variety of uses, from measuring
insulators to biological samples such as live proteins. However, if conductive AFM (c-AFM)

is needed, the tip can be coated with a conductive material, though usually, the tip is silicon or
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silicon nitride. A laser focuses on to the cantilever surface and is mirrored towards a 4-

segmented photodiode (Figure 1-18).!78

A mechanical probe senses the material on the substrate surface, and electrical signals
are generated with piezoelectric materials. The deflection that comes from the cantilever is
measured via a series of these photodiodes that receive the laser signal from the tip of the
cantilever surface. The c-AFM works in an equivalent manner, with the additional fact that it
also concurrently measures the landscape of a material and the electric current that can flow at
the point where the tip makes contact with the substrate surface.!” The data for the topography
comes from the deflection of the cantilever using the same laser/photodiode optical system as
with conventional AFM. At the same time, the current is distinguished with a current-to-
voltage preamplifier. Bright spots represent conductive elements on the sample surface,

whereas dark areas show insulating or rather non-conductive segments. 3% 181

4-quadrant

photodiode

Cantilever

Figure 1-18. The typical setup for the AFM. Example of approaching a CNT surface (not to scale).

The working principle behind the AFM is associated with the spring constant (k) from

Hooke's law (F = -kX, where X is the spring displacement, and F is applied force) that dictates
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the motion of the cantilever.!8" 182 When the cantilever is taken into close proximity to the
sample surface, deflection occurs from all the interacting forces such as bonding, VdW, and
mechanical contact forces.** Many other parameters may also be measured depending on the
fitted probe. Nevertheless, if scanning occurs at a constant height, some tip damage may occur.
Hence a feedback loop is designed to ensure constant force along the tip and the sample during

the measurement, such that the distance between the tip and the sample stays constant.

The sample is placed on an XYZ stage, as shown in Figure 1-18; the z-direction is
chosen to keep the force constant, and the x/y directions are to help in the scanning of the
sample. There are also three different working modes.!% 8! One is the contact (static) approach
that indicates the cantilever is moved across the surface through direct contact tip-to-sample,
producing a deflection on the cantilever tip. The exact value of the deflection is directly
measured and is used as signal feedback. When the cantilever nears the sample, the attractive
forces tend to stick the two together; therefore, this method is done typically wherever a
repulsive force is present.!®% 1 Another method is non-contact (dynamic); here, the cantilever
oscillates externally with a frequency very near to its actual value but does not encounter the
substrate surface. Information on the surface is obtained from comparing the external
oscillations to the change in oscillation from the forces coming from the tip and material that
are closely interacting. This mode is particularly useful for liquids, as the AFM wavers

overhead the adsorbed liquefied layer so that both the fluid and surface are scanned. '8 8!

The last of the three is the most widely used and is the one utilized for experimentation
in this report. The tapping (dynamic-contact) method consists of the tip of the cantilever being

fixed to a piezo-electric material that dictates the motion of the cantilever to an up and down
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movement to values near its resonant frequency. As the tip nears the top of the sample, the
amplitude of oscillation decreases due to the diverse interaction of forces on the cantilever. As
the lever scans the surface material, the electronic feedback loops, moving the height to the
correct position.'8 181 Essentially, the AFM is a versatile tool to obtain height information and
detailed micrographs of nanoscale features. It is, however, much slower to obtain images than
with electron beam microscopes such as SEM and TEM. For c-AFM, this is always done under

contact mode as a current is applied to the sample.

1.3.1.1 Conductive-Atomic Force Microscopy (c-AFM)

The c-AFM system utilizes a conductive cantilever to sense the surface current (I) of a sample.
During c-AFM imaging, the conductive cantilever scans the substrate under contact mode to
produce a topography map, and simultaneously, the electric current amongst the cantilever and
the surface components is measured. This electric current is obtained through an electric
current amplifier, whereas the topography is attained via the deflection signal of the lever.'®?
Subsequently, the electrical current that goes through the cantilever can be as tiny as a pico-
ampere, such that the current amplifier is selected so that the electrical noise is suppressed on
the order of a femtoampere. The current data is compiled by the c-AFM.!'®3 Accordingly, as a
metallic sample or metal area is placed into contact with the c-AFM tip, the tip can then collect
the current based on the overall lateral conductivity of the metal. The images obtained display

the high conductivity area as high up and bright on the conductivity scale,!34 185179, 186

1.3.2 Scanning Electron Microscopy

Scientific evaluation involves thorough observations that consider all aspects of the

form of material. However, such an analysis with a magnifying glass or optical microscope
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cannot account for details smaller than the wavelength of light. Therefore, any optical
instruments using light are unable to identify nanoscale structures. Therein represents the use
of an electron beam-based microscope like the scanning electron microscope (SEM), such that
observing a structure down to several nanometers in scale becomes possible.!®” The primary
portions of the SEM are the electronic console and the electron column (depicted in Figure

1_19).188, 189

The working principle present involves an electron beam that scans across the substrate
surface, and the subsequent electrons that are produced from the conducting sample are
combined to create a micrograph.'®” This formation of images is reliant on signals that are
produced from the specimen interactions with the electron beam. This connection can be
broken down into two major types: elastic and inelastic scattering. For elastic interactions,
these are caused by the deflection of any incident electrons by either the atomic nucleus' present
or by the outer shell electrons of analogous energy on the substrate surface.'®” Elastic scattering
is defined as insignificant energy being lost during a collision and by a sizeable directional

shift of the scattered species.’

If the elastically scattering of the electrons occurs at a degree of 90° or greater, they
are called backscattered electrons (BSE).!®”> 1% Inelastic interactions happen from various
scatterings amid the incident electrons and the electrons and atoms of the sample; this leads to
the primary beam electron shifting a large amount of energy to that atom.'®! The quantity of
energy lost is reliant upon whether or not the specimen electrons are excited alone or

collectively. Another factor is the binding energy of the electron to the equivalent atom. '
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Hence, the generation of secondary electrons (SE2) comes from the excitation of the
electrons while the sample atoms are being ionized. These electrons are described as having
energies fewer than 50 eV.!®% 0 It is because of the SE2 that a high definition resolution of
the topography is obtained. On the other hand, using BSE gives a better contrast that is
dependent on the atomic number of the compounds on the surface, such that further

topographical information is accessible.!®®

Additionally to the BSE and SE2 signals, a variety of different signals are created when
the electron beam is making contact with the substrate, including the emission of characteristic
x-rays, Auger electrons, and cathodoluminescence.'®” For the electrons to travel effectively, a

high- vacuum environment is required which minimizes electron scattering via air.!8% 192 193

The technique is disadvantageous for imaging wet samples, and non-conducting
samples must be sputter coated for effective charging and imaging. An important factor while
performing SEM analysis of CNTs is to use a low voltage electron-beam source as to avoid
damage to the CNTs.!** Additionally, one form of SEM experimentation on SWNTSs has been

shown to be able to distinguish between semiconducting and metallic SWNTs.!??
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Figure 1-19. Schematic diagram of a scanning electron microscope. Sample is of CNTs (not to scale).

1.3.3 IR and Raman Spectroscopy

Infrared (IR) bands are a result of molecular vibrations causing a change in the dipole
in amolecule. No IR band will occur if there is no alteration in the dipole moment. For instance,
compounds such as O and N, are not depicted in the IR, but CO» has a stretch where one
oxygen moves opposingly to the other.!”® The IR data is also represented with % transmittance,

such that 12% of light transmittance is indicative of 88% absorbance.!?% 17

Like IR, Raman spectroscopy also permits the recognition of different molecular
components.'’® The Raman spectrum is a result of inelastically scattered light (see Figure 1-20
that shows how the laser light is scattered from the surface), allowing for the identification of
vibrational (phonon) states of compounds (Stokes or anti-Stokes).!*® 1°° Rayleigh is the general
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light scattering. However, the Stokes and anti-Stokes are inherent to Raman spectroscopy. The
stokes scattering signal is due to phonon energy loss in the material. In contrast, anti-Stokes
are a gain in energy, and these signals are indicative of energy excitations due to the laser light
source. This property allows for the identification of materials that possess discrete energy

bands, such as CNTs.

The Raman spectrum has sharp and strong signal peaks where the corresponding IR
spectrum of the compound would have weak peaks, and vice versa, since IR direct absorptions
are favored by dipole moments, and Raman scattering is favored by polarizability, which tends
to be low in bonds with a strong dipole.!”® '° The frequency position of groups in IR and
Raman are identical since both are based on the same vibrational energy level difference.
Raman spectroscopy is an asset for molecular fingerprinting as well as for observing changes
in the bond structure.!”® ' The IR is used in this work for characterization of the organic
compounds, particularly for the identification of the very characteristic carboxylic acid

carbonyl stretch of not only small organic molecules but also the SWNTs.2%
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Figure 1-20. Diagram categorizing the different light scatterings after the laser exposure on the surface
for data acquisition from Raman spectroscopy. Adapted from Colthup, 2012, Reference 196.

Raman has advantages versus other vibrational spectroscopy methods like Fourier
Transform (FT)-IR and Near-IR (NIR).!*® 1% The Raman effect happens when light is scattered
off a sample as opposed to the light absorbed by a sample, and no permanent dipole is necessary
for the molecule to be observed. It is also possible to identify the covalent character of
molecules.!® 1 Raman is also insensitive to aqueous absorption bands.!’® ' However,
Raman is inherently more expensive than IR and is not as efficient to identify key organic
functional groups, such that the organic chemist uses IR for quick and cheap analysis of
functional groups present in their samples alongside nuclear magnetic resonance for

characterization rather than Raman.!*® 1%°
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Non-resonant Raman spectroscopy utilizes any laser excitation for the scattering
measurement, which can lead to low-intensity peaks. For resonant Raman, the laser wavelength
is selected to be close to an electronic transition, usually very near the UV-visible absorption
of the compound being analyzed. This selection of A can result in significantly higher intensity
peaks. Double resonant scattering is additionally possible for semiconductors, such as CNTs
and graphite, and are only observable during special conditions. Duo phonon scattering

methods - one phonon, and one of elastic scattering - make up double resonance Raman.?"!

1.3.3.1 Raman Spectroscopy of Carbon Nanotubes

The Raman spectra of CNTs is essential in identifying their diameter and chiralities.
The peaks of interest are the disorder band (D-band, 1350 cm™), graphene band (G-band, 1500-
1600 cm™), and peaks present in radial breathing mode (RBM, 100-300 cm™', though some
sources will cite up to 400 cm™), which can be correlated to the diameter of the tubes.?0% 293
Double resonant scatterings through tangential vibrations are responsible for the appearance
of the D-band and G-band. In contrast, the RBM is a vibrational property akin to being the
CNT’s fingerprint.”® The D-band is an indication of damage and deformities on the nanotube.
The lower the D-band intensity, the higher the uniformity, and the fewer defects that are present
in the sample. Semiconducting (s-) SWNTs tubes typically depict a G-band at approximately
1570 cm™! (diameter) and 1590 cm™ (length) that are relatively sharp with a strong signal
depending on purity.?** These peaks are shown in Figure 1-21. The tangential modes are a term
used to describe phonon bands of CNTs that are created from graphite’s optical phonons,

characteristic of two adjacent carbon atoms in out-of-phase displacement. In CNTs, they are

radial (diameter) and longitudinal (length).
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Moreover, the split peak structure of the G-band is unique to single-walled tubes. The
G-band can identify metallic or semiconducting CNTs. As shown in Figure 1-21, as the G" and
G~ vibrations are nearly equal for m-SWNTs, but very far apart in intensity for sc-SWNTs. The
G" band shifts up-field in the presence of electron acceptors and downward in the presence of
electron donors, and is, therefore, an indicator of SWNT doping.”® 2> The spectrum in Figure
1-21 is identified as being semiconducting SWNTSs, but not of a single chirality. If this were
the spectrum of a single SWNT, there would only be one peak in the RBM region.
Additionally, m-CNTs possess powerful electronic bands, which leads to an always resonant
Raman spectrum regardless of the excitation energy being used. This observation means that
real optical transitions at all energies are responsive to m-SWNTs.”®

The diameter of these tubes is slightly under 2 nm based on ®rem, Where the
relationship is described in Equation 4. For archetypal SWNT bundles of diameter d;, A =234

cm 'nm and B = 10 cm ™! have been calculated;?? where B is an upshifted value for mrpm due
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Figure 1-21. Example of Raman spectrum of CNTs on silicon with distinct bands and peaks of interest and the
reported difference in G-band for metallic(m) or semiconducting (sc) SWNTs. Adapted from Nanot et al (2013),
p 118, reference 203.
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to the presence of tube—tube interactions.? For a single SWNT on silicon, A = 248 cm™ and
B = 0 has been used.®

A 1 s
wrgy = —+ B [m’'] Eq.uatlon4 (Thomsen &
Reich, 2007, p 130, Ref 76)

The resonance scattering caused by different lasers gives us information about different
excitation levels, as shown in the Kataura plot (Figure 1-22).20% 207 The Kataura plot is
primarily optical transition energies that have been measured in relation to the CNT diameter.
The NT diameters can effectively lead to defining the specific chirality of the nanotubes, as
has been shown in various other studies.”® 206 208210 The nanotubes have efficiently
disconnected ranges of transition energies in a given range of diameters, as those energies
follow the 1/d; trend. However, some tubes do fall above or below this trend. In this way,
metallic tube transition energies are separated from the semiconducting ones. The m-SWNTs
are not identifiable by luminescence, and single m-SWNTs chiralities can only be
distinguishable using Raman.”® Additionally, it is imperative to indicate that small fluctuations
in A and B in Equation 4 can give slightly different values. Nanotubes that are in the same
family/branch have comparable physical properties, and environmental factors may be
possible that can affect the RBM frequency to diameter relation, without altering the m- or sc-
assignment.”®

Moreover, different kinds of SWNTs vibrate more intensely in the RBM region,
depending on the laser strength used.?’> Both red and green laser light sources were used to
obtain data for nanotube identification to create a more representative picture of all the SWNTs
that can be present on the sample surface for the ART work. Raman spectroscopy allows for

identifying the unique peak signals and assigning them to different chiral types. This
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correlation is possible based on the chiral dependence that unites the bandgap energy and the
vibrational frequency in the RBM mode of the individual nanotubes within their nanotube
branches or families. Raman-CNT chiral assignments should consider the various parameters
of excitation energy, frequency, luminescence energy, and diameter, as well as any surfactant
effects. The correlation between the optical transition energies (VHS, Si1, Mi1, S22) and

vibrational properties (orm) equates to the ability to obtain nanotube chirality.
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Figure 1-22. Transition energies amongst VHSs in the valence and conduction bands. Circles are for sc-SWNTs and
squares are for m-SWNTs. Laser energies are represented with colored horizontal lines. From the following website.
http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/kataura.html

In ART, the nanotubes are individually separated, and therefore it is possible to
characterize single SWNTs on the surface. For CNT bundles, the peak positions and energies
can be affected by VAW interactions between the tubes themselves, resulting in shifts in the
Kataura plot; the same happens when using different surfactants or substrate surfaces.?!!

Additionally, obtaining information of all the nanotubes on the surface must involve many
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sample points; as a single Raman scan does not give a full idea of the kinds of SWNTs
dispersed on the surface. Raman mapping, or rather, the collection of Raman spectrum take at
a single point, helps formulate a representative picture of all the SWNTSs on the surface. A
point of disadvantage is also when scanning the distributed thin layer of CNTs, and it can be
challenging to obtain a signal if the laser is not directly on the nanotube. If the laser is offset

or not focused even slightly, the spectrum will not analyze the CNTs.

1.3.4 I-V Testing

Electrical testing typically occurs using a source measure unit (SMU) with a three-
terminal device CNTFET. This arrangement includes the two metal S and D electrodes
between the sample CNT and the probes. For testing, probes are brought into contact with the
S- and D- electrodes, which are positioned similarly to Figure 1-23. The third probe is
capacitively connected to the CNTs using an insulating dielectric film and is defined as the
transistor’s gate electrode. This process is a form of testing FETs. The dielectric material is
usually SiO», as it is easy to fabricate devices with and easy to acquire. Depending on the
device, many CNTs can be connecting the S to D, as shown in Figure 1-23. Alternatively,
individual CNTs can be tested, or even bundles of SWNTs. Each system would have its
individual I-V curve. These transport quantities include source/drain current (Ips) data that is
a function of the S-/ D- voltage (Vsp) or the gate voltage (V). The Vsp is the voltage between
the S and D electrodes to turn the device to the ON-state. Figure 1-23 is a rendition of a bottom

gate (BG) CNTFET in this work.
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Figure 1-23. Representation of a setup for electrical measurements of SWNTs in bottom-gate FETs. GND
is ground.

In Figure 1-24, a top-gate (TG) device is shown. For this TG CNTFET, the dielectric
layer is placed above the patterned S- and D- electrodes and covers the sides and surface of the
nanotubes. This setup is intended to eliminate any external environmental factors that can
potentially impede the CNTs electrical transport. Additionally, it has been previously observed
that hysteresis, transconductance and subthreshold swing are improved for TG CNTFETs
compared with their BG counterpart.?!? For testing the TG device, a third probe is setup that

gently touches the surface of the gate electrode.
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Figure 1-24. Representation of SWNTs in top-gate FETs.

Both transport and output device properties are considered for the examination of
CNTFETs formed through the ART. Important parameters considered are foremost the
electron mobility (i), the ON-state current (Ion), and the ratio of ON-state current to current
leakage (Ion/lorr). The leakage current is defined by the current that is still flowing even in the
OFF state (Iorr). Other parameters considered are the transconductance (Gm) and the
subthreshold slope (SS). The maximum hysteresis is also a further point of discussion. The SS,
Ion, lorr and hysteresis can be obtained through the analysis of the transport plot shown in
Figure 1-25. The transport figure depicts the drain current (Ip) over a function of V. The target
is to also utilize a low Vsp while having a high Ion/lorr and p. The p value defines the ease at
which the current carriers can travel across the channel. Some sources list the mobility as being
irrelevant for nanoscale transistors that have channel lengths below 100 nm.® 213 In this work,
the minimal channel length is 100 nm and therefore, the p was calculated as the devices were

on a larger scale.
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The SS comes from the change in Vg over the change in the log value of Ip, as shown
from the curve in Figure 1-25 and is defined as shown from Equation 5. The G comes from
the linear curve of Ip vs. Vg (Equation 6). A high Gn, is indicative of high device performance
as it defines the change in current by the voltage. The SS characterizes how fast the device can
transition between the lorr to lon state. Ideal values for MOSFETs are in the 60 — 70 mV/dec
range. For example, a St MOSFET with a ~ 22 nm channel size has Ion of 1 mA/um and an
SS=72 mV/dec where Vsp = 0.8-0.5 V, which has shown to be equivalent to a CNTFET with
a 90 nm channel at Vsp = 0.4 V.2'* This example provides additional evidence to the
improvement of transport characteristics that are possible with CNTs over Si for scaling

potential in FETs.

_dVg Equation 5 (Trivedi,
SS - F [V/decade] 2011, Ref 215)
Dlog
c di, Equation 6 (Trivedi,
RETT 2011, Ref 215
m = qv, [S] ef215)
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Example of Transport

> Vep =1V ION )
-6 i
1 1
5 Subthreshold Slope
& g
2 Hysteresisy;,, (SS)( V/dec)
o 9- ]
5]
=
-10 1 4
=11 1 4
12 lorr ]
-6 -4 -2 0 2 4 6

Figure 1-25. Depiction of desirable transport data for CNTFETs with essential parameters that can be
extrapolated from the curve.

For CNTFETs, the calculation for mobility is typically defined as shown in Equation
7. The value is reliant on the length of the gap from the source and drain (Lsp) and the
transconductance while being inversely proportional to the capacitance (C) of the system and
the Vsp. Capacitance is the ability of the device to store charge and is targeted to be as low as
possible. The capacitance is different for individual CNT devices and is defined in Equation 8.
For the tubes, 2m is multiplied by the constant of electric permittivity (€0) and relative
permittivity () for the dielectric layer used. The relative permittivity for Al,Os is 10, and for
Si0y, it is 3.9; and these are the values used in this work. Equation 8 also incorporates the
thickness of the oxide (tox) and the nanotube radius (r). For films of CNTs, the capacitance is
defined by Equation 9 and incorporates the width of the source-drain channel (Wsp)?!® as
shown, although other definitions for film capacitance can also be utilized that take into

consideration additional factors.?'®

75



2
_ Lsp"Gm

u CVsp [em?/Vs] Equation 7 (Trivedi,
2011, Ref 215)
2meg & . . .
Ci i = ——=—= Lgp [F] Equation 8 (Trivedi,
individual CNT ln(Zt"Tx) SD 2011, Ref 215)
Lsp Equation 9 (Snow,
Cent Fitm = €0 &:Wsp 7o, [F! 2015, Ref 214)
X

The second parameter for analysis is the output curve that is shown in Figure 1-26.
These curves showcase the different Ip possible for different Vg while keeping the Vsp
constant. From this plot, it is possible to determine the ON-state resistance, as determined by
the slope of the max Vg curve.?!” This parameter is important as it can dictate whether the
device is under ballistic transport (~13.5 kQ) or diffusive (200 kQ2).2!® Ideally, the value would
be as minimal as possible for the device to indicate effective electrical transport. The value of
Ron can be determined by using Equation 10.

Equation 10 (Lundstrom,

=Don 2008, Ref 216
ON™ T1,n [Q] s )
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Example of Output
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Figure 1-26. Depiction of output data for CNTFETs.

1.3.5 Additional Techniques

Transmission electron microscopy (TEM) is an electron beam imaging method capable of
identifying CNT chiralities.>!* The TEM operates by shining the e-beam through a very thin
sample, and the interactions of the atoms in the material with the bombarding electrons are used
to identify surface features such as optical diffraction patterns and morphology.?** The electrons
transform into the light to obtain the image. A condenser lens focuses the beam, and an objective
lends then collects all the electrons after they interact and form an image on the substrate. High-
resolution (HR) TEM is often used in CNT studies and is capable of imaging their defects.®!
Transmitted and scattered beams work together to create an interference image in HRTEM that
can have an image resolution on the scale of a crystal unit cell. In this case, all the electrons that
have interacted with the sample are combined at one single point. When the electrons are
propagated through the objective lens, they are modulated at very low angles that interfere with

each other and then conform to a single point. The bright field images in HRTEM are a result of
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electron phase contrasts at high kV, whereas in TEM these images are the result of the electron

waves amplitude contrast at lower kV. TEM images are analyzed using GMS 3 software.

It has also been demonstrated that CNT chiralities can also be selectively altered. **! This
work was possible by altering programmed bias pulses on the CNTs. Nucleation was promoted
through the SW defects and (0,1) chiral dislocations on the circumference of the tube. The CNTs
were transitioned from metallic to semiconducting that were experimentally confirmed by electron
transport measurements. The process was shown to work on SWNT, DWNT, and even triple-
walled CNTs. An exciting direction for future work would be to align individual CNTs regardless

of chirality and then alter the chiralities to all sc-SWNTs. 2%!

However, HRTEM and TEM both require samples that can have electrons be transmitted
through them (electron transparent materials). Therefore, regular silicon surface mounted CNTs
are not possible to image. The sample has to be mounted on special SiO, wafers with windows
sections having small pores to see through some regions of the CNTs The sample needs to also be

able to withstand the high vacuum operating conditions.??°

Additional spectroscopic techniques that can identify nanotube chiralities are UV-vis
absorption and photoluminescence. These methods are robust and useful for identifying the
chiralities of CNTs when dispersed in a solution.??? In UV-vis spectroscopy, the basic principle is
to shine the broadband of light in the range of 200 — 2000 nm on a liquid dispersion and obtaining
a measurement of the light that becomes transmitted. The absorption spectrum, which is a function
of the peak intensity and the wavelength, is a result of the transmitted and incident light differences.
The wavelength of high-intensity peaks can be correlated to the bandgap energy in
semiconductors. For CNTs, the optical transitions are identified from a database of VHS of

SWNTs. Because of absorption in the UV-vis light range, electrons that are present in the VHSs
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of the CNTs' valence band are augmented to the energy levels that are present in the conduction
band (S112>S22 in sc-SWNTs, Mi; in m-SWNTSs). The different energy transitions have been
identified by Chernysheva et al.??> The CNTs are usually dispersed in a surfactant solution such

as SDBS, centrifuged, and then characterized in the spectrometer.???

Each peak output in the spectrum is associated with a single chirality, but similarly to
Raman, the environment can alter the peak position as well as intensity. Factors that can affect the
CNT peaks are mainly the quality of the dispersion, the sample purity as in the presence of organic
and inorganic materials, and the surfactant used. For example, red-shifts are common when then
SWNTs are exposed to organic dyes.?>* M-SWNTs are usually in the UV/Visible region, whereas
the sc-SWNTs are in the NIR/Visible regions. The larger diameter tubes consist of a smaller energy
gap and generally show a shift in absorbance towards longer wavelengths (lower energy).?** This
technique is advantageous in identifying specific SWNTs types from a solution. It is not possible

to use CNTs deposited on a solid sample.

Photoluminescence (PL) is also a technique capable of identifying CNT chiralities.??> 226

The process is defined by photon emission from a substrate in the visible light range. The exposed
sample can absorb the light source and incur photo-excitation. The luminescence or light energy
released as the excited state photons relax back to the lower energy level is detected. As PL requires
good optical emission properties in the sample, materials with bandgaps are practical candidates
for characterization. This result is because the light energy that is emitted when electrons and holes
recombine and are de-excited is equal to the bandgap energy. Emission is particularly useful and

sensitive to surface atoms, and for SWNTs that is the entire structure.??> 2?7

However, this also means that the SWNTs must be suspended and not in contact with a

material to avoid PL quenching. Encapsulation of CNTs has also been shown to allow for
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luminescence detection. The PL signals are enhanced when the excitation energy is resonant with
peaks in the DOS of the CNTs, which is ultimately a way of identifying the chirality.?*® The
SWNTs types are typically observed in the NIR range.??’ Additionally, a combination of PL and
Raman spectroscopy can be used to characterize the electronic and vibrational properties of

suspended CNTs.??® Stokes PL?% and anti-Stokes PL**° spectra have been obtained for SWNTs.

1.4 Concluding Remarks

The fundamental aspects of the project have been defined and described in this section and will be
referred to throughout the remainder of the manuscript. The following chapters (2-5) will detail
the materials, methods, results, and analysis. Chapter 6 summarizes the entirety of the research

and elaborates on an outlook for ART. The experimental protocols are described in Chapter 7.
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Chapter 2: Modifications to the ART Procedure

The alignment relay technique (ART) was designed as an approach to order and select for single-
walled carbon nanotubes simultaneously. Based on the original proof-of-concept,'*’ the general
motivation was to investigate if the method could be optimized, focusing on SWNTs' alignment
and selectivity. According to the standard procedure for ART, as described in the introduction
chapter (Section 1.2.6), the discussion that follows refers to three approaches to optimize the ART
procedure guided by these goals: 1) To improve the alignment of the SWNTs, and ii) to enhance
the density of the SWNTs on the surface. For the first modification, simple benchtop sonication
was added after the deposition to the NTs to eliminate nanotube bundles and remove loosely bound
tubes from the substrate (Section 2.1). Layer-by-layer and Langmuir-Blodgett treatments were also
attempted on the samples (Section 2.2). For the third modification, filler molecules were added to
account for the gaps in between the already aligned iptycenes to increase n-n stacking interactions
with the SWNTs, such that more of them would adhere to the surface (Section 2.3). Hence, Chapter

2 focuses on simple add-ons to ART to achieve goals I and II.

2.1 Post-Carbon Nanotube Deposition: Sonication

Here, sonication was tested after a 24 h nanotube deposition period to improve nanotubes'

alignment (Figure 2-1). Following previous exploits, 4

the hypothesis was to observe if it was
possible to agitate away unaligned tubes from the surface with simple sonication. Theoretically,
this process should allow only the tubes with strong interactions with the iptycenes to remain on
the surface. The incorporation of sonication, an easy step to add to the ART, was speculated to

offer a highly aligned surface with the re-distribution of un-aligned or stacked SWNTs. Therefore,

the proposed methodology could simultaneously provide a higher degree of orientational control
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than previously reported. Additionally, the sc-SWNTs diameters and chiralities were

characterized.

Figure 2-1. Scheme outlining the proposed result of this work adapting ART with additional post-SWNTs
deposition sonication, estimating that the nanotubes sit in the concave structure of the iptycenes (molecule 1).

2.1.1 Results and Discussion

2.1.1.1 Sonication Solvent & Time

When using the ART, the functionalized sample was placed in a solution of SWNTs for
approximately 1-2 days. This timeframe allows the SWNTSs to deposit on the surface and interact
with the iptycenes (1). The sample was placed in a test tube in the center of a benchtop sonicator
bath. First, it was confirmed that the sonication should occur after allowing the carbon nanotubes
deposit on the sample, rather than as soon as the functionalized surface was placed in the SWNTs
solution. The nanotube solution was a mixture of sodium cholate and sodium dodecyl sulfate
(SDS), 1% wt/volume with 90% pure sc-SWNTs, purchased from Nanointegris. Figure 2-2 shows

that the results of sonicating the sample within 5 minutes of being placed in the SWNTSs solution
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are shown (Figure 2-2a). This result was compared to sonication after letting the sample rest in the
nanotube solution for 24 h (Figure 2-2b).

The samples were each sonicated for 40 minutes. The 40 minutes was arbitrarily chosen as
a preliminary test to observe the sonication treatment effects on the ART sample. It was observed
that with 40 minutes of continuous sonication, the water bath would gradually heat up. It was
unknown if the temperature affected the ART samples, and the temperature was not a parameter
investigated here. To maintain room temperature for all the samples and be consistent, the time
frames were distributed in 10-minute intervals. A sample was also attempted in increments of 10
minutes sonication and allowing the water bath cool down for 1 h, for a total time of 40 minutes
of sonication (Figure 2-2¢). From this initial testing, it was observed that sonication should occur
after the nanotubes have had time to deposit on the aligned surface to have any effect on agitating
the tubes into a set orientation.

The preliminary results for applying sonication are qualitatively assessed through the
SWNTs' alignment in the AFM micrographs from Figure 2-2. The alignment and distribution of
SWNTs did not seem to improve from the standard ART method when sonicating at the start of
the CNTs' deposition (Figure 2-2a). When applying continuous 40-minute sonication after
allowing the SWNTs to deposit as usual, very few CNTs remained on the surface (Figure 2-2b).
However, when applying sonication in 10-minute increments, an increase in SWNTs alignment
was observed (Figure 2-2¢). The alignment and distribution of the SWNTSs appeared more uniform
across the sample surface over the other two trials. Therefore, the shorter bursts of sonication times

were chosen for further study.
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Figure 2-2. An ART functionalized silicon sample with a) immediate 40-minute sonication then 24 h nanotube
deposition b) 40-min sonication after 24 h of nanotube deposition c) alternating 10 mins for 40-min sonication
after 24 h nanotube deposition.

The experiments were then continued based on the alternating sonication time model in the
SWNTs solvent. The resulting AFM data is shown in Figure 2-3. Here, a sample is sonicated for
10 minutes only (3a), two 10 minute sonication times with a 1 h pause to allow for re-deposition
of the SWNTs (3b), five 10 minute sonication cycles with a 1 h pause for SWNTs re-deposition in
between each session (3c), and six 10 minute sonication times with a 1 h pause for SWNTs re-
deposition in between each session (3d). The more prolonged the sonication and manipulation of
the sample, the more considerable the increase in layers of unidentifiable particles on the sample
surface. These layers of unidentified particles are defined as roughness in this work. Although the
tubes appear qualitatively aligned based on the AFM images, fewer were on the surface. By a total
of 60 minutes - even with pausing the treatment and keeping the sample in the SWNTs solution -
a limited number of tubes remained on the substrate. The results from 8x10 minutes (3d) appear
to have equivalent outcomes to sonicating for 40 continuous minutes (Figure 2-2b) - in that very

few nanotubes remain on the surface.
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Additionally, the sample size is shown (scale size) for Figure 2-3c and d is double the size
of Figure 2-3a and 3b, demonstrating how much further apart the nanotubes are from each other.
Specifically, in Figure 2-3c, there appears to be a high degree of aligned tubes, but they are very
sparsely distributed on the surface. The concept of re-exposing the sample to allow the SWNTs to
redistribute did not prove functional nor improve the ART when applying 10-minute increments.

Subsequent experiments then continued with lower sonication times.

10 ym

0 pm

10 um & 10 pm
U — e

Figure 2-3. a) 10-minutes of sonication, b) 2x10minutes of sonication with 1-h pause in-between at room
temperature, ¢) Sx10minutes of sonication with 1-h pause, d) 8x10minutes of sonication with 1-h pause in
between treatments.

Next, sonication experiments were conducted by placing the ART-treated silicon surface
in 10 mL of various solvents for shorter time frames. The time frames were separated into 5-, 10-
, and 15- minute sonication times, pausing for 1 h every 5 minutes to allow for SWNTs re-

distribution. The 5 minutes was chosen as it was a method to identify what occurs at the halfway
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point between the non-sonicated samples to the 10 minutes sonicated sample (Figure 2-3a). It was
also interesting to determine if the 10 minutes continuous sonication would be different from
separating into two sonication segments with a 1 h pause in between the treatments.

Additionally, because of the increase in particle impurities observed in Figure 2-3, it was
estimated that changing the solvent would allow for a cleaner sample surface. The SWNTs solution
contains surfactants such as SDS that could be wrapping around the SWNTs' structure and
interfering with the iptycene interactions for alignment. It was hypothesized that by changing the
solvent for sonication, it would enhance aromatic stacking of the SWNTs with the ART surface
by rinsing away surfactant molecules. Therefore, the sample was tested in water. It was also
deliberated if the SWNTSs not bound to the surface yet still in solution were causing interference
for the already secured SWNTSs on the surface. As a test of the surfactant solution without the
presence of other SWNTs, a sample was placed in a 1% sodium dodecylbenzene sulfonate (SDBS)
solution. Thus, three samples were compared: one with SWNTs in surfactant, one with surfactant
and no SWNTs, and one with neither SWNTs nor surfactant (i.e., water).

The one sample was sonicated in water (Milli-Q, Figure 2-4a) and another in the 1% SDBS
(Figure 2-4b) for 5 minutes. This information was compared to a sample sonicated for 5 minutes
in the SWNTSs solution (Figure 2-4c). From these AFM images in Figure 2-4, it appeared that the
water seems to affect the integrity of the surface as various spots appear. In the presence of SDBS,
it is observed that the sonication treatment increases the tendency of SWNTs to form bundles,
something CNTs already have a propensity to do.? Perhaps this is because the added benzene ring
in the SDBS structure increases the m-m stacking interactions of the nanotubes with the
surfactant.*%-232 Nevertheless, sonication in the original SWNTs solution appears to distribute the

CNTs more evenly in solely 5 minutes.
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The three samples of 5 min Milli-Q, SDBS, and SWNTs were then again sonicated in their
respective solvents for an additional 5 mins after performing AFM (approximately 1 h). The pause
also allowed for the water bath to remain at room temperature. Additionally, the total time of
sonication was 10 minutes, and it could be compared to the sample that was sonicated for 10
minutes continuously. It was also observed if the additional treatment had any influence on the
surface (Figure 2-4 d, e, f). An increase in SWNTs was observed on all the samples; however,
there was no alignment. Comparing the two-by-5-minutes treatments (Figure 2-4) to the
continuous 10-minutes (3a), there were more SWNTs, but they were randomly distributed on the
surface. The samples were again re-solvated and sonicated for an additional 5 minutes (15 minute
total sonication time in Figure 2-4 g, h, 1).

Further analysis was conducted to affirm the qualitative observations. The average tube
lengths are tabulated in Table 2-1 for each treatment. From the data, the lengths of the CNTs stay
approximately the same. The degrees away from average orientation are calculated for each sample
at each time frame in Figure 2-5. An improved alignment of SWNTs is characterized by many
tubes with minimal degrees away from average. The Raman RBM regions are reported for these

samples in Figure 2-6.
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Milli-Q 1% SDBS SWNTs Solution

C

Figure 2-4. Gradually increasing sonication of samples of Milli Q, 1% SDBS and original SWNT solution
in S-minute increments from first row: 5-mins, second row :10 mins, third row: 15 mins. Height scale bar
in nanometers.

Table 2-1 Average lengths in S min increments of Si samples with SWNTs sonicated in different solvents.

Surfactant SWNTs Solution Milli-Q 1% wt/vol SDBS
Time sonicated (mins) avg length (um)
5 1.006 1.234 1.035
10 1.275 1.169 0.977
15 0.996 1.627 0.840
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Figure 2-5. Gradually increasing sonication of samples of Milli Q, 1% SDBS and original SWNT solution in 5-
minute, 10-minute, and 15-minute increments. The histograms represent the count of carbon nanotubes over
the degrees away from average alignment.
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Figure 2-6. The final ART substrates' RBM region after being treated for 3 x 5-minute sonications in
different solvents.

The Raman spectra showed that not all the original SWNTs peaks were present on the
surface (refer to Figure 1-23 in the introduction for the dropcast SWNTs sample). These results
were all performed at a single laser wavelength (red laser, A = 632 nm). In Figure 2-6, the Raman
RBM region for the three samples after a total of 15 minutes of treatment is shown, and the full

spectra are available at the end of this chapter. In the SDBS sample, there are many types of tubes
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left on the surface, whereas there were fewer in the sample treated in the original CNTs solution.
Although the water sample and SDBS samples did not exhibit any increases in alignment, the
SDBS treated sample seems to retain many different types of tubes on the surface (diameter ranges
1.6-1.4 nm). The water sample had barely any singly aligned tubes on the surface as per the AFM,
and the CNT signals in the Raman were of very low intensity. The SWNTs solution seemed to
have a greater inclination for larger diameter (1.45 nm) tubes. As the focus was to have alignment
and selectivity, it appeared that the sonication in the SWNTSs solution itself was most effective.

The sample treated in the water was the longest, but also the least SWNTSs remained on the
surface. The average density of tubes on the surface changed from 0.20 SWNTs/um? (5 mins) to
0.38 SWNTs/um? (10 mins) to 0.02 SWNTs/um? (15 mins). The increase in SWNTs at 10-minutes
is due to the SWNTs bundles, not individual tubes. The standard deviation (SD) was increased
from 31.7° to 46.3° then remained about the same at 45.3° in the 15-minute sample. For the sample
treated in SDBS, the density increased from 0.20 SWNTs/um? to 0.40 SWNTs/um? to 0.52
SWNTs/um? by 15 minutes. There was a similar increase in bundling or stacking within the
SWNTs. This result could be due to the additional aromatic ring on SDBS, increasing additional
n-stacking between the surfactant and the SWNTs themselves. The SD also increased gradually in
this sample, starting from 31.7° to 39.0°, and finally 45° for the counted SWNTs.

For the sample that remained in the SWNTs solution, then density increased from 0.28/pm?
(SD = 38.3°) at 5-minutes to 0.55/um? (SD = 48.13°) at 10 minutes to 0.73/um? (SD = 58.3°) by
15-minutes. It was therefore beneficial for the SWNTSs' density to maintain the SWNTs in the
original surfactant solution from the data. Additionally, the tubes that remained on the surface after
multiple sonication cycles have increased curvature throughout the SWNTSs structure. It was also

observed that all the samples became increasingly rough, with many large unknown particle
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impurities adhering to the surface the more the sample was treated. As per the alignment data
(Figure 2-5), the best distribution of alignment appeared in the SWNTs solution sample that had
been agitated for 5 minutes; or, in other terms, sonicated one time. The SWNTs in this sample also
did not have the increased curvature observed for the longer sonication times. This observation
demonstrates that it was suitable to sonicate only once, with no time intervals.

The same slide was taken and repeatedly sonicated in the previous test, and the AFM was
collected in between the treatments. It was also attempted to determine if simply sonicating for a
set time frame in water would affect the disappearance or bundling of SWNTSs on the surface. Pure
CNTs are hydrophobic; however, the surfactants present in the solution could be removed in water
as SDS and sodium cholate are readily dispersed in aqueous media. Therefore, it was further
speculated that the water could potentially remove any surfactant molecules that interfere with the
n-w stacking interactions of the nanotubes with the iptycene alignment layer.?** It was tested once
more if a more significant number of SWNTs on the surface could be obtained. Five samples were
sonicated for 5-, 10-, 15-, 25- and 35-minutes, respectively, without any breaks in between, unlike
in the first trial. Continuous treatment was done to minimize the previous contamination effects
observed on the sample surface. No additional treatment of samples followed the initial
sonochemical procedure in water.

The SWNT lengths and overall area density are expressed in Table 2-2. Figure 2-7
demonstrates the AFM micrographs, where 7a) was before any sonication inflicted onto the sample
surface. The subsequent samples shown are incremental with the time of sonication from least to
most times of agitation. Following the AFM data, Raman spectra revealed a weak graphene (G)-

band, which indicated that very few tubes remained on the surface after treatment (see Appendix
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Chapter 2). Based on these results, exposing ART aligned samples to water is not beneficial to
increase SWNTs density or orientation.

Table 2-2. Overall lengths and density of samples treated with water at various times.

# CNTs/pm?
Sonication Time (mins) Length (nm) (Area De:sity)
& solvent
before after before after
5 H,O 0.8 0.9 0.2 0.2
10 H,O 1.7 0.9 0.25 0.2
15 H,O 2.0 1.4 0.3 0.05
25 H,O 1.6 0.9 0.1 0.05
35 H,O 1.4 N/A 0.1 0

15.6 nm

-5.5 nm

Figure 2-7. a) No sonication b) 5 mins with water sonication c¢) 10 minutes water sonication d) 15 mins water
sonication e) 25 mins water sonication f) 35 mins water sonication.
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Furthermore, other organic solvents were investigated and compared with the positive
results from the sample sonicated for 5 minutes in the original SWNTs solution. These were a mix
of organic polar and non-polar solvents. Dispersion studies with various organic solvents have
been conducted with pristine multi-walled NTs and gave a general idea of CNT solubility.?** The
samples were tested in 1-minute and 5-minute sonication time frames to observe any changes.
Samples were imaged before any sonication took place to ensure the samples properly represented
the ART. First, the 1 min sonicated samples are shown in Figure 2-8. The 1-minute trials were
done to determine if exposure to the organic solvent would dissolve away and eliminate all the

tubes from the surface. The solvents were dimethyl sulfoxide (DMSO), tetrahydrofuran (THF),

and toluene.

5 0 5 * £ ;

Figure 2-8. 1 min sonication of the samples in a) toluene, b) THF ¢) DMSO. The y/x-range is 10 pm and the height
scale bar is in angstroms.

Figure 2-8a shows the appearance of the sample after 1-min of toluene sonication. There
is some alignment of SWNTs, and the Raman spectrum appears very similar to ART-treated
samples (Figure 2-9a). In Figure 2-8b, the sample treated with THF was observed to have many
curved SWNTs. The AFM results matched what was observed in the Raman spectrum of this THF

treated sample. As in, the D-band of the sample in Figure 2-9b had significantly increased,
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indicating greater disorder in the SWNTs structure. Additionally, an appearance of bands between
1200-1600 cm™! also occurred, perhaps indicating effects to the functionalized surface as these
peaks are not characteristic of CNTs.

In Figure 2-8c, the sample was sonicated in DMSO, and it also appeared to have curved
SWNTs. Although the corresponding Raman of the sample (Figure 2-9c) gives a very weak G-
band signal, equating to an even weaker RBM signal, making it difficult to identify any tube types.
As SWNTs usually are curvy,’ 2% the increase in curvature being observed in the nanotubes could
be due to the solvents interfering with the n-m interactions of the underlying iptycene layer. The
SWNTs are aligned and straightened when using ART due to the underlying sp® stacking
interactions with molecule 1. It is possible that some of their intermolecular interactions are being
interfered with when changing the solvent, leading to this increase in tube curvature on the surface.
Overall, this data provides some evidence towards certain solvents' selectivity towards individual
tubes as the THF and toluene samples have a peak at 176 cm™ (1.50 nm diameter tubes). In contrast,
the DMSO sample seems to have completely removed this kind of tube and has a small number of

curved tubes.

a) ) c)
1 min toluene 1 min THF 1 min DMSO
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Figure 2-9. Raman spectra of the 1 min sonicated samples at 632 nm for a) toluene, b) THF, ¢) DMSO. The
data shows the RBM regions and the G-band signals. In c), only the molecule and Si-peaks are apparent in
the RBM region, and no nanotube chiralities are identifiable.
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As the CNTs remained on the surface when exposed to the organic solvents, 5-minute
benchtop sonication was then tested. The solvents screened for the 5 minutes were DMSO, toluene,
THF, acetonitrile (ACN), chloroform, and acetone. The AFM images are shown in Figure 2-10a-
f. From these images, the acetone (2-10¢) treated sample has the longest sc-SWNTs, nearing 4 um,
but they were very dispersed on the surface. There appeared to be a high degree of curvature
present on the tubes that remained on the surface for all the organic solvent treated tubes. The
alignment of SWNTs is only visible in Figure 2-10e (acetone) and 2-10f (chloroform). The toluene,
THF, DMSO, and ACN were not observed to be effective. The DMSO and THF seem to wash
away the tubes from the surface. The toluene sample appeared the most contaminated by tiny
nanoscale particles — similar to the 1 min sample (Figure 2-8a) but with more unknown nanodots
on the surface. As this solvent is the only one with a benzene-ring and the one where these particles
are observed, it could be the solvent interacting with the iptycene monolayer through additional
sp” stacking interactions. These findings dictate that 5 minutes in chloroform sonication could also
be somewhat favorable for sc-SWNT alignment (Figure 2-10f), but overall, not as beneficial as
merely keeping the sample in the original SWNTs depositing solution.

The expected goal of obtaining increased alignment and density of the SWNTs with
minimal impurities was not achieved. Instead, the organic solvents increased the curvature of the
SWNTs or decreased the density of SWNTs on the surface. Therefore, sonicating the sample in
the original SWNTs solution was used for the continued screening of an optimal sonication time
for SWNTs' alignment. Hence, the following experiments occurred without the removal of the

sample from the depositing SWNTs medium.
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[
K Range: 10 ym

Figure 2-10. AFM micrographs a) 5 mins toluene, b) 5 mins THF, ¢) 5 mins DMSO, d)5 mins ACN, e) 5 mins
acetone, f) chloroform. Y/x-range is 10 pm for all the images.

The AFM results from previous treatments of sonication in the SWNTs solution are
compiled in Figure 2-11. The control sample micrograph in Figure 11a was subjected to no
sonication and compared with previous exploits' data.'*” In Figure 11b, the sample underwent 5
minutes of sonication after the 24 h deposition period. Figures 11c and 11d are the AFM
micrographs of samples that underwent 10 minutes and 40 minutes of continuous post-nanotube

deposition sonication, respectively.
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Figure 2-11. a) No-sonication — control, b) 5-minute sonication, ¢) 10-minute sonication, d) 40-minute
continuous sonication. Sonication was applied after nanotube deposition.

In Figure 2-11a, the control sample exposed to no sonication showed aligned tubes with
some overlapping across the surface and various lengths. The image in Figure 11b reveals a more
even distribution of nanotubes on the surface with less stacking of tubes and evenly distributed
lengths. In Figure 11c, the alignment of the SWNTSs remains and appears very precise, though it
does appear as though the count of tubes diminishes. The AFM tip quality affected the appearance
of the nanotubes in Figure 11c. The height measurements were ~3 nm (shown in Figure 2-S1),
which are reasonable for SWNTs atop the iptycene monolayer. Samples treated with 40 minutes
of continuous sonication (Figure 11d) showed two tubes across five 20 x 20 pum AFM images.
Overall, these qualitative results confirm the hypothesis that sonication can remove or displace un-
aligned tubes present on the ART surface. These results indicate that sonication should be kept to
a maximum of 10 minutes to ensure the tubes' integrity on the surface and a constant temperature

in the water bath.
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Afterward, investigations for an optimal time frame of sample sonication were then
distributed to 1 minute intervals, up to 10 minutes. In Table 2-3, the change in the density of
nanotubes is correlated with sonication times. The data is compiled from at least ten different AFM
images taken per sample. Analysis from both Figure 2-11 and Table 2-3 indicates fewer SWNTs
on the surface the more the sample is subjected to sonication. The results with increasing agitation
from the micrographs in Figure 2-11 depict overall more aligned SWNTSs with respect to one
another. Fewer tubes appear to be stacked on top of each other over time as well. Mainly,
sonication appears to remove loosely bound tubes that are not efficiently adhered to the surface
through n-m interactions. The sound wave agitation seems to be enough to remove tubes with
insufficient binding from the surface, leaving only the more aligned tubes. This observation is
likely because the more aligned tubes are the ones that have better adherence to the layer of
molecule 1. The density results from the alternating 10 minute sonication treatments shown from

Figure 2-3 are also included.
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Table 2-3. Sonication time correlated with the density of the nanotubes on the silicon
surface.

Time Sonication (mins) Density (um?)

0 0.25

1 0.21

2 0.17

3 0.14

4 0.12

5 0.13

6 0.11

7 0.10

8 0.09

9 0.10

10 0.09

40 0.01
10x2 0.1
10x3 0.05
10 x 4 0.01/3 pm?
10x5 0.09/ 3 um>
10 x 6 0.07/3 pm>
10x7 0.01/ 9 pm?
10x8 0.01/ 9 pm?

2.1.1.2 Orientation and Length Analysis

To further analyze the alignment of the samples, the relative orientation of each tube was obtained.
From the alignment, the standard deviation (SD) of the nanotubes was calculated. Figure 2-12a
shows that the SD of SWNTs orientation on a SiO> ART surface is graphed as per the sonication
intervals from Table 2-3, from the 1- to 10-minute test. The plot depicts the SD of the alignment

of SWNTs for each different sonication time. As the graph in Figure 2-12a shows, the dispersion
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in the nanotubes' orientation on the surface deviates less with increasing sonication time. The
association that the alignment increased with sonication time correlates with Table 2-3, as there
are fewer tubes on the surface. Still, the ones that remain are the aligned ones as per the
observations in Figure 2-11. Overall, these results demonstrate that SWNTs will remain on the
surface if efficiently interacting with the ART molecules.

Based on the findings shown in Figure 2-12a, the overall degrees away from average
alignment for the control, the 5- and 10-minute sonicated samples are tabulated to create the
histogram in Figure 2-12b. These samples were chosen as they demonstrated the overall trends of
increasing alignment with decreasing SWNTs count. From Figure 2-12b, it is apparent that there
is an increase in apparent alignment with increasing sonication time.

The SD data (Figure 2-12a) represents 68% of the counted nanotubes being within a degree
of orientation. The control (0 mins sonication) sample is akin to a non-Gaussian distribution, as
shown in the black bars of Figure 2-12b, hence a relatively large SD value was obtained. The mean
absolute deviation, commonly used for non-Gaussian distributions, was 46.5° for the control
sample, which is still higher than the SD for subsequent samples. The deviation in orientation
decreases with increasing sonication, which is indicative of increased alignment. However, the
number of SWNTs on the surface after 10-minutes of sonication decreases significantly compared
to the control. Thus, the more the sample is sonicated, the more un-adhered tubes are displaced off
the surface, leaving tubes that are only well-aligned with proper stacking interactions as can be

designated by the connection between Figure 2-11, Table 2-3 and Figure 2-12.
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Figure 2-12. a) Standard deviation tabulated from all the orientations of each respective sample of different
sonication time treatment for comparing the alignment of the samples b) degrees away from average
alignment for all three-time frames being compared. Represented here, 0° = 120°, and subsequent degrees
outward are all the average orientation deviations.

From Figure 2-12b, the percentage of aligned versus non-aligned SWNTs was calculated.
Based on the range of orientation of nanotubes from -10° to + 10°, 36.4% of nanotubes in the
control sample possess a high degree of alignment. By 5 minutes of sonication, this amount
increases to 76.7%, as some tubes are redistributed or selectively removed. By 10 minutes of
sonication, 86.8% of SWNTs are aligned on the ART-treated surface. Hence, with sonication, the
carbon nanotubes' alignment increased by two-fold with 5 minutes of sonication compared to the
control non-sonicated sample, and over two-fold by 10 minutes of sonication.

The SWNT lengths on the surface were additionally analyzed and are shown in Figure
2-13, where the nanotube length in microns is distributed with the corresponding count. The
average length of tubes for the control, 5 mins, and 10 mins samples are shown in Table 2-4. It
was observed that with sonication, the presence of shorter length tubes diminishes, and by 10
minutes, SWNTs with lengths below 1 pm vanish from the surface. A possible explanation of this

effect is that longer tubes provide a more robust network of n-n stacking interactions with the layer

of molecule 1 such that they can withstand longer sonication times and remain on the surface. This
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distinction between shorter and longer nanotubes indicates that sonication treatment can remove
tubes that are not well adhered to the surface.

It was observed that the longer the nanotube, the stronger the interactions with the ART
sample. Therefore, it is speculated that the shorter tubes have fewer interactions with the aligned
molecules and are removed from the substrate. At 5 minutes of sonication, the tubes are majorly
around the lengths of 1.42 um, and by 10 minutes, the average increases to 1.78 um SWNTs on
the surface. There is approximately a 1 um length difference between the control and 10-minute
sonication (Table 2-4). This change in average nanotube lengths further establishes the effects of
sonication on the nanotube-bound surface. The tabulated length data depicted in Figure 2-13 and
Table 2-4 shows that the longer the sample is sonicated equates to a surface area with longer tubes.

In conjunction with the findings in Figure 2-12 and Table 2-3, the control sample has less
uniform alignment with a wider distribution of tube lengths and sizes. Sonicating for up to 10
minutes continuously results in the loss of tubes; however, all the tubes that remain on the surface
have a higher degree of alignment and are observed to be the more extended length SWNTs. For
improvement on the original non-sonicated ART sample on silica, it appears as though 5-minute
sonication is the best-balanced outcome between nanotube count, alignment, and length of
SWNTs. The treatment was repeated on multiple occasions to verify the data was constant

(Appendix Chapter 2).
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Figure 2-13 Representation comparing the lengths of SWNTs on ART surface on control (no
sonication), S-minute, and 10-minute sonication samples.

Table 2-4. Sonication time of the samples with average lengths.

Sonication Avg.
time Lengths
(mins) (um)
0 0.73
5 1.42
10 1.78
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2.1.1.3 Selectivity and Chirality Assessment

The results demonstrated that sonication modifications can benefit the alignment of carbon
nanotubes in ART. It was also essential to characterize the tubes' selectivity that remained on the
surface, and if ART with sonication shows selectivity to what SWNT types remain on the surface.
Assessment of the SWNTs' chiralities was analyzed using the Raman shift RBM (orsm) and
nanotube diameter (dy).!% 202 203 236. 237 [t needed to be addressed if metallic (m-) and
semiconducting (sc-) SWNTs remain on the surface. Does sonication provide us with more aligned
NTs of the sc-SWNT variety, or is there no favoritism between removing sc- vs. m-SWNTs?

To answer this, two laser frequencies were used (A = 532 nm and 632 nm) with Raman
mapping. A 30 x 30 um Raman mapping region was used for the control and 5-minute samples,
and a 15 x 15 pm mapped area for the 10-minute sonication. The 10-minute sonicated sample, due
to having decreased density of the tubes, needed a higher amount of laser accumulations for
obtaining proper peak signals. The SWNTs depicted a G-band between 1570 cm™ and 1590 cm’!
that is relatively sharp following the literature.?* The solution of SWNTs used was dropcast from
the bottle onto a Piranha cleaned Si surface. The dropcast sample was created to compare the tubes
present in the original solution on a surface to the ART-treated ones. Therefore, sample 1 (S1) is
a representation of all the possible CNTs on the surface. Sample 2 (S2) is the control sample, the
ART-sample with no sonication exposure. Sample 3 (S3) is the sample subjected to 5 minutes of
sonication after the ART nanotube deposition. Sample 4 (S4) is the sample subjected to 10 minutes
of sonication after the ART nanotube deposition. The associated Raman characterization for all
the samples in both red and green laser frequencies is shown in Figure 2-14.

The non-weighted Lorentzian fits of the RBM peaks for the SWNTs are tabulated in the

Appendix of this chapter. The chiralities were determined through Kataura plot analysis by
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matching the energy separation data available from the Maruyama group website®. The Kataura
plot is generated using y,= 2.9 eV, C-C bond length = 0.144 nm, and wrpm= 248/diameter. All
RBMs equate to the nanotubes under dry conditions. Table 2-5 was used to identify the different
metallicities of the SWNTs.

The Raman spectra in Figure 2-14a (red laser, E; = 1.96 eV) and 2-14b (green laser, E; =
1.96 eV) reveal carbon nanotubes' presence in the 150-200 cm! range, corresponding to SWNTs
in the diameter range of 1.25-1.65 nm. The lack of a peak at 218 cm™! indicates the absence of
SWNTs bundles.?*® The organic molecule appears as a peak at approx. 233 cm™!, and grows in
relative signal intensity with decreasing nanotube density. Additionally, using pilot Kataura
analysis based on EL~E;; from the resonance condition?*® with constant k =2.22,7%2%7-2% following

202. 236 specific nanotube chiralities can be estimated. The

previous assignment methodologies,
diameters of the SWNTs are also calculated, based on the wrpm-diameter relation equation.?*¢

Mainly, from d;=1.28 -1.62 nm found in the dropcast sample, ART alone is selective for nanotubes

in the diameter range from 1.40 -1.62 nm.

§ Kataura-Plot for Resonant Raman http://www.photon.t.u-tokyo.ac.jp/~maruyama/kataura/kataura.html
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Table 2-5. Assessment of SWCNT chiralities using kataura plot as stated above. *no value close on the
Maruyama group website, so identified using work by Weisman and Bachilo. Metal=M, Semiconductor=SC

Sample laser Fitted RBM Diameter | Chirality Regions (n,m) Closest Chiral Metallicity
source and peak [cm™'] [nm] Association (n,m)
sonication
Red Dropcast 152.75 1.62 (19,5)(10,3)(15,8) (15,8) SC
169.44 1.46 (17,4)(16,8) 17,4) SC
194.27 1.28 (9,9)(12,6)(12,5) (12,6) or (12,5)* M or SC*
Green Dropcast | 154.98 1.60 (15,8)(17,6)(17,6) (17,6) SC
184.82 1.34 (11,9)(12,7)(13,6) (13,6) SC
170.74 1.45 (14,7)(18,1)(11,10) (17,3) | (17.,3) SC
Red No Sonic 156.45 1.59 (12,11)(15,8) (15,8) SC
173.40 1.43 (11,10)(17,4) 17,4) SC
150.60 1.65 (17,6)(10,3) (10,3) SC
Green No Sonic | 153.07 1.62 (17,6) (17,6) SC
172.66 1.44 (11,10)(14,7)(18,1) (17,3) | (17.,3) SC
Red 5 mins 158.28 1.57 (18,2)(15,8)(13,11) (15,8) SC
166.74 1.49 (16,6)(15,8) (16,6) SC
171.86 1.44 (17,4) (17,4) SC
Green 5 mins 158.42 1.57 (17,6) (17,6) SC
169.63 1.46 (11,10)(14,6)(14,7) (13,8)* SC*
175.19 1.42 (17,3) 17.,3) SC*
Red 10 mins 153.88 1.61 (16,8)(13,11)(10,3) (16, 8) SC
160.04 1.55 (15,8) (15,8) SC
165.05 1.50 (15,8)(16,6) (16,6) SC
169.00 1.47 (17,4) 17,4) SC
Green 10 mins 153.00 1.62 (17,6) (17,6) SC
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Figure 2-14. Average Raman mapping of sonicated and non-sonicated sample (30 x 30 pm) at a) red laser excitation
energy and b) green laser excitation energy correlated alongside the dropcasted 90% pure sc-SWNTs on silicon
wafer. Peak at 233cm-1 is the organic layer and a peak at 303 cm-1 was observed that resonates from the silicon and
is used for calibration. S1 is the dropcast solution of SWNTs evaporate on silicon. S2 is the control ART sample. S3
is an ART sample with 5 minutes of sonication post-deposition. S4 is an ART sample with 10 minutes of sonication
post-deposition. Diameters and chiralities for the deconvoluted peaks are indicated. *could also be (12,5) chiral

nanotube.
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Firstly, the dropcast sample in both the red and green frequencies contain at least three
prominent peaks that are very broad and overlapping. Large broadness between peaks indicates
other nanotubes that do not have as strong a Raman intensity due to the number of these tubes or
not vibrating within the laser frequency strongly enough. In the dropcast SWNTs, diameters for
tubes of 1.62, 1.46, and 1.28 nm are present in the red laser region. Similarly, the highest signal
SWNTs in the green region have diameters within the same range: 1.60, 1.46, and 1.34 nm.
However, even though the diameters for tubes may be similar, they can still have different
metallicities, as their conductive properties are ultimately dependent on their chirality.

In Figure 2-14a, the dropcast sample has prominent peaks for semiconducting tubes (15,8)
and (17,4), and what could either be a (12,6) metallic or (12,5) semiconducting SWNTs at the 194
cm’! position.”® The smaller diameter SWNTs are removed when subjected to ART, so regardless
if it was an sc- or m-SWNTs, it is selectively detached and therefore no need to further investigate
its true conductivity. These findings correspond with previous results.'* The diameter tubes of
1.57 nm (15,8) and 1.44 nm (17,4) remain on the surface. The dominant intensity peak is the 1.44
nm SWNTs in both the control and dropcast samples.

Upon treatment with simple sonication for 5-minutes, the same peaks remain, however, in
opposing ratios. The peak around the 1.57 nm region (15,8) has increased intensity over the 1.44
nm peak. With Lorentzian peak fitting, a point in between the two dominant peaks can be revealed.
This observation leads to the assessment that there are underlying tubes beneath the more dominant
and intensely Raman resonating SWNTs. For the 5-minute plot in Figure 2-14a, the presence of a
nanotube peak with a diameter of 1.49 nm can be deconvoluted to a (16,6) sc-SWNTs. This tube
was likely present in the dropcast and control sample but did not have a strong enough signal for

characterization.
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In turn, the 10-minute sonicated sample shows a smaller, sharper peak in the red
wavelength. This result is likely related to the previous observation that there are fewer SWNTSs
on the surface. The diameters are all within the same range as the previous samples (£0.2nm) and
correspond to the same chiralities of nanotubes. Now a distinction can be made between the (15,8)
tube that corresponds with the 1.55 nm diameter peak, the (16,6) sc-SWNTs that resembles more
with the 1.50 nm diameter tube, and a 1.60 nm (16, 8) sc-SWNTs. The (17,4) tube peak is still
present on the surface. Hence, with ART and sonication, the red laser frequency spectra represent
that there is selectivity for larger diameter tubes. Certain chiralities appear to have a high relative
intensity in the Raman spectrum throughout the sonication process, such as the (16, 8) tube. In
contrast, other peak intensities decrease with more exposure to sonication, such as the (17,4)
SWNTs. Over time, the decrease in signal intensity indicates that there are fewer smaller diameter
tubes present on the sample surface.

For the higher energy green laser light, the spectra are all shown in Figure 2-14b. For the
dropcast sample, similar diameters are found to the red laser sample, but the peaks are closer
together, increasing broadness. The larger RBM smaller diameter peak at 1.34 nm is no longer
present after ART functionalization, much like Figure 2-14a, and pertains to the (13,6) sc-CNT.
Furthermore, in Figure 2-14b, the center peak of 1.46 nm diameter becomes more intense and
represents the (17,3) tube. The smaller tube possesses a 1.60 nm diameter and can be determined
to be the (17,6) SWNTs. Furthermore, the control at green laser frequency shows only two
chiralities of tubes: (17,3) and (17,6) to be present after ART. These are different from the (15,8)
and (17,4) peaks that remain on the control red laser Raman in Figure 2-14a, and this observation

is due to different SWNTs being more Raman active at different laser intensities. '3 7% 82 202,203,237
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With sonication, it is possible to differentiate that there are both 1.46 nm (17,3) and 1.43
nm (13,8) tubes and that the larger diameter tube at 1.62 nm (17,6) remains and grows to be more
intense. The peak of 1.43 nm was likely present throughout but could not be deconvoluted from
being too broad of a peak and close to another signal of similar diameter (1.46 nm). By 10 minutes
of sonication, however, only one peak is distinguishable, and it is the peak at 1.62 nm diameter,
correlating with the (17,6) tube, although the signal-to-noise was quite high for the last green laser
sample due to the loss of density of tubes. The red laser source was much more efficient for the
use of chiral assessments for the nanotubes. However, both laser strengths show that larger
diameter peaks are preferable and that other SWNTs chiralities can be observed on the surface
using deconvolution and sonication. The sc-SWNTs identified here have also been confirmed to
be in the 90% sc-SWNTs mixture by Nanointegris, Inc.

From the characterization results regarding Figure 2-14, there are no longer any RBM
intensities in the red past 175 cm !, and respectively, fewer nanotube peaks in the green spectra in
about the same Raman shift range. Mainly, from d; =1.28-1.62 nm for the dropcast sample, ART
alone is selective for nanotubes in the diameter range from 1.43-1.65 nm. With sonication, the
diameter range of the nanotubes is still around 1.4-1.6 nm. Nevertheless, more nanotube types are
distinguishable in the red laser spectrum versus the control due to fewer tubes on the surface
(Figure 2-14a). By 10 minutes of sonication, very few tubes remain that are green laser light active
(Figure 2-14b), showing only nanotubes in the diameter range around 1.6 nm. Therefore, longer
sonication times result in fewer tubes on the surface, allowing for the analysis of a broader range
of SWNTs over the sample surface due to less overlapping relative intensities.

Also, this correlates with the longer tube lengths observed with AFM images represented

in Figure 2-13. It seems that nanotubes that could not previously be detected now have an
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observable Raman intensity, as other tubes are agitated off the sample's surface. From the data in
Figure 2-14, ART with sonication appears to be further selective for a more restrictive set of sc-
SWNTs. There is selectivity for chiral sc-SWNTs of a large diameter using sonication.

The observation that the nanotubes are exclusively selective for the larger diameter tubes
between 1.4-1.6 nm in diameter is limited as there are no larger diameter tubes past the 1.6 nm
range. We hypothesize that the smaller tubes around 1.2 nm in diameter are removed as they may
bind less efficiently to the concave structure of the iptycenes as their larger counterparts. However,
it is interesting to note that the vertical distance in the AFM images (see Appendix) exhibits an
increase in overall height in nanotubes. This observation is likely due to the remaining surfactant
molecules that deposit on top of the sample's surface. This observation is interesting for future

device applicability and is to be studied in our future work.

2.1.1.4 Additional Analysis

As an added test, if only sonication is applied to the sample without ART, no nanotubes
and no alignment are present on the surface, as shown in the Helium Ion Microscope (HIM) image
Figure 2-15a. To add, the propensity for SWNTs to bundle is very likely, and ART helps to negate
that inherent bundling. In Figure 2-15b, a sample is treated with 5-minutes of sonication after being
Piranha cleaned and submerged in the sc-SWNTs solution for two days. There are barely any
nanotubes that remain on the surface. Therefore, sonication must be combined with the aligned

iptycenes to influence the orientation of the CNTs.
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Figure 2-15. a) HIM resolution image of SWNTSs on bare silicon without any aligned organic molecule present
on the surface, 10 x 10 pm image. b) The SEM In-lens SkV image at 20 x 20 pm of a silicon surface that has not
been functionalized with the ART but does have 5-minute sonication applied to it after a 24 h SWNTSs
deposition period. These were the only tubes to appear on the entire substrate surface (3 x 10 mm).

Additionally, SEM was explored as a faster way to identify alignment. Figure 2-16a is an
unfunctionalized silicon surface with NTs (dropcast, then rinsed with MilliQ), whereas Figure
2-16b contains the organic layer. Both are In-Lens images using 5 kV, so there could be some
damage to the SWNTs, as only the 1 kV strength has been determined not to damage the tubes.'**
The sample without organic layer appeared more randomly disordered and dirty (Figure 2-16a),
and the one with the organic layer demonstrated some degree of orientation present as well as
possess a higher tube density, indicative that ART-treatment increases the likelihood of not only
NT alignment but also the number of NTs on the surface.

For the nanotubes, without any gold coating, it is somewhat surprising the level of detail
and the ease of use of the SEM towards imaging these types of samples. Even with an organic
monolayer present on the surface, there remains some degree of conductivity between the 90%
semiconducting CNTs, although it is not possible to dictate which are sc-SWNTs vs. m-SWNTs

(Figure 2-16 a, b). The lengths of the tubes are determined to be from 700 nm to 1.5 pm using
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Imagel software to obtain the lengths. The SEM was quick and efficient in obtaining the position
of the tubes on the surface. However, it was observed that the resolution of a single SWNT was
challenging to obtain, and the sample surface appeared to darken very quickly after taking a single
image. It also took much longer to adjust the focus due to the charging (darkening) effect,
potentially damaging the tubes. Additionally, the tubes' diameter was not obtained (require AFM
or tilting the SEM sample to extrapolate an angle that gives the z-data).

Therefore, AFM was continuously used for alignment analysis for the ART samples and

to obtain high-resolution micrographs with a rough estimate of height (diameter).
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Figure 2-16. In-lens images of carbon nanotubes on a) silicon surface, b) ART treated silicon surface.
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It was also attempted to observe any changes in conductivities using conductive (c-)-AFM
and SEM. For the c-AFM images, two different scan sizes are depicted in Figure 2-17 where a)
and c) are the conductivity micrographs, and b) and d) are the topography images. The brighter the
color, the more conductive the specimen is on the substrate surface; thus, the dark regions are
insulating. The same is observed about the topography images, in that the brighter areas are higher
in topography that the darker regions. Some particles seem to be high in terms of height but do not

appear to possess conductivity and hence result in darker regions in the c-AFM image.

Figure 2-17. 6 x 6 pm image of a) conductivity and b) height image of NTs on silicon. The 10 x 10 pm image of ¢)
conductive image and d) height image of NTs on silicon.
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From the information in Figure 2-17, the curved nanotube, which is apparent in Figure
2-17b as white, appears as a dark region in 2-17a only where it is straight. This observation
indicates that the conductive properties of the nanotubes are only present when the tube possesses
a straight orientation. If it is curved, it becomes less conducting such that it appears as an insulator.
This observation is also depicted in the literature.?*”?*! It is one of the reasons these NTs need to
be aligned in a specific orientation for transistor applications because if the NTs curve
unpredictably, they can no longer be used for efficient electrical transport.® Additionally, in Figure
2-17d, there are some round particles present on the sample surface that are very bright, indicating
they are very high on the surface. The same spots are not present in Figure 2-17c and 2-17d, as
represented by the blue boxes, and are therefore non-conducting, insulating contaminants.?*> Some
tubes also appear to be brighter, indicating that some NTs possess a higher conductivity than
others.

Similarly, some tubes appear to be conductive only in certain portions of their length, and
then their brightness seems to dissipate, as is shown in Figure 2-18. Because of these observations,
and the fact that a mix of sc- and m- SWNTs are deposited on the surface, it makes sense that the
brighter NTs would be metallic tubes whereas the semi-bright may be the semi-conductive tubes,
though this would have to be confirmed with Raman spectroscopy that provides a higher degree
of analysis for differentiating sc- and m-SWNTs.2?2 Nevertheless, it is challenging to go back to a
single spot on a 1 cm x 1 cm unmarked wafer that has no distinguishable characteristics. Perhaps
this sort of c-AFM, in combination with Raman spectroscopy, could be revisited with ART on

marked wafers for precise conductivity and chirality assessments.
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Figure 2-18 a) conductive image, b) topography image, c¢) phase image of an 8.5 x 8.5 um area where one of the NTs
seems to be only conductive on half of its length.

2.1.2 Summary of Sonication Experiments

In summary, sonication can improve the surface orientation and selectivity of SWNTs in
conjunction with ART. Five-minute sonication proved to be most effective in terms of increased
alignment and minimal loss of tubes on the surface. Selectivity is shown for larger diameter
semiconducting carbon nanotubes, as the (13,6) and smaller tubes under approximately 1.3 nm in
diameter were removed immediately open sonication exposure. By 5 minutes of sonication, this
amount increases to 76.7%, as some tubes are redistributed or selectively removed. No change in
the solvent is necessary for sonication to be effective with ART. With prolonged sonication, fewer
tubes remain on the surface, and red laser frequencies had higher intensity RBM peaks.

With the result of fewer tubes on the surface, it also appears as though the n-r stacking
interactions between the iptycenes and the CNTs are weakened, and therefore, can be removed
with prolonged agitation. In particular, the organic solvents add curvature to the tubes, which
additionally impacts the & stacking. The Raman analysis demonstrates the selectivity between ART

and the addition of sonication for SWNTs on the surface of silicon. The sonication step was shown
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to select for longer nanotubes lengths greater than 1 micron, also possessing wider diameters.
Overall, it is possible to affirm that larger diameter tubes remain on the surface after sonication,
and smaller diameter nanotubes are agitated away from the surface. More mixtures of less pure
SWNTs should be tested in ART for further developing the selectivity of the method. This work
lays the foundation for future simple alterations that can be done to ART to increase its
effectiveness in simultaneous nanotube alignment and selectivity for FET applications. These
results are promptly beneficial for the simultaneous alignment and sorting of single-walled carbon
nanotubes. However, because the density of the SWNTs on the surface was not improved, changes

were then explored before the deposition of nanotubes on the surface (pre-deposition).
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2.2 Post-Carbon Nanotube Deposition: Layer-by-Layer (LBL) treatment

A form of the Layer-by-layer (LBL) dipping technique was also attempted as it was
hypothesized this treatment could increase the density of SWNTs on the surface through
repetitive exposure of the nanotubes to the functionalized surface.?**>** First, the solution of
nanotubes was identified to have a slightly negative charge of -28.98 mV through zeta-
potential analysis (measurements were averaged from 5 different trials, shown in the Appendix
Chapter 2). After having determined the solution was of a negative charge, a polyethylenimine
(PEI) aqueous solution (2 mg/mL) was made as a positive counterpart. An ART functionalized
silicon surface was placed in the positive solution for 10 minutes, rinsed with MilliQ water,

then placed into the original SWNTSs solution for 10 minutes, as represented in Figure 2-19.

Water rinse

10 mins 10 mins

Figure 2-19. Illustration of a functionalized surface being treated with two differently charged solutions.
The positive is an aqueous PEI dispersion, and the negative is an aqueous surfactant dispersion of 90% sc-
SWNTs.

2.2.1 Results and Discussion

The resulting AFM micrographs are shown in Figure 2-20 alongside the alignment data.
The sample was an SiO; wafer with ART using 1/5CB with 5-minutes of sonication (Figure
2-20a). After a single treatment, the surface had additional impurities that increased surface

roughness, and there was no increase in SWNTs alignment (Figure 2-20b). At the
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recommended five total treatments, the trend continued, and the samples did not exhibit
increased alignment of the SWNTs (Figure 2-20c). The alignment data is shown in Figure
2-20d, comparing the degrees away from average alignment for all the samples. A new solution
of 1/5CB was used along with newly purchased SWNTs.

The number of nanotubes (count data) shown in Figure 2-20d is representative of all
the tubes from eight AFM images of the untreated sample, five images from the one round
LBL, and two from the five rounds of LBL. The density of SWNTs on the surface after one
LBL treatment was 0.35 NTs/um? (SD = 42.2°, 43.2% SWNTs 0+£10°), and increased to 0.76
NTs/um? (SD= 51.7°, 40.3% SWNTs 0+10°) by the end of five cycles. No LBL treatment
resulted in a density of 0.25 NTs/um? (SD= 30°, 55.7% SWNTs 0+10°, 5 minutes sonicated).
These numbers indicate that although there were fewer AFM images to gather data from the 5
LBL sample, the number of nanotubes on the surface is still very high. Although the LBL
method did not increase the alignment, it did increase the number of CNTs present on the
surface. The surface roughness also significantly increased, which made it increasingly
challenging to obtain AFM data without the tip breaking or smearing the images. The SWNTs
in Figure 2-20c are also much higher in height (z-data), indicating SWNTs stacking on top of
themselves. Therefore, LBL treatment with ART results in increased density of tubes on the

surface but decreases their uniformity and alignment.
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Figure 2-20. Results from applying LBL treatment to ART samples, AFM micrographs of a) ART silicon
surface without any LBL treatment, but had sonication 5-mins, b) with one cycle of dipping into the positive
and negative solutions, c) repeating LBL cycle for a total of five times. All the AFM images are of the same
sample. d) Histogram showing the degrees away from the average alignment of all the samples together.
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2.2.2 Langmuir-Blodgett Attempt

An effort was also made to incorporate the Langmuir-Blodgett (LB) method in combination
with the ART in order to obtain a higher concentration of aligned CNTs on the surface. The
LB method for deposition has been popular for the formation of aligned CNTs on surfaces;”
18,119 hence it was deemed an interesting direction to complement ART. Both an already
finalized ART sample with CNTs and a silicon wafer with only the iptycenes were attempted.
The samples were cleaned by exposure to Oz for 15 minutes, UV for 5 minutes, and Na(g) for
15 minutes. The sample was then dipped into a thin layer of 1% concentrated sc-SWNTs (95%
purity) in chloroform with Milli-Q water. The hypothesis was that the organic functionalized
surface would readily combine with the organic solvent dissolved CNTs. However, upon SEM
of both different surfaces, it was apparent that a thin film of randomly disturbed SWNTs
adhered to the surface and not of aligned CNTs, as shown in Figure 2-21a-b. The LB method
could once again be attempted with various other dipping conditions or solutions of dissolved

CNTs for further investigations.

WD 4.7mm 10pum

Figure 2-21. a) sample that only had a monolayer of iptycenes treated with the LB method, b) sample
functionalized with ART and CNTs then subsequently treated with LB method.
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2.2.3 Summary

Overall, although applying LBL was hypothesized to be an easy way of increasing
SWNTs density and works well for nanosheets,?** 2* it is ineffective with the ART method.
The number of tubes did increase on the sample surface, but they were in an increasingly
random orientation. However, it was interesting to observe that when a newly prepared solution
of 1/5CB and SWNTs solution was used, the results for the 5-minute sonicated data is also
increased in density and SD, but the overall % of aligned SWNTs is 55.7%. The percentage is
decreased from the obtained values in section 2.1.1.2 but is approximately 1.5x the typical
~35% obtained when not applying sonication to the ART samples. The LB conditions could
also be promising in increasing the density of CNTs if optimized in terms of solvents and

dipping conditions.
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2.3 Pre-Carbon Nanotube Deposition: Filler Molecules

Post-deposition sonication for ART proved to be successful in terms of having a higher degree
of aligned CNTs on the surface, whereas layer-by-layer dipping was not efficient. In this
section, the attempted investigations of increasing the density of the SWNTs in the ART

processes is investigated through a pre-SWNT deposition methodology on the silica substrate.

2.3.1 Concept and Experiment

The ART method covers an oxidized substrate with a monolayer of iptycene molecules
that have m-n stacking interactions with carbon nanotubes. Without the iptycenes, it has been
proven that there is no alignment of the SWNTs. ! 245 However, the density of the deposited
tubes still does not cover the entire surface. As observed through the many AFM images of
many ART samples, certain areas of the substrate have an even layer of aligned SWNTS while
others do not. This observation indicates that it is highly likely that the surface has gaps
between the iptycenes, where SWNTs are not adhering to the surface and, therefore, not
remaining there. As a way to fill in the gaps between the iptycenes and therefore increase the
likelihood of m-m stacking interactions with CNTs, one idea is to deposit an extra layer of
molecules that have similar binding strength and sp® backbone.

These gap-filling or "filler'" molecules could potentially increase the number of
deposited CNTs, without interfering with the original iptycene monolayer. The change is
shown in Figure 2-22a. Ideally, the addition of these molecules would help strengthen the
iptycene monolayer for aromatic stacking interactions with the SWNTs. As the goal was to
"fill-in" any spaces where the original molecule 1 did not bind, molecules were chosen as

smaller versions of the iptycene alignment molecule. Primarily, they had a similar binding
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group, such as a phosphonate ester or phosphonic acid, and an aromatic backbone for m-n

stacking. The molecules explored are shown in Figure 2-22b.

a) S0

Alignmen
layer

Presstogether
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Figure 2-22. a) Graphical representation of the concept of modifying ART using intermediary molecules
represented as red squares for SWNTs alignment, b) attempted filler molecules 7-10 to test the hypothesis.

2.3.2 Results and Discussion

Diethyl phenylphosphonate (7) was a readily available compound and easy to test
adaptation as it is a liquid at room temperature. The first attempt consisted of dropcasting 7 on
an ART functionalized surface prior to the addition of the CNTs. The solution on the sample
was then left to evaporate. The method was also attempted by allowing the substrate to dry in

the oven, as a form of low-temperature annealing (120°C) to be more time-efficient. The
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sample was rinsed with DCM and treated two more times, for a total of three drops of the filler
molecule.

The degrees away from average alignment for the two different drying methods are
showcased in Figure 2-23c alongside a representative AFM image (a, b). The density with
room temperature drying of the nanotubes was 0.28 SWNTs/um? whereas, with oven drying,
the number of nanotubes was 0.52 SWNTs/um?. For the air-dried sample, the SD was 14.6°,
and 48.9% of the counted tubes were within the average alignment +10°. The average length
of SWNTs on the surface was 1.5 um for the air-dried sample but significantly shorter for the
oven-dried sample (0.6 um), with SD = 46.5° and 28.3% of CNTs being in the average
orientation £10°. There were also many more particles and impurities present on the oven-
dried surface. Although there were shorter SWNTs on the surface of the high temperature
treated sample, the alignment was improved with the room temperature filler test.

Without filler treatment, the density of CNTs on the surface ranges from 0.1-0.3
SWNTs/um?; therefore, there is not a significant improvement when air-drying the additional
molecules on the surface. However, there is an increase in density when the sample is treated
at high heat (oven-dried). Although the density increases at 120°C, the alignment is not
enhanced. Therefore, it was decided that different filler molecule candidates should be

explored to assess the extent of the changes.
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Figure 2-23. AFM images of a) room temperature drying, b) oven drying, ¢) comparison of degrees
away from average orientation data when using molecule 7.

Next, a shorter version of the original iptycene 1 molecule was attempted as a spacer
molecule using the as described adaptation. Molecule 8 was isolated as a colorless oil at
approximately a 50% yield from refluxing a mixture of anthracene with
bis(diethoxyphosphoryl)acetylene (1 equiv.) in toluene.?*® As the product was an oil, it was
dropcasted onto the surface, as with the diethyl phenylphosphonate (7). The sample was not
drying at room temperature and was therefore annealed at 120°C and rinsed with DCM. The
process was once again repeated for a total of three times to ensure enough molecules could
adhere and fill in any gaps on the surface. One of the obtained AFM images is shown in Figure
2-24, along with the alignment histogram. The density was calculated to be 0.15 NTs/um? with
an average length of 1.5 pm, the SD =48.6°, and only 28.2% of the SWNTs were in the aligned

range.
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The results demonstrate that compound 8 is not a useful filler molecule, even though it
appeared to have a good backbone for n-n stacking as it is very similar to the structure of the
ART molecule 1. It is possible to speculate that molecule 8 did not efficiently bind to the
surface as it was much larger than molecule 7 and could not bind in between all the larger
iptycene structures on the surface. Thus, compound 8 is an inefficient filler for the ART in

increasing the alignment and density of SWNTs.

a) b)

-2.3nm

80 -60 -40 20 0 20 40 60 80
6.0 pm Degrees away from average alignment (°)

Figure 2-24. a) AFM image of using molecule 8 as filler, b) alignment information obtain from using molecule
8 as filler.

As smaller molecules appeared to work at increasing the density, diethyl
benzylphosphonate (9) was synthesized and applied as a filler compound. Compound 9 was
formed (95%) as a colorless oil from refluxing triethyl phosphite and benzyl bromide (1 equiv.)
in 1,4-dioxane for one day.?*’ The compound was observed to dry quickly when annealed at
120°C for 10 minutes. Molecule 9 was chosen as it has similar properties to 7 but with the
additional methylene bridge that adds flexibility in the structure. Therefore, it was selected to

test if this additional flexibility in the compound would allow it to position itself in the spaces
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between the iptycenes to increase the SWNTs adhesion to the surface. The results obtained
show a slight increase in alignment (Figure 2-25a and b) and the density of the SWNTs (0.35
NTs/um?). The average length was observed to be 0.7 um, slightly shorter than with compound
7. The SD was calculated to be 40.5°, with 40% of SWNTs in the average alignment range

+10°.

1.3nm
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Figure 2-25. a) AFM image of using molecule 9 as filler, b) alignment information obtain from using
molecule 9 as filler.

A phosphonic acid was also attempted, as they have been shown to bind quickly to
oxidized substrates efficiently,!> and be useful in FETs.2*® Phenyl phosphonic acid (10) was
purchased as a potential filler molecule and tested. It was first dissolved in DCM, then dropcast
onto the functionalized SiO; surface and dried under a high vacuum at room temperature. The
results are shown in Figure 2-26a and b. The average length of the SWNTs was also calculated
to be approximately 0.7 pm. From the data, the density increased nearly three-fold from the
previous attempts, up to 0.95 SWNTs/um?. The SD was 45.3° with 42% falling in the 0°£10°

range. The alignment of the SWNTSs remains relatively the same, with only a slight increase in
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disorder as the distribution of Figure 2-26b is not as evenly scattered as with the results from
filler 7 at room temperature (Figure 2-23c) or Figure 2-12b results from the sonication.
Nonetheless, the overall number of aligned tubes is a significant change. These results for
compound 10 demonstrate the effectiveness of the phosphonic acid as an anchoring group for

ART on the Si0; surface.
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Figure 2-26. a) AFM image of using molecule 10 as filler, b) alignment information obtained from
using molecule 10 as filler.

2.3.3 Summary of Filler Molecule Experiments on SiO2

In summary, before applying and submerging the ART substrate in the SWNTs, an
intermediate layer of molecules can be dropcast to the surface, and this additional step can
significantly change the resulting deposition of the nanotubes. Commercially available
phosphonic acid 10 are viable option to use for obtaining higher SWNTs density on the surface
but with a less precise alignment. Additionally, the filler with a phosphonic acid anchoring
component (10) showed a threetimes increase in density compared to conventional ART on
Si0, when using 1/5CB at the expense of increasing the SD by 10°. Although compounds such

as 8 are also useful in increasing the number of nanotubes on the surface, they significantly
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decrease the alignment. Raman data for all the samples at both red and green laser frequencies
were acquired and are shown in the Appendix Chapter 2. There were no significant differences
in types compared to previous sonication results (Section 2.1.1.2). Each of the samples with
fillers showed similar selectivity as a non-sonicated ART sample. The additional methylene
link (9) did show a slight increase in the density of SWNTs while maintaining alignment. The
phenyl phosphonic acid filler was shown to be most effective at increasing the density of the
SWNTs while maintaining their aligned orientation, albeit a higher SD of 45° rather than 30°

or less when using sonication.
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Chapter 3: Different Anchoring Group and Substrate Surfaces

Up until this point, the ART had only been shown to work with the phosphorus functionality
onto silicon and the indium tin oxide (ITO) samples. In this section, different substrate
surfaces, as well as anchoring groups on the iptycenes, are explored. These experiments were
conducted to investigate if ART had any limits, either in terms of the original design of the
iptycene molecule or if the ART was solely limited toward SiO, and ITO Piranha-treated
surfaces.

3.1 Alumina coated surface

An alumina (Al,O3) substrate can be used for producing short-channel organic
transistors with SWNTs.2*% 24 It can also be used as an additional dielectric interface, which
has been shown to work for organic FETs.?*® The ART was used to probe SWNT alignment
on the AlO3 surface using molecule 1. The alumina sample used was derived from
trimethylaluminum (TMA) using atomic layer deposition (ALD) under plasma conditions on
a silicon wafer.

The ALD method is a subset of CVD that allows for a 10 nm layer of Al,O3 to be
formed atop silicon. The mechanism for the reaction is illustrated in Scheme 3-1. The substrate
is exposed to TMA vapors, where the molecules of TMA chemisorb to the hydroxylated
surface (step i).2% 2°! The TMA molecules do not react with one another, so the reactivity is
terminated when the surface is saturated at one layer. The sample is then purged with Ar() to
remove excess TMA or methane by-product. Step (i) is then followed by exposure to water
vapors where the water molecules react with available methyl groups, forming more Al-O

bridges and a new layer of -OH groups (step ii). The substrate is once again purged. The cycle
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repeats until the thin film's desired thickness is reached. For the ART, the sample was briefly

cleaned with Piranha solution (5 minutes) to ensure a freshly oxidized layer of 1 on the surface.

Me , Me  Me HO_,.OH  OH
Al(Me)3 H,O
OH OH OH (MeX: o O»AI~O 2 4 O’AI‘O Repeat
I I I ; | | | ; | | |
I | CH, | | CH, I |

Scheme 3-1. The mechanism for the formation of Al:O3 from TMA using ALD with perfect
stoichiometry. Adapted from Grillo et al. (2018), reference 250.

The ART protocol was the same as described in Chapter 1 - as per previous exploits'4*

177_ and the resulting sample was subjected to AFM tapping mode analysis. The alumina
sample shown in Figure 3-1a is qualitatively compared to a deposition done on SiO; in Figure
3-1b. The number of SWNTs present in Figure 3-1a was significantly less than in Figure 3-1b.
The only difference between the two samples was the ALD deposited AOs. As there was a
lack of CNTs in Figure 3-1a, it indicated that there were very few molecules of 1 aligned on
the surface. This observation was likely due to a lack of the phosphonate ester groups
efficiently binding to the ALLOj3 surface.?>? It has been shown that the CNTs only remain on the
surface in a set orientation due to the underlying iptycene layer and without the liquid crystal
alignment relay, the nanotubes do not deposit nor orient themselves.!#% 243

Therefore, the original structure of 1 appears inefficient for the aluminum oxide surface
because insignificant results were observed as in Figure 3-1b. In Figure 3-1a, it was speculated
that the absence of SWNTs on this surface corresponds to a deficiency of the phosphonate ester

anchoring component being unable to covalently bind with the hydroxyls present on the surface

of Piranha cleaned alumina. Although there was some degree of alignment, upon further
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tabulation of various images, there was an absence of a distinctive orientation and low density.

These observations spurred further investigation towards probing ART on the alumina surface.

a) b)

-L.F i

Figure 3-1. The AFM images of a) ART on Al2O3 using molecule 1 and b) ART on SiO: with molecule 1.
3.1.1 Substituting a Carboxylic Acid as an Anchoring group
As there was possibly a lack of adhesion with the current binding group, anchoring
modifications that could overcome the lack of covalent bonding were investigated. From
probing studies in self-assembled monolayers (SAMs) that function similarly to ART, it has
been shown that carboxylic acids have an affinity towards alumina surfaces.!>> 2°% 2% Both
carboxylic acids and phosphonic acids can be readily chemisorbed on an alumina surface.?>
256 Due to its versatility for other surfaces,'> a carboxylic acid anchored iptycene (Ipt-COOH,
12) was synthesized and was obtained faster compared to the attempts of creating the
phosphonic acid derivative. The Ipt-COOH was used in ART and probed for its efficiency in
CNT alignment on Al,O3; and SiO». The remainder of the ART process was unchanged, and
12 was sufficiently soluble at 2.5 wt% in 5CB, the same as when using 1. The synthesis for
obtaining 12 is shown in Scheme 3-2. The iptycene backbone in 6 was subjected to a Diels-
alder reaction with dimethyl acetylenedicarboxylate (DMAD) to isolate 11 in a 71% yield. The

methyl ester iptycene 11 was subjected to LiOH to create the desired ART molecule 12.
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Scheme 3-2 Synthesis of improved ART molecule 12 with the carboxylic acid moiety for alumina
surfaces.

The AFM results from utilizing 12 in the ART on an alumina and silica surfaces are
shown in Figure 3-2a and b, respectively. The carboxylic acid moiety proved to be effective,
as there is both enhanced density and alignment present in Figure 3-2a compared with the
original molecule 1 on alumina from Figure 3-1a. This observation indicated the effects of
optimizing the anchoring component on the iptycene towards the target surface. As per Figure
3-2b, there was a significant lack of alignment between the CNTs, contrary to what was
observed for the Ipt-P(O)OEt: system on silica (Figure 3-1b). This in turn proved that using a
different anchoring component was necessary for optimizing alignment on various oxidized
substrate surfaces. The deviation from the average alignment is plotted in Figure 3-3. The
target CNT orientation is similar to Gaussian distribution, where the majority of the SWNTs
have minimal divergence from the average orientation. The alumina surface was treated with
12, and the nanotubes' orientation on this sample was compared to that of the alumina surface

with molecule 1.
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-l.2 nm

Figure 3-2. The AFM images of a) Ipt-COOH with ART on alumina and b) the Ipt-COOH with ART on
silica, ¢)

A visual comparison of the tabulated orientation results in Figure 3-3 further
demonstrated the efficacy of the acid group on its preferred chemisorption surface.'** 2> From
the histogram in Figure 3-3, a drastic difference was observed between the anchoring group
and how it affects the ART surface, as there were far more tubes present on the alumina in a
more aligned manner. The significant difference between the two molecules on the alumina
surface was the higher number of SWNTSs on the Ipt-COOH treated the surface, as per the data
in Figure 3-3. The tabulated densities of the systems further emphasized this observation. By
using molecule 12 on the alumina, the number of tubes on the surfaces of AlbO3 increases to
0.25 CNTs/um? from 0.10 CNTs/um? when using compound 1. In contrast, when using
molecule 12 for ART on the SiO> surface, the density was reduced to 0.05 CNTs/um? from
0.30 CNTs/um?. The standard deviation (SD) in alignment was 15.3° when using 12 on the
alumina surface, whereas the SD is 4.5° when using 1 on the alumina. Although the SD was
larger when 12 was used on the Al>,Os, there were significantly more SWNTSs on the surface.

Therefore, a difference in the anchoring group does create a variation in the number of
molecules that covalently bind to the substrate surface, which in turn impacts the number of

SWNTs on the sample surface. The average lengths of the CNTs in all the samples was below
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1 um, consistent with previous findings.!*”> *> The observations in nanotubes lengths also
indicate that the alterations in the anchoring component have no effects on the rest of the

iptycene backbone. In the next section, the diameter preference is determined for the samples.
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Figure 3-3. Distribution of degrees away from average alignment of the CNTs on the surface of both the ART
carboxylic acid and phosphonate ester treated surfaces.

3.1.1.1 Spectroscopic Analysis

Raman spectroscopy under a green laser light source (532 nm) was used to confirm the
types of tubes and their diameters using compound 12 on the alumina surface and comparing
it to compound 1. The resulting spectra are shown in Figure 3-4 and depict the RBM of the
single-walled carbon nanotubes. The dropcast SWNTs spectra are also shown, representing all
the detectable types of carbon nanotubes and was sample 1 (S1). The middle spectra sample 2
(S2) shows the results for molecule 1 with the alumina surface. The top curve represents the
spectra for the sample surface of alumina with molecule 12 and was sample 3 (S3). The peaks
for the RBM region of the CNTs can be deconvoluted using a Lorentzian peak fitting to

determine the diameters and chirality (types) of the nanotubes. The peak for the molecule
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remains at approximately 233 cm’!, and the peak for the silicon layer beneath the thin 5 nm
alumina is shown at 310 cm™'. Raman's typical Al,Os3 peaks are not observed as the penetration
depth does not interact with the ALD deposited alumina.?®’

Therefore, from Figure 3-4, the samples contain carbon nanotubes around the diameter
range of 1.40 nm and 1.55 nm. These diameters correspond to semiconducting chiral SWNTs
of (17,3) and (17,6). The tube types can be detected in the dropcast S1 and S3, but it was not
possible to deconvolute for the (17,6) signal in S2 — likely as the signal was far too weak. These
results were reasonable considering there were far fewer nanotubes on the surface of S2 versus
S3. These results further confirm that the carboxylic acid moiety was beneficial for adhering
SWNTs onto the Al>O3 surface, and the nanotubes types were unchanged. Only the number of
aligned SWNTs on the surface was increased while the chirality remained the same. The

nanotube types observed in this work corroborate with previous results.?*’
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Figure 3-4. Raman spectra at 532 nm laser strength all on AL2Os for a solution of dropcast SWNTs (S1, black
— bottom), the ART surface with molecule 1 Ipt-P(O)OEt: (S2, middle — red), and the ART surface compound
12 (S3, blue - top).
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3.1.2 Substituting SCB for 8CB

Furthermore, the ART was tested with 4'-Octyl-4-biphenylcarbonitrile (§8CB) combined with
molecule 12 using the same concentration and timeframe. This experiment was conducted
because the 8CB is a liquid crystal with a longer carbon chain than 5CB and has smectic
behavior at room temperature.?*® It has been previously attempted with ART on silicon using
molecule 1.!7* The AFM image of the alumina treated surface with a mixture of 8CB/12 is
shown in Figure 3-5a. The corresponding silica surface with 8CB/12 is shown in Figure 3-5b.
It was observed from these micrographs that the alumina sample had an improved deposition
and distribution of the nanotubes. In contrast, the acidic anchoring group was inefficient on the
silica surface with an 8CB solvent.

Additionally, the density on the alumina surface with the 8CB increased to 0.31
SWNTs/um?. This result was higher than that of the 5CB results, which had a density of 0.25
SWNTs/um?. Moreover, results using molecule 12 for ART with 8CB on the SiO, surface
showed a decreased density of about 0.07 SWNTs/um?, whereas using the same conditions
with molecule 1 was previously shown to work very efficiently. The data was compiled, and
the resulting histogram is shown in Figure 3-5c. The plot in Figure 3-5¢ depicts the degrees
away from the average alignment of the SWNTSs on the samples on alumina and silica using
8CB/12 as part of ART. Many more sample images with a higher number of nanotubes were
observed for the Al>O3 sample. There was a much smoother distribution of aligned nanotubes
observed on the alumina sample with a greater number of SWNTs. The data reveals that a
mixture of 8CB with compound 12 improves the ART technique for Al>Os surfaces.

Furthermore, when using molecule 1 for ART on the Al,O; surface in SCB, the carbon

nanotubes within a 0+10° orientation over the total number of nanotubes was 29.7%. The
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number of CNTs was also not significant, as per Figure 3-5a. However, when using molecule
12 on ALxO3, the number of tubes aligned increases to 38.9% (SD = 15.3°). By replacing the
5CB liquid crystal with 8CB combined with molecule 12, the overall percentage of aligned
tubes on the surface becomes 48.5% (SD=32.2°) on the Al>O3 surface. A similar value of
37.2% aligned SWNTSs was obtained when using 8CB/12 on the SiO» surface with a standard
deviation of 3.5°. However, the number of tubes on the surface was minimal compared to the

alumina sample, as per the count of tubes shown in Figure 3-4.
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Figure 3-5. The AFM images of a) Ipt-COOH with ART on alumina using 8CB and b) the Ipt-COOH with
ART on silica using 8CB, ¢) distribution of degrees away from average alignment of the CNTs on the surface
of both the ART acid using 8CB instead of SCB on the two substrates, d) structure of 8CB for reference.
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3.1.3 Filler Exploration

The opportunity was also taken here to explore further the filler experiments discussed
in Chapter 2 and carboxylic acids. The process used was the same, as shown in Figure 2-20.
However, the carboxylic acid versions of previous filler attempted molecules were tried in
conjunction with compound 12/5CB rather than molecule 1 on the Al>O3 surface. The filler
molecules attempted are shown in Figure 3-6. The benzoic acid (13) and phenylacetic acid (14)
were expected to exhibit similar effects on the SWNTs' alignment as their phosphorus-
containing counterpart from Chapter 2. These two compounds were also readily available and
inexpensive to test. Compounds 15 and 17 have simple two-step synthetic processes.

However, although compound 15 was formed, based on the abysmal results regarding
the equivalent structure with the phosphonate ester moiety (molecule 8) (Section 2.3), it was
decided not to pursue 15 as a filler in ART. An alternative structure, molecule 16, was then
synthesized and hypothesized to function better as there was only one spot needed for
anchoring. Additionally, there was some flexibility in the structure to enable it to fit within the
iptycene monolayer gaps. Molecule 17 was thought to work similarly, as there was only one
point for chemisorption onto the surface, and the remaining triptycene structure could interact

to strengthen the n-m stacking interaction on the substrate.
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Figure 3-6. Carboxylic acid moiety filler molecules incorporated with molecule 12/SCB on the alumina
surface using the ART.
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The benzoic acid (13) was dropcast onto a functionalized surface of 12 using DCM and
dried under ambient conditions. The alignment results are tabulated in Figure 3-7a and b,
depicting an AFM image and the histogram representing average alignment. However, the
aligned tubes' density was observed to be quite low - 0.05 SWNTs/um? - with an average length
of 1 um for the benzoic acid-treated sample. Nevertheless, the observed tubes were aligned
with respect to one another (SD = 4.5°), with 62.7% of the total SWNTs on the surface being
within 0 £10°. Although this does not show any improvements over the routine use of 12 in
the regular ART with 8CB, it does indicate that when using 5CB, alignment can also be
improved to the same extent with this filler adaptation.

Unfortunately, compound 14 did not yield any significant results — as seen in the poor
AFM image shown in Figure 3-7c. This result was surprising as the equivalent phosphonate
ester (9) did exhibit some SWNT alignment when used as a filler on the SiO; surface. A
possible reason for this observation is that there are only two available points for chemisorption
on the carboxylic acid functional group (C=0, -OH), whereas the phosphonate ester has three
possible points for integrations (P=0, -OEt x 2) and binds much faster as a filler on this surface.
There is potential for this experiment to be optimized by increasing the time frame for
increased binding on the surface; thereby increasing CNT density. However, the intention was
not to significantly increase the time for the ART method, and instead the other possible fillers

(16 and 17) were explored.
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Figure 3-7. Results from attempting molecules 13 and 14 in conjunction with 12/5CB on the Al:O3 surface. a)
representative AFM of surface treated with 13, b) resulting data of aligned SWNTs on the surface using 13, c)
representative AFM of the surface treated with 14.

Compound 16 was synthesized from a two-step reaction starting from anthracene and ethyl
propiolate. The starting materials can be either refluxed®’ or microwaved,?*° followed by KOH
hydrolysis to yield 16 in a 78% yield. For the synthesis of 17, a 2-bromotriptycene precursor
was formed from anthracene,?°!?? followed by a Grignard reaction with dry ice to yield the
product in a 33% yield.?*> Results of SWNTs alignment from treating the sample surfaces with

these molecules are shown in Figure 3-8. For compound 16, the AFM images acquired, such

as in Figure 3-7a, had very few tubes on the surface, which resulted in minimal alignment (SD
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= 1.4° with a percentage of aligned to total tubes of only 25.8%). There was an average density
of 0.08 NTs/ um? and an average length of 1.23 pm.

On the other hand, molecule 17 showed an increase in the number of tubes,
approximately 0.47 CNTs/ um?. The tubes observed were slightly shorter, at 0.8 pm in length.
Nonetheless, the average alignment was also improved to 46.7% with a SD 0f 26.9°, as shown
in Figure 3-7c and d. It was possible to acquire a variety of images and count the individual
tubes; and as a result, the high tube count in histogram Figure 3-8d.

From the results using 17, an attempt was made to synthesize the equivalent
phosphonate to test on the SiO; surface with molecule 1. It was speculated molecule 18 could
be synthesized from a Grignard reaction with 2-bromotriptycene. However, when tried, no
desired product was observed, and the 2-bromotriptycene was recovered. This observation
indicates there was an error in the Grignard formation, as the reaction did not proceed as
indicated. Other attempts at making 18 could be further pursued and the results compared with
the previous findings for the ART on the silica surface. From these space-filling studies on
alumina, molecule 17 was most significant in terms of affecting SWNTs' alignment with

12/5CB on the alumina surface.
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Figure 3-8. Results from using 16 and 17 as gap-filling molecules on the Al.O3 surface. a) AFM image using 16, b)
resulting histogram depicting average alignment deviation of the SWNTs using 16, ¢c) AFM image using 17, d)
resulting histogram depicting average alignment deviation of the SWNTSs using 17.

3.1.4 a-AL2Os (Sapphire)

A sapphire substrate with a step size of 0.5° was also investigated. This surface was
explored as the step size could potentially aid in directing the alignment. High alignment has
been obtained using a-Al,O3 with CVD to grow ultra-long tubes.?®* Here, it was hypothesized
that the direction of the miscut angles could be an additional guide to the SWNTs for
alignment. The sample's step sizes are shown in the 3D rendering of the sample surface in
Figure 3-9a. The sample was treated with UV-Ozone for 20 minutes to clean and oxidize the

surface. The sample was imaged using AFM tapping mode before and after UV-ozone
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treatment to assure that the steps remained the same and were unaltered. Once this was
confirmed as shown in Figure 3-9a (and in Appendix Chapter 3 SFigure 3-4, SFigure 3-5),
the sample was treated with ART. The original procedure with 1/5CB was first attempted as it
was readily available, even though the first section of this chapter shows it was ineffective.
The lack of alignment of 1 and the phosphonate anchoring group's ineffectiveness was further
emphasized as the method did not work. Initially, there were no SWNTs on the sample, so the
substrate was re-exposed to the 90% sc-SWNTs solution in SDBS/SC surfactant for an
additional 2 days. This second treatment then resulted in many carbon tubes on the surface, but

none were aligned (Figure 3-9b and c).

Figure 3-9 a) AFM of the sapphire surface showing the step size of 0.5 after UV-ozone treatment, b) 10 x 10
pm AFM image of the sample treated with 1/5CB that resulted in SWNTs bundles, ¢) 3 x 3 pm AFM image
of the SWNTs bundles on sapphire with ART 1/5CB.
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Compound 12 was then used on the surface, and the ART was applied in the same way,
and the results depict the deposition of many aligned SWNTs. Figure 3-10 shows the a) AFM
and b) degrees away from the average alignment histogram. The SD for the alignment was 16°.
The average length was 1.3 um, and the density was 0.3 CNTs/um?. These results contrast
those from using the original molecule on the sapphire surface. Indeed, the results from Figure
3-10 showcase the importance of tailoring a specific anchoring group in ART to a surface.
Additionally, UV-vis absorption spectroscopy was possible due to the transparency of the

material and is shown in this chapters Appendix.

The SWNTs used here were also 90% sc-SWNTs from Nanointegris but were dissolved
from their powdered form to create a 0.1% solution in CHCI3 and were subjected to 1 minute
of sonication. The sample was cleaned with UV-Oj3 for 15 minutes. However, it appears that
the grooves from the sapphire surface do not affect the orientation or the density of the SWNTs
that are deposited. Rather, as per Figure 3-10c, the ridged pattern does not seem to contribute
to the alignment of the SWNTs with ART. Therefore, compound 12 is responsible for the
alignment on the sapphire surface, and the step size of the surface does not work in conjunction

with ART.
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a) b) ART with 5CB and IptCOOH (12) on a-Al;O4

60 4 -

|||||||||||||||||||

-90-80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80 90
Degree away from average alignment (°)

1.6 nm

-934.9 pm

400.0 nm

Figure 3-10 a) AFM image of aligned SWNTs on the sapphire surface using IptCOOH, b) histogram
representing the degrees away from average orientation for the number of counted nanotubes, ¢) zoom in
AFM image for the appearance of the grooves in the surface.

3.2 Au coated surface

Subsequent ART experiments were then performed on a gold surface as it became
freely available and expanded the library of surfaces that could be used with the ART. A silicon
substrate was coated with 10 nm titanium and 50 nm gold through sputtering. The titanium
(T1i) layer was necessary as otherwise, the gold (Au) does not adhere to the surface and would
be readily removed as there was no stable -metal-oxide interface that formed.?*> An adhering
metalized gold layer is only possible if using an adhesion layer, such as Cr or Ti. The titanium
binds itself very well to surfaces, such that a sturdy Au/Ti metalized bilayer can be formed.

The layer for the gold surface referred to in this section is Si-SiO2-TiO2-Ti-Au.
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An alteration to the ART was also necessary. The Piranha solution's surface oxidation
was not possible, as Piranha etchs away the metal surface. Even with 5 minutes of Piranha
treatment, the Au's surface could be scratched away with tweezers. Therefore, the sample was
cleaned with acetone/IPA and then treated with UV-Ozone (20 minutes), followed
immediately by exposure to the 1/5CB solution and LC alignment layer. The UV-Ozone
treatment cleans and provids a fresh surface layer of gold oxide that readily decomposes.2¢ 267

Therefore, it was attempted to be used as quickly as possible. In any case, the results are shown

in Figure 3-10 and based on this data, the regular ART works very well on the Au substrate.

The average length of the SWNTSs was calculated to be 1.66 um, with an overall density
of 0.23 SWNTs/um?. The standard deviation was calculated to be 13.5°, and 64.8% of all the
SWNTs are within the average range 0+10°. The results are very similar to the standard ART
technique, resembling the data from Figure 2-12b and SFigure 2-2. Figure 3-10c shows the
spectroscopic Raman information indicating similar tube type and diameter selectivity, as
observed on the SiO». These findings were unexpected as one would not necessarily expect
efficient binding of the phosphonate ester onto the gold surface, considering there are few
studies currently available about the Au-P interface. The most recent work on Au-P interfaces

269, 270

k268 interactions with gold nanoparticles,?’! or

regards blac or blue phosphorus layers,

dendrimers.?”?

Nonetheless, Figure 3-10 showcases an exciting observation for SWNTs
alignment using the phosphorus-containing iptycene. The next direction was to observe if a

better anchoring component could be created to improve these findings further.
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Figure 3-11 Results of the ART using 1/5CB on a gold substrate a) AFM, b) average alignment
histogram, ¢) Raman spectra showing RBM and G-band using a 532 nm laser.

3.2.1 Sulfur Anchoring Component for Au
For self-assembled monolayers (SAMs) that utilize chemisorption to the gold

d,273-275 and as

surface, sulfur is the choice element. The Au-S interface is extensively studie
such, it was attempted to integrate that knowledge to ART Au surface functionalization. For
instance, the replacement of the phosphonate ester (Figure 3-11b) with a sulfur-containing
moiety (Figure 3-11c). Additionally, it has been shown that sulfur adsorbates, such as thiols,
have excellent binding capabilities with ITO and Ag, as well as semiconducting surfaces like
CdSe and InP.!> Pursuing a sulfur substituent in this research could extend the molecule's
potential onto various substrates with higher preference than the current system.'* Although
there are a variety of possible synthetic routes for sulfur-containing anchoring group

derivatives, the investigations for obtaining target molecule 19 were pursued using molecule 1

as starting material for a simple preliminary investigation using ART.?*
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a)

19

Figure 3-12. a) Hypothesis for altering the functional group for the ART, b) target molecule containing
sulfur for enhanced Au-S binding (19).

Synthesis of molecule 19 was attempted from compound 1 through the addition of
Lawesson's reagent in toluene, refluxing for 16 h. This method was previously reported to
convert phosphonate esters to thiophosphonates in 36% yield.?’® Target molecule 19 was not
isolated as only 15 mg of the crude mixture was recovered with multiple compound spots
observable when testing through thin-layer chromatography (TLC). The crude NMR is shown
in the Appendix Chapter 3, where starting material (1) could be present, along with other
unknown materials. The un-purified residue was then dissolved in liquid crystal and used for
gold functionalization with ART, following the already established protocol.!* It was
challenging to quantify the results of alignment coming from molecule 1 (still present in the
mixture) versus molecule 19 — if present in a small amount. However, no alignment was
observed on the surface. Very few SWNTSs were identifiable through AFM (Figure 3-12a), and
only a small area of the CNTs could be found using SEM (Figure 3-12b). A Raman spectrum

of the sample was obtained using a green laser light source with a 30 x 30 um mapped area as
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seen in Figure 3-12c. The data depicts that though the alignment was not successful in this

attempt, the selectivity of the SWNTSs remains the same.
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Figure 3-13. a) Tapping mode AFM showing very few SWNTs on the surface, b) SEM of the sample
surface depicting un-aligned tubes, ¢) Raman spectrum of confirming presence of SWNTs on the surface
for the gold substrate using a mixture of 1 and 19.

3.2.2 Gold with Filler Molecules Adaptation

Consequently, a different approach was taken to incorporate sulfur moieties in order to further
explore the alignment of SWNTs on gold surfaces. As shown from Section 2.3, the ART can
be adapted to incorporate different intermediate molecules (red squares) on the SiO; surface,
and earlier in this chapter (section 3.1.3), the fillers adaptation was explored on the Al,O3
surface. The process is re-represented on the gold surface in Figure 3-13.!"7 The intermediates
were chosen to include one representative of the phosphonate ester (7), one with thio-acidic
properties (20), and one containing a thiophosphonate group (21). The three molecules all
possess an aromatic component that is key for favorable interactions with SWNTs.

As illustrated in Figure 3-13, subsequent functionalization occurred by dropcasting the
intermediate molecules onto the already aligned surface containing molecule 1. Liquid
molecules were dropcast neat, and solid samples were dissolved in toluene. Samples were left
in a ventilated area to dry and rinsed with dichloromethane to remove any molecules not
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covalently bound to the surface. All three molecularly functionalized surfaces were placed in
a 90% semiconducting carbon nanotube solution provided by Nanointegris Inc. for 24 h.

Au
Press together Iptycenestransferred

Alignment
layer

l Wash away LC
Fill in gaps between

Apply SWNTs iptycenes
— e

Figure 3-14. Schematic representation of adapted ART method using intermediary molecules (red
squares) for SWNTs alignment on the gold surface.
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Based on the atomic force microscopy (AFM) images (Figure 3-14), sample 3-14a)
depicts the highest degree of “alignment” and density of deposited tubes resulting from 7,
whereas 3-14b) the acid-treated (20), had very few SWNTs on the surface. In Figure 3-14c),
the sample treated with molecule 21 shows a preference for a few long tubes (> 1 um).
However, nothing was aligned for these samples as seen in Figure 3-14d. It appears that the
phosphine sulfide has an affinity for larger diameter tubes, indicating that the three phenyl
rings interact favorably for adhering to longer SWNTs. The acidic thiol surface does not appear
to have any positive effects on the ART, as it lacks deposition of any tubes, which was likely
due to a bleach rinse used to remove the thiol odor. This treatment could be destroying the

integrity of the surface.
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Figure 3-15. AFM of samples treated with a) diethyl phenyl phosphonate (7), b) thiobenzoic acid (20), and c¢)
triphenylphosphine sulfide (21), d) tabulated data for the few tubes that were found on these functionalized
surfaces showing degrees away from average alignment.
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To quantify and affirm the presence of NTs on the surface, Raman spectroscopy was
performed on all the samples at a wavelength of 533 nm. Results of the obtained spectra are
shown in Figure 3-15, staggered along with the spectra of drop casted neat SWNTs as well as
results of using no intermediate molecule in the process (i.e., Regular ART on the gold

substrate). The samples were Raman mapped for a 30 x 30 um? area.
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Figure 3-16. Raman spectroscopy data at 533 nm laser wavelength for the three investigated samples, along
with data of regular ART method on gold and nanotubes only for comparison purposes. *peak due to
molecule 1.

Based on the results of Figure 3-15, the thiobenzoic acid and diethyl phenyl
phosphonate treated surface contained molecule 1 intact on the surface, and the
triphenylphosphine sulfide (21) contributed little signal of the original iptycene. Additionally,
fillers 7 and 20 had a higher peak intensity. This observation was unusual as the phosphine
sulfide treated surface seemed to have more nanotubes than the thiobenzoic acid treated
substrate so that one would expect more intense CNT signals. This observation may be due to

the CNTs present on the surface not having a strong Raman signal in the green laser
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wavelength. It would be interesting to observe the samples under the 632 nm red laser source
to finalize the analysis — however, this was unavailable at the time. Additionally, the 21 and 7
surfaces lack a peak at 160 cm! that is present in the sample for 20 and in the nanotubes only.
This result confirms that both the diethyl phenyl phosphonate and triphenylphosphine sulfide
are more selective for tubes compared to the other intermediate sample or no intermediate at
all. Based on these findings, more tubes on a gold substrate surface could be observed using 7
in comparison to the attempted sulfur compounds, and this has more selectivity for the 1.4 nm
diameter (17,3) SWNT. However, no increase in SWNTs alignment occurred through these
investigations on the gold surface. Currently, the best-observed ART methodology to use with

the Au surface is UV-Ozone cleaning and molecule 1/5CB.

3.2.3 Further Directions for Sulfur in ART

There is still potential for synthesis within the realm of replacing the anchoring
component in molecule 1 as previously envisioned. A variety of molecules could be
synthesized based on the molecular skeleton in Figure 3-16 for a new sulfur-containing ART
iptycenes. Sulfur moieties bond preferably to gold and other semiconducting surfaces that can
be used for transistor applications such as CdSe, InP, and GeAs.!>* Future directions for this
research entail synthesizing derivatives to achieve structures such as in Figure 3-16.
Derivatives with this kind of structure could be obtained through Diels-Alder reactions of 6
with dienophile possessing sulfur constituents like commercially available 2,5-dithia-3-hexyne
or ethyndithiol that is attainable in one-step from acetylene.?’”” However, the rate of the reaction

is already very slow to arrive at the original ART molecule 1 with an electron-withdrawing
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dienophile [(diethoxyphosphoryl)acetylene, 5-day reaction] so likely this reaction would be

slow to proceed, if at all.

Figure 3-17. The potential molecular backbone for further synthetic investigations in ART anchoring
components.

3.3 SiNx, TiO: and using UV-Ozone cleaning

Furthermore, the suitability of using UV-Ozone as an oxidative cleaning method rather
than the Piranha solution was also investigated as it worked efficiently well on the Au surface.
Both cleaning techniques were first evaluated on the SiO, surface. The samples were treated
in the same way, using 1/5CB for functionalization for one-day and then SWNTs submersion
for two-days. The results from the comparison are shown in Figure 3-17. Although the number
of SWNTs on the surface seems to have slightly decreased in this data set when comparing the
UV-Ozone cleaning to the Piranha cleaning, the alignment does not seem to have altered to a
great extent (SD= 7.4° using UV/Ozone versus 66° using Piranha in this case). Therefore, it is
possible to use either cleaning method — whichever is readily available — for ART. Using UV-
Ozone instead of Piranha could prove beneficial when performing ART on a large scale. It is
straightforward to use the machine to clean numerous samples at one time, and there is no
requirement for an individual to stay and observe the solution, as is the case with Piranha

cleaning.
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Figure 3-18. Comparison of alignment and SWNTs numbers of the two possible cleaning methods that can
be used in ART. a) Histogram representing degrees away from average alignment for the samples treated
with either cleaning method, b) AFM image using UV-Ozone cleaning, ¢) AFM image using Piranha
cleaning.

Additional surfaces of Si3N4 deposited through low-pressure (LP) CVD and ALD TiO»
were tested. The UV-Ozone cleaning method (15 minutes) was used and evaluated on the
samples with 1/5CB. From the results in Figure 3-18, these sample surfaces did not exhibit
adequate adhesion with 1, as indicated by the very few aligned SWNTs on the surface. This
result was unusual for the TiO2 sample (Figure 3-18 a and b), as it has excellent binding to
phosphonic acids,?’® but the alignment was lacking from the phosphonate ester. An attempt
using IptCOOH (12) should be next, as TiO> does have similar binding to the Al,Os surface.'>
Either 5SCB or 8CB could work, as was shown at the beginning of this chapter. It could also be
an error in using a faulty or misaligned alignment layer as the tubes on the surface have a poor
orientation. The standard deviation was calculated to be 8.3°, but under 30% of all the tubes

were in a similar orientation.

For the silicon nitride surface, the results are also unusual as it would be expected for

this surface to have similar binding behavior to SiOz. Although minimal, some SWNTs do
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appear on the surface (Figure 3-18 ¢ and d). Since SizNy is a very beneficial dielectric surface
for device manufacturing,?’” 28 therefore this sample should be investigated further. The SD
for the sample was 5.3° calculated for the very few tubes on the surface, but again, similar to

the TiO2 sample, under 30% of all the tubes were within a specific alignment range (0+10°).
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Figure 3-19. Results from testing the SizN4 and TiO2 surfaces with 1/5CB under UV/Ozone cleaning: a)
alignment results for TiOz, b) AFM image for TiO2 with ART SWNTs, c) alignment results for SisN4, d)

AFM image for SizN4 with ART SWNTs.
As the phosphonic acid would be useful for the SiO, and other surfaces, an attempt to
synthesize it was conducted. A trial for obtaining the phosphonic acid iptycene from hydrolysis
of 1 was found to be unsuccessful with 0.1 M HCI/H,O/EtOH. It was difficult to dissolve 1;

even at a higher temperature, the compound remained on the sides of the reaction vessel.
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Stronger nucleophiles should be used for future attempts, such as lithium hydroxide or sodium
hydroxide, as the phosphonic acid should be easily formed.!* It is also possible to create the

phosphonic acid through reflux with 6 M HC1.®!

3.3.1 Summary of Different Anchoring Groups and Substrate Surface Investigations

The carboxylic acid moiety in 12 was shown to have improved adhesion to the TMA-
ALD treated surface. This work furthers the adaptability of the ART methodology for
additional applications in selective SWNT alignment applications. The synthesis for molecule
19, along with other sulfur-containing iptycenes, should also be revisited. The addition of
dropcasting a filler molecule in some cases may be necessary, depending on the desired
application. The different anchoring groups did prove to increase the density, depending on the
substrate and filler chosen, but similar results were achieved when using 8CB instead of 5CB
on the AlbO;3 surface. Although including intermediary sulfur-containing molecules into the
ART did not improve the aligned density of NTs on a gold surface, it was somewhat beneficial
for the alumina surface.

Additionally, as shown with the Al,Os surface, the anchoring group binding is key to
dictating the overall SWNTs distribution and alignment effectiveness. Two other surfaces,
Si3N4 and TiO2, can now be included in ART investigations and be further optimized. The
silicon nitride surface can prove to be quite useful in further device applications. Another
suggestion is to pursue the development of the phosphonic acid anchoring group for further

improving ART.
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Chapter 4: Other nanosystems probed for alignment

Other structures were probed to observe if the current ART molecular tweezer would work.
Carboxylic acid functionalized SWNTs were attempted in order to solubilize the nanotubes in
water and eliminate surfactant molecules. Nanowires (NWs) were also a material of interest for
alignment. The alignment of MWNTs was additionally investigated, along with graphene nano-

ribbons (GNRs), and briefly graphene and graphene quantum dots (GQDs).

4.1 Hydrophilic Carboxylic-acid functionalized SWNTs

The surfactant solution for the purchased carbon nanotubes was a mixture of SC and SDS in
aqueous buffer. It has been determined that the hydrophobic end of these surfactant molecules
adsorbs on the surface of the SWNTs. Simultaneously, the hydrophilic portion links itself with the
water for suspension.’®> 283 Indeed, this additional interaction of surfactant wrapping with the
SWNTs could impede the n-mt stacking effect the SWNTs have with the iptycene molecules.
Consequently, ART was investigated using water-soluble SWNTs. The defects inherent in the
SWNTs structure from processing are advantageous for functionalization. Many chemical
structures can be formed based on these defects, and CNTs can have supplementary properties
depending on the functionalization.?”® These defects were advantageous for the formation of
carboxylic acid SWNTs (SWNTs-COOH).2** The ART was attempted with SWNTs-COOH in
water instead of using a surfactant buffer. Additionally, the SWNTSs here were 78% SWNTs purity
from Tuball Inc., unlike the previous ART attempts that used 90% pure semiconducting-SWNTs.
Therefore, this work also investigated the ART as applied to a less pure mixture of semiconducting

and metallic SWNTs. The ratio of sc-:m-SWNTs was unknown.
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4.1.1 Analysis of 78% purity SWNTs

The as-purchased SWNTs solid was dissolved in 1% SDS/SC aqueous solution for a 0.1 mg/mL
(wt/vol) concentration. This solution was the same surfactant solution used for the previous 90%
sc-SWNTs from Nanointegris. The samples were applied to a SiO» surface that had been

functionalized with molecule 1 using SCB. The results are arranged in Figure 4-1.

Alignment Relay Technique on Untreated SWNTSs (78%, Tuball Inc.) b)
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Figure 4-1 a) degrees away from average alignment of the untreated SWNTs, b) AFM of the ART processed

SWNTs.

The average lengths of these untreated SWNTs were 2 um, and the SD was 3.3°, although
the data set was small as not as many AFM images were obtained. The density was 0.1 SWNTs/
um?, and 54% of the tubes were in the 0°£10° range of alignment. Fewer NTs adhered to the
surface with this sample. This result could be due to the mixture's impurities or that the different
sizes of SWNTs do not match the iptycene 1 structure. Raman analysis was conducted on the
sample in two laser frequencies (A = 632 nm and 532 nm, Figure 4-2 a and b) to verify the diameter
ranges. The full Raman spectra with G-band and the UV-visible spectrum was also collected for

the raw untreated SWNTs (Appendix Chapter 4) by Dr. Heebong Yang of the Quantum Innovation
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(QulN) laboratory (Kim Lab) at the University of Waterloo to compare the findings. The UV-vis
data displayed diameters of SWNTs from 1.2-2.0 nm and chiralities from (12,5)-(25,14). Untreated
SWNTs were also dropcast onto a clean Si surface and compared with the ART-treated ones'
selective chiralities and diameters. This comparison was to demonstrate if ART had any

effectiveness at separating diameter as was previously demonstrated with the higher purity sc-

SWNTs solution.?*’

a) Alignment Relay Technique on 78% mix m/sc-SWNTs 632 nm b) Alignment Relay Technique on 78% mix m/sc-SWNTs 532 nm
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Figure 4-2. Raman spectra comparing RBM of the dropcast versus ART functionalized 78% purity SWNTs
in a) red wavelength, b) green wavelength. Peak at 232 cm™! iptycene though very low intensity, 310 and 520
cm! from Si are for calibration; dropcast sample was thick so no reference peaks observed but can compare
G-band for calibration. Mapping region was 10 x 10 pm.

The diameters and approximate chiral candidates of the dropcast solution are disseminated
in Table 4-1. It was observed that the higher wavenumber (smaller diameter) SWNTs at around
186 cm™! were no longer present on the surface when analyzing with L = 632 nm (1.96 eV). These
results conform with previous findings that smaller diameter nanotubes will not have adhered to
the ART surface when molecule 1 is probed in the red wavelength.>*’ In the 532 nm Raman
spectrum, the highest intensity observed was at 145 cm™ (d=1.70 nm) when using the ART. In

contrast, the dropcast sample had a high intensity for a mix of SWNTs at 130 cm™!. Accordingly,
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there is a shift in dominant tube types on the surface upon treatment. Additionally, metal SWNTs
such as (18, 9), (10,7), or (14,14) can still be present in the mixture. Therefore, there were many
tube types on the sample. The as purchased-SWNTs were then treated under strong acidic

conditions to solubilize them in water.

Table 4-1. Diameters and chiral estimates for the 78% purity mixed sc-/m-SWNTs from Tuball Inc., as is
(dropcast) and ART-treated.

Method Diameter (nm) | Chiral Candidates

UV-vis 1.2-2.0 (12,5)-(25,14)

Raman (632 nm) | 2.02, 1.87, 1.42 | (17,10)(18,9)(20,6)(14,14)(23,1)(22,2)(18,9)(14,14) (13.3)
(14,5)(16,13) (19,11)(24,4) (20,9)

Raman (532 nm) | 1.90, 1.56 (19,8)(11,5)(10,7)(14,3)(11,10)(16,3)(17,1)

(16,6) (12,10) (19,2)(15,7)(20,0)
Raman (632 nm) | 1.95, 1.64 (24,1)(21,7)(23,3)(17,12)(22,5)(18,9)(14,14)(13,3)
(ART)

(14,5)(16,13)(19,11)(13,11)(16,8)(14,10)(15,10)(19,5)

Raman (532 nm) | 2.06, 1.76, 1.41 | (24,2)(22,7)(25,1)(24,3)(19,2)(15,7)(20,0)
(ART) (12,10) (13,6)(12.,8)(10,7)(14,3)

4.1.2 Synthesis of SWNTs-COOH

For chemical oxidation, H>SO4/HNQOs in a 3:1 ratio has been reported to produce short open-ended
cylinders with many carboxylic acid groups.?®* 25 The process can occur when mixing
overnight®® or within a few minutes at high pressure.** This treatment renders the SWNTs soluble
in water and decreases their toxic effects.®* The 78% purity Tuball, Inc. SWNTs were used and
subjected to the H>SO4 (18 M) /HNOs (16 M) conditions (Scheme 4-1). The sulfonitric treatment
has been described to create the most abundant carboxylic acid groups at both initial and newly

created defect sites.?%
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3:1 H2804:HNO3
r.t. 24 hrs

Scheme 4-1. Treatment for obtaining carboxylic acid moieties on SWNTSs. The reaction begins at defect sites.

The acidic mixture produces large quantities of -COOH and -OH groups through the
formation of NO,". The oxidation of the SWNTs was defined as first originating from -CHy/ -
CH/heptatonic rings through electrophilic addition (defect generating). Addition can also occur at
hexatomic-hexatomic boundaries that create extra active sites (defect generating). The SWNTS'
structure can be broken around the generated defect areas termed defect consumption. Defect
generation occurs much faster than defect consumption, but both simultaneously occur upon acid
exposure.”®* Resulting SWNTs-COOH are washed with copious amounts of water. The FTIR
spectrum (Appendix Chapter 4) demonstrated the formation of the C=O stretch for carboxylic

acids at ~1720 cm™!. The resulting mixture was also soluble in MilliQ water between 1-4 wt %.

4.1.3 Results and Discussion for SWNTs-COOH

4.1.3.1 Comparing Untreated SWNTs to Acid-treated (SWNTs-COOH)

The acid-treated SWNTs were diluted in a 1% wt/vol solution with MilliQ water and dropcast onto
a cleaned SiO; surface. Raman analysis was conducted on the samples, and the full spectra are
shown in both wavelengths in Figure 4-3. A significant increase in peaks is observed. This
observation indicated the expected increase in surface defects when the SWNTs are exposed to
strong oxidation conditions. Both Raman spectral frequencies reflect an increase in the CNT
solution's impurities and a disruption in C-C bonds.?*® Figure 4-3a and b showed an increase in

peaks throughout the wavenumber range, and the D-band is much more prominent. The 632 nm
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spectra appeared to have the G-band slightly offset, but the results were the same even with
multiple measurements. The same spot was taken for both the 632 nm and 532 nm frequencies.

The sample is then subjected to ART in both the surfactant solution and in water to compare the

differences.
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Figure 4-3. Raman spectra of the dropcast SWNTs-COOH sample at a) red wavelength, b) green wavelength.
4.1.3.2 Acid Treated SWNTs (SWNTs-COOH) in Surfactant

A portion of the SWNTs-COOH was dissolved in 1% SDS/sodium cholate aqueous solution for a
0.1 mg/mL (wt/vol) concentration. An ART functionalized SiO> was placed in the solution for 48
h. The samples were then rinsed with water and dried with Na(g). The findings are shown in Figure
4-4, including a AFM phase image as some of the CNTs were not as noticeable in the
corresponding topography image. Some areas depicted high alignment, whereas others had very
randomly placed tubes, resulting in the histogram in Figure 4-4c. The SD was calculated to be
38.4°, and 40% of SWNTs-COOH were in the range of 0°+10°. The observed length of the
SWNTs-COOH is shorter compared to the untreated ART sample, at 1.3 um, and the density on

the surface was 0.2 pm™.
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Figure 4-4 The resulting SWNTs-COOH in surfactant solution a) AFM topography image, b) AFM phase image,
c) histogram of degrees away from average alignment over nanotube count.

The surface appeared with increased impurities compared with the untreated SWNTs. This
observation could be due to the treatment of the SWNTs with external reagents. Additionally,
because the SWNTs are now hydrophilic, they probably interact differently with the surfactant
molecules in the solution, and that could be the reason more particles on the surface are being
observed. Compared to the findings in Figure 4-1, there are more CNTs on the surface but they

have a greater degree of deviation in terms of alignment.

4.1.3.3 Acid Treated SWNTs (SWNTs-COOH) in MilliQ (water)

Samples were dissolved in water in 1, 2, and 4% wt/vol solutions. The solutions were sonicated
for 10-20 minutes until the SWNTs-COOH appeared dissolved. An ART functionalized SiO, was
placed in the solution for 48 h. The samples were then immediately rinsed with water and dried
with Na). The concentrations at 1% and 2% yielded very few tubes on the surface. The 4%
concentration displayed a greater deposition of SWNTs-COOH on the surface and was therefore
chosen for further analysis. However, this treatment also resulted in a greater number of unknown

impurities. Figure 4-5a depicts similar properties to the untreated SWNTs, and the surfactant
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d)

dispersed SWNTs-COOH. However, Figure 4-5b depicts the phase image that shows a change in

surface stiffness and adhesive forces when the sample is submerged in water.

As shown in Figure 4-4b in the surfactant solution, the phase images of the underlying

surface were very smooth, but with Figure 4-5b, that was not the case. The hydrophobic surface

of the iptycenes could be poorly interacting when placed in the aqueous solution. However, some

areas did show high SWNTs-COOH alignment, as shown in Figure 4-5d with the corresponding

phase image 4-5e to confirm these were real SWNTs and not AFM tip noise(height shown in the

Appendix Chapter 4)
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Figure 4-5. The SWNTs-COOH dissolved in water and then deposited on the ART surface a) Topography AFM, Phase
AFM showing the increased roughness and layers of impurities on the surface, ¢) histogram of degrees away from
average alignment over nanotube count, d) SWNTs-COOH ART surface with alignment (topography), ¢) SWNTs-

COOH ART surface with alignment (phase).
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The SD was calculated to be 34.7° with 42% of the SWNTs-COOH in the 0°+10° range.
The average length was 0.9 um, smaller than the previous findings listed above. The density also
decreased by half from the surfactant results, to 0.1 CNTs/um?. The results demonstrated that the
water dispersion has similar results to using the surfactant solution, but with increased surface
impurities. It is possible that the water rinse at the final stage of ART could be removing some of
the water-soluble SWNTs-COOH from the surface, resulting in the observed low density. It was
also attempted to have the water in a slightly basic environment (pH~8) to increase the dispersion
of the SWNTs-COOH in water. This experiment did not work and resulted in observing a single
nanotube over fifteen 10 x 10 um images.

In Figure 4-6, the Raman spectra for the two laser wavelengths are shown for the sample
from Figure 4-5. These data displayed large width peaks, which are deconvoluted, and the
chiralities are approximated and shown in Table 4-2. The dropcast untreated SWNTSs are sample
1 (S1), the dropcast SWNTs-COOH are sample 2 (S2), the untreated SWNTs on ART are sample
3 (S3), the SWNTs-COOH in surfactant for ART are sample 4 (S4), and the SWNTs-COOH in
water with ART are sample 5 (S5). The signals were averaged from three separate areas on the
wafers rather than mapped, as the SWNTs were sparsely distributed on the surface and the AFM
showed barely any tubes within the same 10 x 10 um region, so it would not have been time

efficient to conduct Raman mapping on the SWNTs-COOH ART samples.
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Figure 4-6. Raman spectra in the two laser frequencies (a — 632 nm, b — 532 nm) of the RBM region of the
SWNTs-COOH on the ART surface.

Both S4 and S5 show similar tube types and diameters. Even smaller diameter tubes
appeared to remain on the surface (Figure 4-6a). This observation could be from the carboxylic
acid functionalization that adds to the outer diameter. As such, the original smaller diameter
SWNTs-COOH could be interacting with the iptycene layer. Additionally, when the SWNTSs were
treated with the acid (S2), the peak for the 2.0 nm diameter tube was no longer present on the
surface (originally in S1), but this signal reappears in S5. It could be that the peaks were masked
or not resonating due to the other nanotubes being more prominent on the surface in S2. It is
difficult to confirm the tubes' metallicities as their conductivities could be disrupted by -COOH
and -OH groups.?®” The (14,2) metallic tube is likely to remain on both the S4 and S5 when treating
with the acid. Nevertheless, the closest chiral approximations show that the (14,5) metallic tube

from S1 is no longer present on the surface of S3.

4.1.4 Summary of SWNTs-COOH studies

These results demonstrated that it was possible to perform ART without the use of surfactant, but
the alignment is not improved, and the density of the acid-treated SWNTs is 0.1 pm™ (i.e., low).

For improved results, the samples could be further purified before acid functionalization using
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ultracentrifugation in surfactant. Additionally, the final rinse could be substituted for an organic

solvent as a means of ensuring the water-soluble SWNTs are not removed from the surface. Then,

the concentration of the SWNTs-COOH in water could be adjusted without the concerning

impurities.

Table 4-2. Compiled chiral approximations for the RBM identified peaks for samples discussed in this

chapter.
Wavelength Wrbm Diamete . . ClOSESt. Chifa'
Sample (nm)/E (eV) (cm ) £ (hm) Chiral Candidates (n,m) Approximation
(n,m)
Untreated 632/1.96 1323 1.87 | (17,10)(18,9)(20,6)(14,14)(23,1)(22,2) (22,2)
Dropcast [52] 1755 1.42 (18,9)(14,14) (13,3) (14,5) (14,5)
1233 2.01 (16,13) (19,11)(24,4) (20,9) (19,11)
532/2.33 130.6 1.90 (19,8)(11,5)(10,7)(14,3) (14,3)
159.4 1.56 (11,10)(16,3)(17,1)(16,6) (12,10) (12,10)
Treated 632/1.96 1323 1.87 | (17,10)(18,9)(20,6)(14,14)(23,1)(22,2) (22,2)
([;r\zfﬁi:oom 1584 | 1.56 (16,6)(12,11)(20,0)(15,8) (15,8)
[52] 532/2.33 127.2 1.95 (16,11)(20,7)(17,9)(14, 13)(22,3) (14,13)
172.9 1.43 (13,8)(16,5)(11,10) (13,8)
1943 1.28 (15,0)(14,2) (14,2)
Untreated with 632/1.96 127.0 1.95 (24,1)(21,7)(23,3)(17,12)(22,5) (24,1)
ART [53] 151.0 1.64 (13,11)(16,8)(14,10)(15,10)(19,5) (13,11)
532/2.33 1203 2.06 (24,2)((22,7)(25,1)(24,3) (24,2)
145.9 1.70 (19,2)(15,7)(20,0)(12,10) (19,2)
176.0 1.41 (13,6)(12,8) (13,6)
Treated with 632/1.96 1983 1.25 (13,4)(14,2)(15,0) (13,4)
e 1435 | 173 (15,8)(20,1)(14,10)(19,3) (14,10)
(SWNTs-COOH) 532/2.33 140.2 177 (19,2)(15,7)(20,0) (19,2)
[54] 169.3 1.46 (13,6)(12,8) (13,6)
1843 1.35 (17,1)(16,3)(12,8) (17,1)
191.2 130 (15,0)(14,2)(13,4) (14,2)
Treated with 632/1.96 156.7 1.58 (16,6)(12,11)(20,0)(15,8) (15,8)
gﬁ;’}rggeém 149.0 1.66 (13,11)(16,8)(14,10)(15,10)(19,5) (13,11)
[S5] 202.2 1.23 (15,3)(11,8)(14,5) (14,3)
532/2.33 1823 136 (17,1)(16,3)(12,8) (17,1)
1923 1.29 (15,0)(14,2) (14,2)
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4.2 Longer SWNTs

For transistor applications, longer SWNTs allow for easier lithographic patterning of electrodes.
If longer SWNTs are aligned on the surface, although the channel length increases, it is less likely
that source and drain electrodes will overlap. The less the likelihood of the source and drain
overlapping, the increase in devices that can be properly fabricated. A larger gap also allows for
improved resist lift-off, which leads to improved device fabrication. Here, larger SWNTs (5 pm
lengths) were obtained from the Minari lab at NIMS from Dr. Qingqing Sun. These tubes were
shown to be of high semiconducting purity from photoluminescence and were dissolved in toluene
from the provider. Figure 4-7 shows these SWNTs dropcast onto silicon, and the Raman spectrum
was recorded at 532 nm. The diameters match with what has been observed to work with the ART

and molecule 1.

—— 5 pm SWNTs Green Laser|

=3
~

200

Intensity (a.u.)

T T T T
100 150 200 250 300 350

Wavenumber (cm™")

Figure 4-7. a) AFM of S pm SWNTs bundles dropcast on silicon, b) Raman RBM of the 5 pm SWNTs at 532
nm.

These SWNTs were diluted in high purity toluene and then tip-sonicated for 30 minutes to
de-bundle the SWNTs before use. The stock solution was concentrated SWNTs in toluene (0.38
g/L). The ART conditions were 1/5CB on UV-Ozone cleaned SiO,. However, upon the treatment,

the AFM results showed an un-aligned surface with few individual SWNTs (Figure 4-8a). As from
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the findings in Chapter 2 when toluene was used as a solvent for the sonication experiments (Figure
2-10, Section 2.1.1), similar results are being depicted herein that there are many particles and
impurities on the surface with very few SWNTs. The solvent was then changed to hexanes to
remove any potential interference in n-m stacking that could have been arising from the toluene.
The concentration was also increased from 0.01/10 mL (v/v) toluene to 0.1/10 mL (v/v) hexanes.
This increase in concentration but not an increase in tip sonication time likely the reason for the

bundles of tubes being observed on the surface (Figure 4-8b).

By decreasing the concentration to 0.01/10 mL with higher power tip-sonication in
hexanes, there were fewer CNTs on the surface. However, the SWNTs in hexanes treated surface
had fewer impurities and only some large particles on the surface of the SWNTs themselves. In
contrast, the toluene dissolved sample possessed many smaller impurities throughout the surface.
With these results, this batch of CNTs was no longer tested. A further direction for this research
direction would be to remove all the toluene (rotary evaporation) from the solution and use
chloroform as the solvent at a 1% concentration of SWNTs as that has shown to be efficient to

disperse the CNTs individually.

Figure 4-8. a) toluene dissolved S pm SWNTs on ART surface, b) hexanes dissolved S pm SWNTs on ART surface, ¢)
hexanes dissolved 5 pm SWNTs on ART surface at reduced concentration 0.1%.
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4.3 Smaller Diameter SWNTs

APTE purified sc-SWNTs with smaller diameters were provided from the Kim Lab at the Institute
for Quantum Computing (QulIN lab, University of Waterloo). Two solutions were obtained at
unknown concentrations that were centrifuged, and the SWNTs pellet extracted and re-dissolved
in aqueous surfactant (1% SDS/SC). Both samples were treated with ART (1/5CB). These samples
showed diameter ranges in the Raman 0.85 — 0.94 nm (532 nm) and 0.83 — 0.98 nm (632 nm),
provided in the Appendix Chapter 4. The three deconvoluted peak chiralities of the green solution
were previously determined from UV-vis to be (9,4), (10,12), (8,5). The purple solution had
SWNTs types of (7,3), (6,4), (6,5), (8,5) and (9,1) as determined by QuIN researchers. All the
previous ART investigations using Nanointegris Inc 90% sc-SWNTs, which had a larger diameter

range from 1.25-1.65 nm (150-180 cm™).

The ART results are shown in Figure 4-9 for the green SWNTs (a) and the purple SWNTs
(b). The purple solution was significantly less concentrated than the green SWNTs. Both samples
exhibited some alignment of SWNTs but a low distribution of CNTs. Some areas of the purple
SWNTs solution on the ART substrate appeared very strange, as shown in Figure 4-9c. What
appears as aligned tubes in this figure does not equate to SWNTs based on the height parameters,
and this type of pattern is present in some regions of the surface. The purple SWNTs showed very
low deposition and were not analyzed further. The aligned histogram for the green SWNTs is
shown in Figure 4-9d. The SD was calculated to be 53° and a density of 0.13 NTs/um™. The
average length was 0.6 um. The ART appeared to promote some degree of alignment, but a higher

concentration is needed for accurate results.
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Figure 4-9 AFM of a) green SWNTs applied to ART, b) purple SWNTs applied to ART at 1 x 1 pm, ¢) purple
SWNTs applied to ART at 3 x 3 pm, d) histogram for degrees away from average alignment for the green SWNTs.

4.4 Multi-Walled Carbon Nanotubes

Multi-walled CNTs were also attempted to observe if larger diameter structures were compatible
using 1 in ART. Aligned MWNTs can perform as ballistic conductors in integrated circuits,?*®
therefore, research in these materials is useful for expanding ART. The MWNTs were dissolved
in the same SDS/SC 1% (wt/vol) aqueous dispersion used for the SWNTs. Two diameters mixtures
were tested: 8 nm (M1) and a batch with ranges of 10-20 nm (M2). The deposition of the MWNTSs
was first attempted at 24 h. It was observed that there were very few tubes on the surface when

allowing the sample to be submerged for only one-day in both the small and large diameter

samples. The number of tubes per sample image ranged from 10-20 MWNTs/ 30 x 30 pm?. Longer
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deposition times were then tested, for 48 h and 72 h, to obtain an increase of MWNTSs on the

surface.

The sample with the larger diameter MWNTs slightly improved after two days to 0.3
CNTs/10 pm?, and the smaller diameter MWNTSs only increased after three-days of deposition
time but only to 0.15 CNTs/10 um?. As shown in Figure 4-10, some smaller diameter MWNTs
were deposited on the surface (Figure 4-10a) in very low quantities, even with increased deposition
time. The larger diameter MWNTs (Figure 4-10b) sample had significantly more tubes. The tubes
were wavy and dispersed throughout the sample, with no degree of orientation. After three-days,
the larger diameter MWNTSs had many more impurities and unknown particles across the surface.
SEM was used to image the MWNTs rather than the AFM as it was much faster, and the MWNTs

were easier to recognize with this technique.

The concentration was then doubled (0.02 mg/mL) to investigate further using MWNTs to
ART. All other parameters, such as deposition time and functionalization time and temperature,
remained the same. By doing so, the average density of the 8§ nm diameter MWNTs sample was
increased to 0.1 CNTs/ 10 pm? although still not very high considering previous results for
SWNTs; it was still an increase from 0.0001 um™. On the contrary, the M2 sample did not exhibit
an increase in CNT density. Therefore, a 2% solution of 8 nm diameter MWNTs and a 1% solution
of the 10-20 nm diameter MWNTs mixture were subsequently used for further analysis. The

average lengths of the MWNTs deposited on both samples was approximately 2.5 um.
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Figure 4-10. SEM images of the a) 8 nm MWNTs after 3 days depositing, b) 10-20 nm MWNTs
deposited for 2 days.

Samples were then subjected to 5- and 10- minute post-deposition sonication treatments.
The results are tabulated in the histograms of Figure 4-11a and b. The treatment was not beneficial
for M1, but the few tubes accounted for seemed to be aligned when treated with 10 minutes of
sonication. For M2, 10 minutes also showed a slight increase in the alignment of the MWNTs at
the expense of the density. A similar trend was observed with the SWNTs in Chapter 2. For sample
M1, the average lengths were shorter than without sonication, 1 um at 5 minutes treatment, and
1.6 um at 10 minutes treatment. For M2, the average lengths of the MWNTSs remained consistently
around 1 um. The SD values for all the treatments was between 40-55°, and the densities were all

below 0.01 pm™.

Therefore, there was little alignment, and the sonication treatment was not as effective on
the larger diameter MWNTs like it was with the SWNTs. These results could be due to the larger
diameter not interacting well with iptycene 1, which leads to the MWNTSs not adhering to the
surface. The additional curvature observed in the MWNTs in Figure 4-11, as with Figure 4-10,
indicates an absence of interaction with the molecules. As was observed with the SWNTSs, when

the nanotubes aligned, they appear straight on the surface. This interaction with the iptycenes
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appears to be stronger than the natural tube curvature or tube bundling. Therefore, if the MWNTs

had proper interactions with the iptycenes, the many curved tubes' observation would not result.

8 nm diameter MWNTs (M1) b) 10-20 nm diameter MWNTs (M2)
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: 254 7
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Degrees away from average aligment (°)

Figure 4-11. Comparing degrees away from average alignment for the non-sonicated, S mins and 10-mins

sonication treatments for a) 8 nm diameter MWNTs, and b) 10-20 nm diameter MWNTs, ¢) 20 x 20 pm
SEM of 5 mins sonicated M2, 20 x 20 pm SEM of 10 mins sonicated M2.
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As an additional test, sonication with time for redeposition was also investigated. It was
shown that allowing the SWNTs to rest in the nanotube solution after sonication did not increase
the target alignment; however, as the MWNTs behave differently, it was speculated that the
redeposition treatment could work. The 5 minute and 10 minute sonication treatments were each
attempted on the samples with an additional 1 h of leaving the samples in their nanotube solutions.

The results for the orientation are shown in Figure 4-12.

a) 8 nm diameter MWNTs (M1) b) 10-20 nm diameter MWNTs (M2)
8 T T T T T 70 T T T T T

I No Sonic Il \o Sonic
7 [ 5 mins sonic+1h | 60 4 [l 5 mins sonic+1h | -
I 10 mins sonic + 1 h I 10 mins sonic + 1 h

80 60 -40 -20 0 20 40 60 80 80 60 -40 20 O 20 40 60 80
Degrees away from average alignment (°) Degrees away from average aligment (°)

Figure 4-12. Comparing degrees away from average alignment for the non-sonicated, 5 mins with 1 h of
redeposition time and 10 mins sonication with 1 h redeposition treatments for a) 8 nm diameter MWNTs, and
b) 10-20 nm diameter MWNTs, ¢) 20 x 20 pm SEM of 5 mins sonicated with redeposition of M2, 20 x 20 pm
SEM of 10 mins sonicated with redeposition of M2.

The average lengths were 1.5 um for M1 in both treatments and 1 pm for M2 in both

treatments. There was an increase in the number of tubes for both samples. For M1, the density
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increased in all the samples to slightly above 0.01 um™, but the MWNTs were still all sparsely
apart and separated, as shown by some SEM images for M2 (Figure 4-12b). The number of CNTs
remains insignificant, especially when comparing to the SWNTs results with ART. The only
improvement in alignment is in M2 with 5 mins of sonication with 1 h of redeposition time and
the 10-minute continuous sonication. These samples showed a SD decrease from 47° in the non-

sonicated sample to 40° with these treatments.

Interestingly, there is a larger number of CNTs in M2 than in M1. It would be expected
that neither of the MWNTs adhere to the surface as they are too large in diameter for the iptycenes.
Nevertheless, the larger diameter ranged CNTs are the ones predominantly present on the surface,
and the 8 nm diameter CNTs are barely observed. It is possible that some of the larger diameter
MWNTs present in the M2 sample somehow have stabilizing aromatic interactions with the
underlying iptycene layer that is not possible in the 8§ nm diameter CNTs. Additionally, the M2
MWNTs are slightly heavier than the smaller diameter M1 MWNTs, and perhaps this slight

addition in mass allows them to remain on the surface.

As a final test, the M2 MWNTs were dispersed in a 2% SDS/SC solution instead of 1% to
observe if the additional surfactant would help de-bundle and distribute the MWNTs. The samples
were treated with no sonication, 5 minutes of post-deposition sonication, and 5 minutes of
sonication with a 1 h redistribution time. The respective SEM results are shown in Figure 4-13 a-
c, and the alignment data is distributed in the histogram of Figure 4-13d. The density of MWNTs
with no sonication was 0.02 um'z with SD = 40°. With 5-minutes of sonication, the SD was 33°,
but the density decreased to 0.01 um. With the additional redeposition time in the solution, the
density increased to 0.03 pm™ with SD = 45°. The average length for all the samples was

approximately 1.2 pm. However, if with the increase of CNTs on the surface, there is also an
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increase in bundles on the surface, which are not accounted for in the orientation data but are

dominant on the surface, especially in the sample with sonication and redeposition.

Overall, the aligning MWNTs with ART using 1/5CB is not effective. Changes would
likely occur with the iptycene structure to increase aromatic stacking with the larger diameter
tubes. Increasing MWNTs concentration and first dispersing the solution using tip sonication could

also help achieve individually aligned MWNTs on the surface. %

10-20 nm MWNTSs, ART (M2)
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Figure 4-13. Larger MWNTSs with ART SEM images a) no sonication, b) 5 mins sonication, 5 mins sonication
+ 1 h redeposition, d) histogram of alignment results.
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4.5 Graphene Nano-Ribbons

The attempted alignment of top-down and bottom-up synthesized GNRs was also investigated.
The bottom-up fabricated GNRs were provided by the Chalifoux lab from the University of
Nevada and had been imaged using scanning tunneling microscopy and TEM.?%% 2°1 A very
concentrated mixture of the GNRs in toluene was dropcast on a substrate on silicon to obtain a
Raman spectrum (Appendix Chapter 4). Then, a 1% wt/vol solution in toluene was created, and a

functionalized substrate of 1/5CB was left for 24 hours, as shown in Figure 4-14.

5.0nm i

-3.2nm

600.0 nm 130.0 nm

Figure 4-14. GNRs (1% wt/vol) in toluene with an ART functionalized substrate after 24 hours, a) 3 x 3 pm
b) 500 x S00 nm scale images.

The findings from Figure 4-14 demonstrate similar particles to cases where toluene was
used as a solvent, such as a significant increase in unknown particles and impurities. The toluene
was chosen as it was recommended for GNR solvation with much success. It was also speculated
that the sample could not be concentrated enough, leading to very minimal GNRs being deposited.
Also, the GNRs are much smaller in terms of height and length than the SWNTs, and there are
only a few cases of AFM of GNRs.?? It was then attempted to dropcast the GNRs solution onto a
functionalized substrate to increase the concentration of GNRs and observe their behavior. As per
the results in Figure 4-15, the GNRs appear to adhere to the surface, but they are in a random

orientation. The samples proved very difficult to image and identify the GNRs.
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Figure 4-15. AFM height data for dropcast GNRs on a ART functionalized surface and are approximately 0.7 nm
in height (vertical distance).

It was speculated that the bottom-up synthesized GNRs were much smaller and, therefore,
more challenging to image using AFM than the top-down generated GNRs. Larger GNRs were
obtained that had been unraveled from CheapTubes Inc. MWNTSs by Dr. Saeced Habibpour from
the Yu Group (Chemical Engineering) at the University of Waterloo. The sample provided was of
reduced GNRs (rGNRs). The source MWNTs were a mix of 20-30 nm in diameter and 20-30 pum
in length. It was speculated that these should be larger enough to image and analyze for ART
effectiveness. The sample was attempted with ART and dissolved in 1% solutions with THF, rather
than toluene to avoid possible n-m interferences with the iptycenes surface. Unfortunately, after
many AFM imaging attempts, no GNRs were observed on the surface (one was speculated to be
an rGNR and is shown in Appendix Chapter 4, but it is not confirmed). This observation was
strange as the larger rGNRs arising from MWNTs unzipping are much larger and should be

identifiable through AFM.
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The GNRs were not pursued further; however, possible solutions for improvement are to:
1) increase the concentration of the solution and avoid toluene as the dispersing solvent for the
GNRs, i1) use a freshly prepared mixture of 1/5CB — the ART solution used here was not recently
made, which could have affected the concentration of deposited iptycenes, which in turn affects
the overall deposition, iii) change of the iptycene structure to conform with the less convex
structure of GNRs. Unlike SWNTs, the GNRs are increasingly planar in their structure, and
therefore, they might have better aromatic stacking with an iptycenes that better match this
physical property. By considering parameters i-iii, the GNRs could potentially be characterized

and optimized for ART deposition.

4.6 Nanowires

Metal oxide NWs are widely used in the semiconducting industry and optical materials due to their
electronic structure and one-dimensional charge transport properties. For instance, ZnO NWs have
a bandgap of 3.37 eV and an excitation energy of 60 meV for binding, making them useful for
transistor systems.?*> 2** Among different nanostructures of metal oxide NWs, orderly-aligned
metal oxide NW arrays have unparalleled advantages such as a high surface to volume ratio that
provides a direct path for charge transport. However, it is a great challenge to align NWs on
nanodevices due to NWs easily stacking together, similar to the problem faced with CNTs. The
ART was also attempted in aligning ZnO and Al,O3; NWs. The ZnO NWs were 90 nm x 1 um, and
the AlO3 NWs were a mixture of 206 nm x 200-400 nm (diameter x length). These were readily
available and therefore were the first attempts at using NWs with ART. Similar to the observations

with the larger MWNTs, SEM was used for characterization.

The NWs were dispersed in IPA at various concentrations using benchtop sonication for

10 minutes. However, upon imaging some of the samples, it was observed that the NWs were still
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bundled on the surface. The results in Figure 4-16 depict a 10% wt/vol solution of the Al,O3 and
ZnO NWs in IPA with 1 h deposition time on an ART-treated surface with 1/5CB on silicon. The
ZnO NWs were bundled on the surface, whereas the Al,Os; sample had single NWs randomly
oriented and surrounded by many impurities. No further analysis was conducted on the systems as

the research focus was shifted toward other projects.

Further studies for metal oxide NWs can be conducted by optimizing the concentration of
the NWs in the solvent. Additionally, tip-sonication or longer benchtop sonication could be
implemented to disperse the NWs and eliminate the bundles. Furthermore, the iptycene tweezers

structure could be altered for larger convex structures, such as the NWs and the MWNTs.

Figure 4-16. SEM of NWs on ART surface: a) 100 x 100 pm image of ZnO NWs, b) 10 x 10 pm
image of ZnO NWs, ¢) 100 x 100 pm image of AL:O3 NWs, d) 2.5 x 2.5 pm image of A:O3 NWs.
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4.7 Graphene and Graphene Quantum Dots

Two experiments were also conducted with graphene sheets and graphene quantum dots (GQDs)
provided by Dr. Inna Novodchuk of the Yavuz lab (Mechanical Engineering) at the University of
Waterloo. The samples were dispersed in 1% THF. The 1/5CB surface remained in the sample
solution for 24 h without sonication. Some of the AFM images are shown in Figure 4-17. Although
the graphene surface has many impurities and is very rough (Figure 4-17a), there are possible
graphene flakes deposited on the surface (Figure 4-17b, height measurement at 4 nm shown in the

Appendix Chapter 4), the results demonstrated this procedure to be inefficient.

Additionally, the images obtained for the GQDs (Figure 4-17¢) are also not beneficial. Due
to the GQDs size, it is difficult to confirm their presence as the small dots appear similar to
previous GQD AFM findings.?*® It would be beneficial to further analyze the sample for GQD
presence through Raman, as the G-band observation would confirm that this species is present on
the surface. Nevertheless, the preliminary investigations on these systems that have the same n-n
stacking as SWNTs yet with a planar morphology so it is hypothesized that if the iptycene molecule

in ART is adjusted to fit the planar structure of the nanosystem, then the method should work in

distributing a monolayer of material across the surface.

40.0nm

20.0 nm

0.0nm

Figure 4-17. AFM of ART treated surfaces with the following compounds: a) graphene 10 x 10 pm, b) graphene 1 x 1
pm possible graphene flakes, ¢) GQD treated surface.
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4.8 Summary of ART for Other Nanosystems

Using SWNTs-COOH in water is possible, but the density and alignment were not as efficient as
normal SWNTs in surfactant for ART. The metallicities and lengths of the SWNTs can also be
altered with this treatment. The Raman results show there is no selectivity for the SWNTs-COOH
diameters. However, the 78% purity SWNTs used that contained a larger diameter of 2 nm SWNTs

in the dropcast were not observed on the ART-treated sample.

Any samples for ART should not be dissolved in toluene. As was the case for the 5 um
length SWNTs and the GNRs, non-aromatic containing solvent should be used as to not interfere
with the m-m stacking interactions with the iptycene monolayer. This observation also conforms
with the results obtained in Chapter 2. The concentration of SWNTs should not be too low in order
to obtain a proper deposition of SWNTSs. Smaller diameter SWNTSs displayed minimal alignment
and confirmed further the observation that molecule 1 predominantly adheres to SWNTSs diameters
in the range of 1.3 -1.6 nm. Suggestions for adapting GNRs, MWNTs, NWs, graphene, and QGDs
to ART include optimizing compound concentration, dispersion, and adapting the iptycene

molecule structure.

186



Chapter 5: Applying ART toward SWNTs device fabrication

This section explores the fabrication of CNTFETs using the ART treated surfaces. Both light-
emitting diode (LED) photolithography and electron beam lithography (EBL) were used to
fabricate the samples. Patterned substrates of 200 nm SiO; were used to ease the process for
patterning and consistent testing. The nanotubes were, on average, 1 um in length on the surface.
A dropcast thin film of SWNTs was used as a means of comparison to observe for changes in
electrical conductivity. Additional SWNTSs were also obtained for the device fabrication. HipCo
SWNTs solutions provided by the Kataura (AIST) and Ishihara (NIMS) groups were also used.
One was a mixture of (10,3) sc-SWNTs in 0.5% SC solution (86 png/10 mL), and the other was a

mixture of many sc-SWNTs chiralities in 0.5% SC solution (0.1 mg/1 mL).

5.1 Device Fabrication

5.1.1 Optimization of LED lithography

In order to achieve working devices, the endpoints of the CNTs must be in contact with the source
and drain electrodes. The LED patterning method required optimization to consistently obtain
CNTs in the channel between the source and drain electrodes. The channel refers to the distance
between the source (S) and drain (D) electrodes Too large a channel resulted in the CNTs not
connecting the two electrodes and, therefore, no electrical signal results. For instance, an example
of a relatively successful device is depicted in Figure 5-1; however, had the channel gap been
optimized to below 1 um, the CNTFET could have included 5 aligned SWNTs rather than solely

one. Since the CNTs had an average length of 1 um, a sub 1 um channel gap was targeted.
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Figure 5-1. CNTFET 1 HR-SEM image at 1 kV of one of the first few successful devices made with LED
lithography.

In order to increase the success rate of the fabricated devices, optimization for achieving
below 1 um S-D gaps took place, with practice patterns conducted on bare 285 nm silicon. Once
the patterns were applied to the photoresist (PR) patterned surface, the samples were kept in the
dark and sputter coated with Pt. This process was done to ensure: 1) the exposure was enough such
that the metals would adhere to the surface after the lift-off process, and 2) the patterned gap
distance was consistently below 1 um. However, it was observed that the parameters used for the
test samples of bare silicon did not give the same results as to an ART-treated surface with CNTs.
The parameters for untreated silicon patterns required less exposure time and a shorter channel
pattern. Therefore, it was determined that test patterns had to be performed using the actual ART-

functionalized surface with CNTs.

The substrate surface was 200 nm SiO», as this was the surface for patterned substrates
available. Additional variations were conducted by using a thicker layer of photoresist, applying a
30-second developer soak similar to chlorobenzene treatment,?*® and using a bi-layer method

combining polydimethylglutarimide (PMGI) for improved lift-off. However, the best parameter
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was to simply spin coat at 5000 rpm the OFPR-800LB PR directly, using a gap patterned distance
of 2.37 um with 7.5 um thick electrodes, for 1 second exposure to the white light as shown in
Figure 5-2. The pattern was executed to have one massive drain and multiple sources, as shown in

Figure 5-2b, as this was the simplest to implement and exhibited the most consistent and successful

lift-off.

5 pm
|

Figure 5-2. Example of surface coated patterns a) full example of the developed pattern prior to metal deposition, b)
close-up of the general S-D areas before metal deposition, c) surface after metal deposition, d) full pattern after the

lift-off process, e) close up of gap channel from the LED lithography process after lift-off (BG), f) TG device from
LED.
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Once the test parameters were determined, the actual samples were treated with electron
beam metal deposition with either 5 nm Ti/50 nm Au or 1 nm Cr/10 nm Pd/50 nm Au. The Au and
Pd allow for p-type Schottky CNTFETs and are preferred as they have a work function very close
to that of CNTs.27 2% A direct application of Pd 10 nm/Au 50 nm was attempted following a
previous protocol’ but none of the metals adhered to the surface after the lift-off process. Within
less than 1 h in acetone, the majority of the metals on the two samples were removed from the
LED patterned areas. Therefore, in this case, it was not possible to avoid using the adhesion layer
of either Ti or Cr for the electrodes. Ideally, the Ti or Cr would not be incorporated as they readily
oxidize and can affect the conductivity between the CNT and the metal electrode.?® 3%
Nonetheless, these layers are necessary for proper adhesion of Pd and Au that do not firmly adhere

to the SiO» surface.>*! With the optimized parameters, the success rate with standard ART to obtain

working CNTFETs was about 15% using LED photolithography.

One additional observed modification was that the devices could be sonicated for 1-2
minutes in acetone at 30°C to remove the excess metals/photoresist during the lift-off process.
Specifically, after the solution has been in acetone and if large areas of the metal are still adhering
to the surface, the sample should remain in the acetone, be sonicated briefly, then washed with
IPA. Sonication for longer than 2 minutes damages the delicate patterns, but brief sonication is
enough to remove the looser areas that have the photoresist underneath. There are some risks the
devices will be damaged by implementing this additional step in the lift-off process. However, it
is particularly useful for samples that have large metal areas that are adhering to the surface and
not being removed with exposure to acetone. Additionally, this step must be done while the sample
is in the acetone solution. It does not work if the sample is re-exposed to acetone after the IPA

rinsing and nitrogen drying as then there is a residue of photoresist that remains on the samples.
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5.1.2 E-beam lithography
The EBL CNTFET fabrication was conducted on ART samples on 200 nm SiO> marked substrates.

The samples were imaged using HR-SEM to identify the best locations for device fabrication. The
locations of the CNTs desired for the device are then sent to the Namiki Foundry (NIMS). The
source and drain electrode positions for the EBL mask was then adjusted through AutoCAD
software as per Figure 5-3. Both a bottom gate (BG) and top gate (TG) device were fabricated.
The BG device was fabricated with 90% sc-SWNTs from Nanolntegris, whereas the TG sample
was produced using a nearly single chirality batch of (10,3) sc-SWNTs. Both samples had

electrodes formed with 1 nm Cr/ 10 nm Pd/ 50 nm Au.

NONE SE 1.0kV X8,000 WD 4.7mn Tpm X5500 WD 4.7mm 1pm

Figure 5-3. a) ART HR-SEM surface on marked substrate with (10,3) SC dispersed SWNTs, b) layout for S-
D electrodes for EBL using AutoCAD, c) S-D electrodes for finished BG EBL CNTFET, d) S-D and Gate
electrodes for TG EBL CNTFET.
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5.2 Device Testing

Upon successful lift-off, each sample channel was imaged using HR-SEM to determine areas that
had aligned CNTs between the two electrodes. Electrodes that contained the CNTs were then tested

using source measurement units (SMU) in either vacuum or air.

CNTFET device 1 was fabricated using LED photolithography with Ti/Au electrodes.
However, it was noted that the drain current obtained was very low (10! A) (Figure 5-4). It was
determined that tube furnace annealing in inert conditions could further improve the device.’ In
the case of CNTFET device 1, 200°C annealing was applied in argon for 1 h. The treatment
resulted in the transport curve in Figure 5-4b. The bottom-gate (BG) device was rendered
functioning in air, indicating that annealing treatment is necessary for the samples. CNTFET 1
underwent further annealing treatments at 300°C and 400°C. However, the tests at 400°C were no
longer better than the sample without annealing as the resistance was very high, and there was

nearly no drain current.

CNTFET 1 - No annealing
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Figure 5-4. Transport curves for CNTFET device 1 a) before and b) after annealing treatment, with forward
and backward sweep of Vg.

Additionally, in order to ascertain if the iptycenes were creating any conducting signals, a

device was also fabricated with only a monolayer of molecule 1 on the surface. Devices containing
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only the iptycenes 1 monolayer were fabricated using 5 nm Ti/50 nm Au electrodes in order to test
if there was any conductivity originating from the molecules themselves. From ellipsometry, the
thickness of the iptycenes has been observed to be 1.9 nm. The I-V curve demonstrates both the
drain and gate current over gate voltage when Vsp = 0 V is shown in Figure 5-5a. Additionally,
when Vsp =1V, as per Figure 5-5b, the results are the same as if no voltage was applied to the
electrodes. There was less noise in the signal for the drain current, but the relative current is overall
very low, below the nano-ampere range. It was also apparent that both the drain and gate current
are nearly identical. This result indicates that there was no conductivity coming from the iptycene

molecules that can be considered disruptive toward the CNTFET.
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Figure 5-5. a) I-V transport data for Vsp = 0 V for iptycene only device, b) I-V transport data for Vsp =1V
for the iptycene only device.

5.2.1 Annealing Tests

Annealing tests were conducted by monitoring the resistance through I-V resistor tests. Samples
were annealed under argon using a Full Tech vacuum tube furnace FT-200SP. In order to create
improved contact of the CNTs with the electrodes, a decrease of the resistance is desirable after

the annealing treatment.
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5.2.1.1 Decreasing Resistance

Following the observation that annealing improved the contact of the CNTs with the metal
electrodes, further samples were analyzed for annealing parameters. For CNTFET 2, the device
was tested in air as a BG using 200 nm SiO> with Ti/Au electrodes (5/50 nm). All the samples
were on the same wafer using 90% purity sc-SWNTs from an SDS/SC aqueous solution.
Annealing was conducted for 1 h at 200°C, 300°C and 400°C temperatures with a ramp rate of
5°C/1 min under Ar. The 100°C temperature was not included as from a previous test, there was

no change in the resistance from no annealing.

Firstly, there was a slight change in the surface of the electrodes after all the annealing
treatments. The surface appears to have some particles and impurities. The CNTs appear the same;
however, in Figure 5-6a the CNTs in the channel appear to intersect each other. After annealing,
in Figure 5-6b, there was only 1 CNT in the channel. It is possible that the positioning of the CNTs
shifted during the heating process. From the heating, it was observed that from Figure 5-6 c-d,
there was a significant decrease in the resistance of the material. It was further improved by the
300°C treatment (Figure 5-6e). However, the resistance increases again upon annealing at 400°C.
An additional 13 devices were tested for the same parameters, and the data is accumulated in Table
5-1. When the gate was connected with the source and drain, there was minimal resistance, and
the drain current and gate current were the same; hence the device is indicated as conductive. For
the device to work, the CNTs cannot be connected to the gate. To disconnect the film of CNTs,
the area around the S and D was gently scratched on the SiO: surface and annealed. Of 14 devices,

13 CNTFETs had a decrease in resistance with annealing.
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Figure 5-6. a) CNTFET 2 HR-SEM before annealing, b) CNTFET 2 HR-SEM after all annealing tests, the
CNTs in the channel are indicated, c) I-V resistor test before annealing, d) I-V resistor test with 200°C anneal,
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e) I-V resistor test with 300°C anneal, f) I-V resistor test with 400°C anneal.
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Table 5-1. Samples tested for annealing parameters compiling the resistance at no annealing, 200°C, 300°C and 400°C annealing in argon for 1 h.

Resistance in Ohms (€2). C= conductive with gate.

CNTFET Number
Annealing Average
2 2-2 2-3 2-4 2-5 2-6 2-7 2-8 2-9 2-10 2-11 2-12 2-13 2-14
None E+13 N/A N/A E+10 E+11 N/A N/A E+12 E+12 C E+11 C E+09 C 1.74E+12
200°C E+09 | E+12 N/A N/A E+10 N/A N/A N/A N/A N/A C E+08 N/A E+12 |4.02E+11
300°C E+08 | E+08 E+10 E+09 E+11 E+08 E+12 E+09 E+10 E+11 N/A E+08 E+09 E+12 |1.71E+11
400°C E+10 | E+10 E+11 E+10 E+10 N/A E+12 E+10 E+10 E+11 E+10 E+11 E+10 E+08 |1.06E+11
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From the data in Table 5-1, it was observed that 50% of devices are improved with
300°C annealing for 1 h. By 400°C, the resistance either increases again (worsens) or remains
the same. Only in the case for CNTFET 2-14 was the performance improved at 400°C. Some
of the devices were conductive with the gate and, therefore, did not give a reliable resistance
value, while others simply did not work (N/A). The lower resistance is desirable, such that the
device can carry more current. Resistance in the kQ-MQ range is usually observed for
CNTFETs.3%% 303 304 The results indicate that it is beneficial to apply 300°C anneal to ART

formed CNTFETs.

5.2.1.2 Max Temperature

To further corroborate with annealing at 300°C, dropcast thin films on bare silicon were tested
at various annealing temperatures to determine at what instance the CNTs would become
damaged or degrade. Samples were dropcast and left to air-dry onto a bare silicon wafer. Their
D-/G-bands were analyzed by Raman spectroscopy at a laser wavelength of 523 nm. The
starting point was 300°C annealing for 1 h as this parameter was shown to improve the contact
between the CNTs and the electrodes in a bottom gate CNTFET. The results of the changes in
the 1600 cm™ Raman region are shown in Figure 5-7. The samples tested were from the usual
90% sc-SWNTs mixture from Nanointegris in a 1% aqueous mixture of SDS/SC (Figure 5-7a).
The 95% sc-SWNTs from Nanointegris were dissolved 1% in CHCI3 using tip sonication
(Figure 5-7b). SWNTs solution provided by a Kataura (AIST) - Ishihara (NIMS) group
collaborative project were also used. One was a mixture of (10,3) sc-SWNTs in 0.5% SC
solution (Figure 5-7c), and the other was a mixture of many sc-SWNTs chiralities in a 0.5%

SC solution (Figure 5-7d).
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From the images, on average, the samples D-band becomes significantly greater at
500°C. This increase indicates changes in the CNT structure, such as an increase in
deformities.”® The marked wafer (5 nm Ti and 50 nm Au patterns) and a sample of the iptycene
monolayer on silicon were also subjected to an annealing treatment. The marked wafer
underwent 600°C for 3 h, and the iptycenes only layer was treated with 300°C annealing for
12 h. The ramp rate in all cases was 5°C/min. Both samples did not exhibit any significant

changes in terms of appearance for the marked substrate and in Raman signal for the iptycenes.

o e b) c) . i i d)

=
L]

N

Figure 5-7. Average G-band intensity of various CNTs treated with increasing annealing temperatures
from 300°C plotted with normalized intensity: a) Nanointegris 90% SDS/SC dispersed sc-SWNTs, b)
Nanolntegris 95% sc-SWNTs from CHCls, ¢) (10,3) sc-SWNTs SC dispersed sc-SWNTs, d) sc-SWNTs
mixture SC dispersed.
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5.2.1.3 Further Improvements

To further enhance and test the data, vacuum measurements were also performed. The usual
vacuum conditions were 10 Pa. The combination of vacuum measurements and annealing
further improved the BG devices, such as in the case of CNTFET 3 (Figure 5-8). From testing
the device as a resistor before annealing, the resistance was about 10 MQ. With annealing, the
resistance decreased to ~1 MQ. The transport and output data are shown in Figure 5-8a and b
for testing in ambient conditions. Based on the resistance, the device should have current
flowing. However, the transport results depict that the device had no electron mobility and a
high Ron (900 kQ). The device was then tested in vacuum, with additional annealing (150°C/2

h). The results are shown in Figure 5-8 ¢ and d. In vacuum, the device was functioning.

The mobility was calculated to be 8.76 cm?/Vs with an Ion value of 0.7 pA and an
TIon/Iorr value of 1 x 10*. These data are very reasonable for CNTFETs.*% 3% However, the
Ron value increased to 1762 k. Regardless, it was possible to render some devices
functioning using additional annealing treatments and measuring in vacuum. The CNTs
possibly interact with the environment and the particles in the air, thus impeding the device
performance. It is also plausible that some of the surfactant wrapped CNTs require this
additional treatment as it removes additional interactions from the surfactant/environment. As
the surfactant was a mixture of SDS/SC, a treatment to remove these additional molecules
could be used through a water soak and additional annealing to perhaps further observe
improvements in the BG system.>”” Nevertheless, by doing the measurements in an inert
atmosphere and further improving the contact of the electrodes with vacuum annealing, some

of the CNTFET properties can be enhanced.
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Figure 5-8. Results from testing CNTFET 3: a) Transport data in air b) output data in air, c) transport
data in vacuum, d) output data in vacuum.

5.2.2 Bottom Gate Devices
5.2.2.1 LED Lithography Fabricated CNTFET Transport and Performance

Successful devices are shown in Figure 5-9, using Cr/Pd/Au. These images show the sub 1
um channels fabricated with LED photolithography, with the CNTs in the channel. Devices
that have CNTs confirmed between the S and D from the HR-SEM images are then SMU
tested. The average current during a resistor test before annealing was 10° A. It was reduced

to 10”7 A upon annealing at 1 h for 300°C for devices made either with Cr/Pd/Au or Ti/Au
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electrodes and with either the Kataura group SWNTs or those from Nanolntegris (both 90%

and 95% sc-purity).

1pm HONE SEI 1.0kv  X8,000 WD d.9mm 1pm HONE SEI 10KV X7.000 WD 4.7mm

Figure 5-9. HR-SEM of CNTFETs made with LED lithography method used for BG SMU testing

Under ambient conditions, the Ion ranged from 1 pA to 107 pA, an Ion/Iorr 10 to 10°,
and the mobility ranged from 10 to 10 ¢cm?/Vs [Un-operational CNTFETs omitted]. On
average, in air, the Ioxn was 0.01 pA, the Ion/lorr was 100, and the average mobility 0.01
cm?/Vs. In contrast, under vacuum conditions, the LED BG CNTFETs over the range of
various SWNTSs types and purities resulted in an Ion ranged from 1 pA to 10" pA, an Ion/Iorr
1 to 10° and the mobility ranged from 10 to 10 cm?/Vs. On average in vacuum, the Ion was
0.01 pA, the Ion/Iorr was 100 and the average mobility was 0.1 cm?/Vs. By comparing the
data, there are clear improvements in the above parameters when testing in vacuum. Yet,

overall, the data under ambient conditions was still in a reasonable range for CNTFETs.?%

Additionally, some devices that do not work in air are still not functional under vacuum
conditions and there was no salvaging these devices even with multiple annealing segments.
Examples of some of the individual data is summarized in Table 5-2 consisting of a single

CNT, multiple CNTs and a film. The hysteresis was also shown to decrease by using InGa
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eutectic as the back-gate instead of silver paste in ambient conditions and this was also

demonstrated by the data in Table 5-2 as well as the plots in Appendix Chapter 5.

Table 5-2. Results from various LED lithography fabricated devices with various CNTs and testing

conditions. Where SS is not applicable is because there was not at least a 1 log factor difference in the log

transport plot of the devices.

Parameter 1 CNT 3 CNTs 3 CNTs Film Ag Gate InGa
Gate
CNTFET # 4 5 5 6 7 7
Condition Ambient Vacuum Ambient = Ambient = Ambient =~ Ambient
Mobility (¢cm?/Vs) 0.2 8 1 1.3 0.4 0.4
Lon (nA) 0.1 0.1 5.9 5.4 6.2 4.2
Lon/Xotr 100 1000 1 13 10 10
Gm (nS) 3.5 52 330 93.7 220 206
Hysteresismax (V) 20 8 80 80 100 80
SS (V/dec) N/A 1 N/A N/A 3 16.3
Ron(k€2) 6507 4330 986 18.5 84 127

Most significantly, the mobility increases when there was more than one CNT in the

channel by a factor of 10. The mobility then increases further when the device was tested in

vacuum. The mobility of a CNT film was comparable to that of 3 SWNTs. However, the

Ion/Iorr significantly increases for the individual CNTs when tested under vacuum conditions

(from metallic to semiconducting behavior) even though the Ion value decreases. Additionally,

the resistance in the ON-state was increased in the output data of the sample that was tested in

vacuum compared to its ambient tested version. The main difference when testing with the

InGa gate instead of the silver one was in a decrease in the hysteresis observed in the device.

In some of the cases, the subthreshold slope could not be calculated as there was not a factor

202



of 1 change in the log scaled transport plot, and therefore, no value for the change of voltage

per decade (V/factor of 1 log unit on the y-axis).

Additionally, when the same BG sample was treated and changed to a TG device, some
of the devices that functioned well as BG no longer worked and vice versa. This observation
will be further elaborated in section 5.2.3.1. The output and transport plots are provided for

each of the devices in the Appendix Chapter 5 of this chapter.

5.2.2.2 EBL Fabricated CNTFET Transport and Performance

A sample using 90% sc-SWNTs from Nanolntegris was fabricated using the EBL method.
Some of the HR-SEM images are shown in Figure 5-10. This technique provided a 51%
success rate of fabricated devices. It was much easier to control the position of the electrodes
and have small precise channel gaps with this method, which lead to an increase in the number

of successful devices.

X5.000 WD 4.7mm

Figure 5-10. HR-SEM at 1 kV of EBL fabricated CNTFET channels.

In ambient conditions, the Ion ranged from 60 to 10 pA, the Ion/Iorr varied from 1 to
10° and the mobility span across 70 — 10 cm?/Vs. On average in air for all the EBL bottom

gate fabricated devices, the Ion was 0.1 pA, Ion/lorr was 10° and average p = 1 cm?/Vs. In
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contrast, the range in vacuum for the Ion was 8 to 10 pA, the Ion/Iorr varied from 1 to 10°
and the mobility from 48 — 102 cm?/Vs. The average Ion in vacuum was 1 pA, Ion/Iorr was
10* and average p = 1 cm?/Vs. The cumulative data for all the different types of devices
indicates that mobility and Ion values are relatively the same for both air and vacuum. The only

significant difference is observed with a slightly increased Ion/Iorr in vacuum conditions.

Data for single and multiple CNTFETs, as well as films, are shown in Table 5-3. The
multiple CNTFET devices were also tested in nitrogen conditions to observe if there were any
changes in transport and output properties. The most significant change in N> atmosphere was
the increase in Ion/Iorr ratio, indicating that there was some interaction of the CNTs with the
environment that can affect the OFF and ON states of the device. However, the highest overall
mobility was demonstrated in vacuum conditions for the CNTFETs of individual tube. Only
the film of CNTs performed better in air. Additionally, the film had the least resistance and a
lowest mobility. Even with higher resistance in the individual CNTs, the mobility was also
comparatively high indicating the benefits of having individual versus intertwined CNTs. This
observation could be due to the CNTs sensitivity to a nitrogen environment,*® which has

previously been reported for vertically aligned bottom gate CNTFETs.!%-31!
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Table 5-3. Data for various samples formed using EBL tested in vacuum, ambient and nitrogen

atmosphere.
Single CNT Multiple CNTs Film
CNTFET # 8 9 10
Conditions Air Vac Air Vac N Air Vac
Mobility (cm?/Vs) 0 0.1 0 5.7 4 1.8 0.7
Ion (nA) 1.19 1.7 1.5 2.7 2.6 23 2
Ton/Iorr 1 10 10 450 1000 1000 100
Gm (nS) N/A 93 N/A 210 160 786 315
Hysteresismax (V) 0 5 0 92 12 44 17
SS (V/dec) 0 1.2 0 5.5 5 20 5
Ron(kQ) 132 1170 283 312 344 39 330

Further investigations in vacuum also considered the effects of sweeping direction and
step speed in mV. Table 5-4 shows the difference in Ion, Ion/lorr, and mobility when the scan
direction was either from positive to negative voltage and vice versa. The slower step gave
higher mobility and Ion. With this type of experiment, it was observed that the scanned log plot
would be a complete full loop when scanning from negative to a positive voltage, but
sometimes incomplete when scanning from positive to a negative voltage, as shown in Figure

5-11. The Ron values for sweeping Vsp from -5 to +5 V and + 5 to -5 V was 356 kQ and 357

kQ, respectively, so no change in terms of the output information.
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Table 5-4. Transport data from evaluating CNTFET #9 in vacuum by changing the sweeping and step

direction.
Sweep Direction -60 to +60 V +60 to -60 V
Step 120 mV 500mV | 120mV | 500 mV
Mobility (cm?Vs) 5.5 6 7.5 6.9
Ion (nA) 3.83 3.51 4.2 3.5
Ton/Iorr 1000 600 500 500
Gm (nS) 215 235 293 269
Hysteresismax (V) 76 64 85 66
SS (V/dec) 4 4 5 4

a) CNTFET #9 - STEP 120 mV -60V TO 60 V b) CNTFET #9 - Step 500 mV -60 V to 60 V Sweep
-5.0 -5.0
Vep=1V Vgp=1V
-5.5 4 -5.5 4
-6.0 o 604
;D 6.5 ;g 65
{2 oD
S 704 S
-7.0 4
-7.54
-7.54
-8.0 4
-8.0
-8.5 4
T T T T T T 8.5 +— T T T T T T
60 -40 20 0 20 40 60 -60 40 -20 0 20 40 60
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C) CNTFET #9 - STEP 120 mV 60 V TO -60 V d) 5.0
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sD
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Figure 5-11 Bottom-gate EBL sample (CNTFET#9) a) sweep V¢ from -60 to 60 V with 120 mV step, b)
sweep V¢ from -60 to 60 V with 500 mV step, ¢) sweep Vg from 60 to -60 V with 120 mV step, d) sweep
Vi from 60 to -60 V with 500 mV step.
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5.2.3 Top Gate Devices

5.2.3.1 LED Lithography Fabricated CNTFET Transport and Performance

Using an already prepared and tested device with bottom gate CNTFETs, a 20 nm alumina
dielectric layer was deposited to the sample using ALD. The sample was then treated with
OFPR photoresist and the standard method for photolithography used in this work. Many of
the devices that were functioning as a BG in ambient conditions were no longer working in air
after the TG fabrication process. The resistor testing of TG in air gave a current range of 10”7

— 1072 A, which was comparable to other BG data.

Nevertheless, the Ion/Iorr range was from 1-10, only with Ion values from 0.1-107 pA.
The sample was then tested under vacuum conditions. The Ion range significantly increased to
5.7 -102 pA and some of the Ion/lIorr ratios were increased to 10%, which are values more in
line with the BG CNTFETSs. The sample was then vacuum annealed for 2 h/ 150°C, which
resulted in a further increase in the mobility of the devices upward of 10 uA, however, the lon
state was still in the 0.1-10"2 pA range. The max Ion/Iorr state was 10%, while most were in the

range of 1-10.

For example, CNTFET # 4 is compared in Table 5-5 as TG and BG. The performance
in air and vacuum, before and after annealing with the application of the TG can be compared.
The measurements in N> for the bottom gate also showed an increase in lon/Iorr, similar to the
EBL BG devices, even after the application of the dielectric layer. The device appears to
behave as a metallic CNT except when in the nitrogen atmosphere with a 10% Ion/Iorr. The

mobility of the BG device decreases after the fabrication of the TG. The resistance was high
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for all the devices. The highest mobility was observed in the TG form, after annealing in

vacuum at 150°C for 2 h.

The BG devices show a very high SS and hysteresis. In contrast, the TG CNTFETs also
have a large hysteresis considering the Vg was swept from only 5 to -5 V. Another interesting
observation was that the highest ON-state current is 0.1 pA and is observed for the BG device
tested under ambient conditions. The Ion for the TG is the highest after vacuum annealing at
0.01 pA, which is less than that of the BG by a factor of 10. Although there are some apparent
differences in the data for each test, the highest mobility is in the TG device. This observation
could indicate that the lower iptycene monolayer has a slightly negative effect on the mobility
in the CNTs. However, the BG in air before application of the dielectric is comparable to that
of the TG in air and shows a higher Ion and a lower relative hysteresis. The TG devices have
the most improved transport when annealed in vacuum whereas the BG devices have improved
transport performance when measured in N». These are the first results exhibiting CNTFETs
from the ART using LED photolithography, and it was interesting to observe the changes in

the device and parameters.
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Table 5-5. Change in transport and output properties for CNTFET # 4 in different testing conditions as

both a bottom gate and top gate.

Parameter TG BG
Vac Vac
Air (Before
Conditions Air before vac after vac before vac after vac N2
TG applied)
anneal anneal anneal anneal
Mobility (cm?/Vs) 2.8 5.7 10 0.2 0.09 0.1 0.9
Ton (nA) 4.00E-03 9.00E-03 1.40E-02 0.1 3.80E-02 4.00E-02 1.00E-01
Ion/lorr 10 30 50 100 100 100 1000
Gm (nS) 7.1 1.4 2.6 3.5 6.00E-03 0.94 5.8
Hysteresismax (V) 4 3 6 20 60 47 47
SS (V/dec) N/A 5 3 N/A 60 53 5.5
Ron(kQ) 142857 777202 52631 6507 1578 25806 15909

5.2.3.2 EBL Fabricated CNTFET Transport and Performance

A sample was fabricated with a Ti/Au top gate (5/20) nm and 20 nm ALD Al>O3 layer

using ART aligned (10,3) SWNTs. An example of an 11 aligned CNTFETs is shown in Figure

5-12. Figure 5-12a shows the autoCAD depiction for masks design, whereas Figure 5-12b

demonstrates the completed device after various bouts of SMU testing and heating. It is

difficult to confirm the number of CNTs in the channel as the top gate does not allow for the

observation of the CNTs, and the Raman signal was also blocked.

209




i I =

e i S 1
NONE SEI 1.0KV  X6,000 WD 4.7mm Thm

Figure 5-12. Example of the fabrication of the top gated multi-SWNTs FET a) before and b) after
patterning in HR-SEM.

With the TG EBL fabricated device, in ambient conditions, the Ion was between 0.1 —
107 nA, the Ion'Iorr ranged from 10 — 10° and p was between 2-0.2 cm?/Vs. The average Ion
was 0.1 pA, average Ion/Iorr was 10* and the average mobility was 0.1 cm?/Vs in air, and an
TIon/lorr of 10° was frequently observed. These data are already much higher than the average
BG devices. In vacuum, the Ion ranged from 5 to 10 pA, the Ion/Iorr was 100-10° and the
mobility was between 30 - 5 x 10~ cm?/Vs. The average vacuum findings for these parameters
was an Iox of 0.5 pA, a 10° Ion/Iorr and an average p of 1 cm?/Vs. Results for a 2 SWNTSs, 4
SWNTs, 11 SWNTs and a film CNTFET are tabulated in Table 5-6 under vacuum conditions
after annealing. It is interesting that the 4 CNT system has a higher mobility than the 11 CNT
system, and also a higher Ion/lorr ratio by order of magnitude of 100. The Ron is also

significantly less for CNTFET 13 than all the other samples with also a higher Ion.

Even the TG device may be affected by external environmental factors, which could

account for the observed difference in air and vacuum values. This could also be a contributing
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factor when comparing the difference between CNTFET 13 and 14. It is also interesting that
the CNT film also performs worse than the 4 aligned CNTFET device and has lower mobility
than all the other devices in the table. This is likely due to the intertwined CNTs that impeded
on eachothers respective electron mobility and, therefore, negatively affect the device
performance.®® This observation further emphasizes the importance of alignment and

selectivity for the fabrication of CNTFETs.

Table 5-6. Table demonstrating key properties for 2, 4, 11 aligned SWNT CNTFETs and a film of
SWNTs based device tested as TG under vacuum conditions.

Two CNTs Film Four CNTs 11 CNTs
CNTFET # 11 12 13 14
Mobility (cm?/Vs) 4.4 1.20E-02 10 0.4
Ion (nA) 5.26E-03 0.02 3.8 0.3
Ton/Iorr 52917 220000 3430000 42900
Gm (nS) 22 4.63 1260 88
Hysteresismax (V) 7.3 1.02 1.2 1.5
SS (V/dec) 2.6 1.1 1.1 1.5
Ron(k€2) 214285 29585 210 1466

Further evaluation of the EBL devices also included testing the devices before and after
annealing, as well as BG and under nitrogen atmosphere. The results from the extensive tests
for CNTFET # 13 — the four SWNT device, is shown in Table 5-7. From the data, before
vacuum annealing at 150°C for 2 h, the mobility and Ion/Iorr ratio was at the highest point.
The device was annealed in argon at 300°C/1 h before testing in air and vacuum. Therefore,
extra vacuum annealing was probably not necessary. It is interesting also how in the TG, there
is a 10x improvement in mobility when comparing the air and vacuum results. This observation

is significant in that one would expect that because the CNT is surrounded by either SiO»
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underneath or Al>Os on the sides and surface that the external environment would not have a

significant impact on the device performance.

Nevertheless, the Ion/Iorr ratio was in the range of 10° for both samples, and the
resistance is also the same, so the only difference is in the mobility. In contrast, testing the
device in a nitrogen atmosphere proved inefficient. This N> I-V test was conducted after all
other BG and TG testing and extra annealing, so it is likely that the device could not withstand
the further testing and broke down. Another aspect is the difference of testing the same device
as a TG versus a BG. The BG device has a reduced Ion/Iorr ratio to 10° but the mobility and
Ion 1s similar to that of the TG. This result could be from the thicker dielectric layer used (200

nm rather than 20 nm).

Table 5-7. Compilation of various test parameters for the device with highest mobility and Ion/Iorr in this
study.

CNTFET #13 - FOUR SWNTs IN THE CHANNEL

TG BG
Vac Vac
Conditions Air before after vac N2 Air before after vac
anneal anneal anneal anneal
Mobility (cm?/Vs) 1 10 0.7 0 0.5 0.4 2.8
Lon (nA) 4.6 3.8 0.4 7.00E-06 0.3 4.4 0.7
Ion/loFr 2500000 | 3430000 96666 1 208392 580000 379690
Gm (nS) 1260 1260 123 0 24 30 123
Hysteresismax (v) 2.7 1.2 5 0 45 40 40
SS (v/dec) 0.6 1.1 0.6 0 0.1 0.6 32
Ron(k€2) 211 210 315 0 1.70E+06 210 284
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All the results were with using Vsp = 1 V unless otherwise specified. For the TG
CNTFET #13, the progression in increasing the source-drain voltage is shown in Figure 5-13
under ambient conditions. The main observation was the decrease in noise in the curve with
increasing Vsp, as well as the change in the direction of the curve. This result is likely due to
the placement of the source and drain probes on the electrode pads, and not with the actual
device. It appears that the device can be switched to the ON state using 0.1 Vsp to achieve an
Ion of 0.4 pA, an Ion/Iorr of 10° and p = 15 cm?/Vs with a Gm = 250 nS, a max hysteresis of
2.5V and a subthreshold slope of 0.1 V/dec. Therefore the ART CNTFETs are quite promising
toward future applications of FETs.® 2!* Unfortunately, due to the top dielectric layer, it was
not possible to determine the CNT types present on the surface as the RBM signal was too

weak (Figure 5-13b).
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Figure 5-13. a) Progression of increasing Vsp for top gate CNTFET # 13 b) RBM Raman region of the TG
device but only the iptycene peak at 232 cm™ and the silicon peaks at 303 and 520 cm™ are visible at 100%
laser intensity.
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Overall, it appears that from the range of devices fabricated, the highest mobility and
Ion/lorr were achieved using a TG device tested under vacuum conditions (10* Pa). On
average, the TG devices provided a higher Ion/Iorr of 10° rather than 10%in the BG. The EBL
devices had a higher success rate than the LED-based devices, but both can give reasonable
results using the ART. One further aspect for improvement would be to have a consistently
high density using the ART. In some cases, the deposition of aligned tubes was high, and this
could be either due to the concentration of the iptycenes or the concentration of CNTs in
solution. Additionally, testing the EBL methods to involve as many of the aligned CNTs in a
region as possible would also be interesting for further investigation. Due to the timing, the
patterns were chosen to not go over 10 pm in length that had small channel gaps below 0.5 um

to ensure an efficient lift-off that would maximize the devices fabricated for initial testing.

5.2.4 Ionic Gel Gate

Under ambient conditions, LED fabricated devices with 95% sc-SWNTs were tested using an
ionic gel as gate instead of the Si layer. The gel was a blend of polystyrene block co-polymer
and the an ionic liquid in ethyl propionate solvent.’!> The gel was applied to cover the gate
electrode and the channel containing the CNTs between the S and D, as shown in Figure 5-14.
The gel was dropcast to the surface and allowed to air dry. The resistance test for all the devices
before the application of the gel was in the range of 10! to 10”7 A after annealing. However,
upon testing, the majority of the devices appeared to be conducting with the gate, as in, having
the same drain and gate current during the transport measurement. One of the device’s transport
and output data is shown in Figure 5-14d. The experiment was intended to observe any changes

with the CNTFETs that would occur if the CNTs are wrapped around a charge carrying gel
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rather than an inert or ambient atmosphere. The Ion value was 2.42 pA with an Ion/Iogr of 102,
yet the Ron was high, at 2857 kQ. Although the transport plot was noisy (Figure 5-14b) the
max hysteresis was extrapolated to be 2 V, with an SS of 1 V/dec. The experiment could be
revisited and improved by using spin coating and drying the sample for an extended time to

ensure the gel gate does not shift during measurement.

b)

Gel Gate Transport - CNTFET # 15 Gel Gate Transport - CNTFET # 15

Vgp=1V Gel Gate Output - CNTFET # 15

Vgp=05V

Log (Ip)
Log (Ip)
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Figure 5-14. a) Image of the probes on the gel gate while testing the CNTFET, b) transport data at Vsp =
0.5V and c) 1 V d) output data.
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5.2.5 Substitution of Metal Electrodes

Rather than depositing the metal electrodes through high vacuum, an attempt was made
using Ag and Au inks provided by the Minari Lab (NIMS, Japan). These inks had been
previously used for making thin film devices,*'? and therefore it was estimated that these metal
nanoparticle liquids could also function with the small patterns for the CNTFETs. Samples
with ART aligned SWNTs were patterned using the LED photolithography technique.
Parameters for the deposition were investigated by diluting the inks in water, dropcasting the
inks, spin coating the inks, treating the substrate with UV-O3 before the inks were applied to
the surface, and different heating times to bake the inks onto the surface. However, even with
all these different trials and parameters, the inks did not adhere to the surface of the ART
functionalized wafer as demonstrated in Figure 5-15a-c. It may be beneficial to use a printing

technique similar to that found in work by Minari et al. to fully determine if the Ag/Au inks
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are adequate as electrodes for CNTFETs.
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Figure 5-15. a) Failed patterning attempt with Au ink that was spin coated onto the ART surface and
lift-off in acetone after 1 h room temperature drying, b) Ag ink spin coated and baked for 9 mins at
90°C, then removed in acetone, ¢) Ag ink spin coated baked at 3 mins for 60°C after spin coating and
treating the surface with UV-Os prior to depositing the ink.
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5.3 Additional Imaging

5.3.1 TEM of CNTFETs

An attempt was also made to individually place the SWNTs on a SiO, TEM grid using the
iptycenes. This experiment was attempted in order to investigate the individual chirality and
diameter of the SWNTSs. Inopportunely, the thin windows in the Cu TEM grid do not allow for
the standard ART with alignment as the original method involves applying pressure onto the
grid which in turn destroys it. It was then attempted to dropcast the solution of Ipt 1/8CB to
allow for the molecules to deposit randomly in a 10 h time frame. The sample was gently rinsed
with DCM and then a solution of SWNTs was dropcast on the surface for approximately 10 h.
The sample was checked under an optical microscope first to confirm that all the windows on
the grid remained intact. Next, the sample was placed under HR-SEM to identify pore areas
with CNTs. Finally, the sample of both the (10,3) and mixture of sc-SWNTs was subjected to

TEM analysis.

Unfortunately, the TEM results as shown in Figure 5-16 a-c for the samples only
showed that the CNTs bundled at the edges of the grid windows and were not singly distributed
across the surface of the wafer. A solution to this would perhaps be to apply only the pure
iptycene molecules - which are a solid at room temperature - to a UV-Os cleaned surface and
then heat the sample to melt the iptycenes on the surface (> 300°C). In this way, a monolayer
of the CNTs can be achieved on the surface, though not aligned, and these individual small
molecules could then in theory n-m stack to randomly orient single CNTs for observation in
the TEM. This experiment also circumvents the ART problem of having the liquid crystals

present which can contaminate the surface of the substrate.

217



Figure 5-16. TEM images of a) (10,3) sc-SWNTs in SC, b) zoom out of sc-SWNTs mix of TEM windows ¢) zoom
in of sc-SWNTs mix in one of the TEM windows. The surface had been previously treated with ART iptycenes.

5.3.2 Interesting Patterning Observation

During the SEM imaging process, sometimes the CNTs were not effectively deposited on the
surface, i.e., very few tubes on the sample. The sample was then re-exposed to a higher
concentration of SWNTs solution for a longer period. It was then observed that upon a second
imaging, areas that were previously exposed to the SEM electron beam were selective for the
SWNTs whereas other sections were still bare as shown in Figure 5-17a-d. Even with a high
concentration of CNTs and sonication, the very distinct square-patterned lines from the
electron beam remained present. This type of patterning was further investigated on surfaces
that contained only iptycenes and at different SEM beam currents and voltages. However, the
patterning did not appear. It only appeared on previously exposed samples to the SWNTs
solutions after being exposed to the SEM beam. The contact angle for a silicon wafer cleaned
with only UV-0O3 (30 mins) was 12.13°, 36.4° with an iptycene monolayer, 31.4° for a silicon
wafer exposed to a 1kV electron beam and for a sample exposed to both the SEM beam at 1

kV and the iptycenes the contact angle then increased to 46.5°.
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Though the contact angle of an iptycene functionalized surface increased, the
patterning does not appear without being previously exposed to a SWNTs solution. It is
speculated that the patterning was thus due to surfactants that are present in the CNTs solutions.

Therefore, the next investigation should have only a silicon wafer treated with SDS aqueous

solution to confirm this hypothesis.
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Figure 5-17. a) and b) Patterned area with (10,3) sc-SWNTs in SC/aqueous solution, ¢ and d)
pattern area with a high concentration of 90% sc-SWNTs in SDS/SC aqueous solution
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5.4 Summary

To conclude, it was possible to create functioning CNTFETSs using the ART. By annealing for
1 h at 300°C, the CNTFETs with ART can be improved. Measurements in vacuum with
additional 150°C annealing for 2 h also improved the mobility and Ion/Iorr of the devices. The
most significant results were observed in the case of vacuum annealed top-gate devices, using
(10,3) sc-SWNTs. Either LED-lithography or EBL were efficient in device fabrication,
although EBL had a higher success rate of having CNTs in contact with the S and D electrodes.
Additionally, investigations with the ionic-gel gate can also work. There is room for further
work regarding the deposition of the ionic gel and optimizing the parameters for Vsp and Vg.
The device patterning in the ionic gel device can also be optimized or EBL can be implemented

instead of LED lithography.

Furthermore, this was the first use of the iptycenes in a CNTFET. Although the
maximum number of carbon nanotubes in the channel was only 11, much larger devices can

be made next, bearing in mind the target of 125 CNTs/um?. %213
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Chapter 6: Concluding Remarks & Future Directions

This work investigated different methods to adapt and optimize the alignment relay technique.
Based on this project's findings, various alterations to the alignment relay technique can be
performed either before or after the nanotube deposition. Through n-n stacking, different
batches of various SWNTs chiralities were aligned on silica using an iptycene functionalized

surface.

Following objective I from Chapter 1 (p. 2), changes to the procedure included
sonication, filler molecules, and the incorporation of other techniques with ART, such as LBL
and LB (Chapter 2). Sonication treatment after the nanotubes were deposited resulted in longer
SWNTs remaining on the surface. The observation indicates that the n-m stacking strength
between the iptycenes and the CNTs can be broken using simple benchtop sonication. The
alignment of the SWNTSs on the surface doubled at the expense of the nanotubes density on the
surface that significantly decreased to less than 0.1 SWNTs pm™. The addition of phenyl
phosphonic acid on SiO2 before the nanotubes' deposition increased their density to 0.95
SWNTs pm™. Therefore, additional molecules can be applied to the iptycene monolayer before
the exposure of the CNTs, in order to alter the surface and increase the nanotubes density. A
third main finding regarding goal I refers to supplementing ART with other techniques such
as LBL and LB. Although the preliminary investigations were not effective in increasing
alignment or selectivity, there is potential for further research with the LB & ART

combination.

Following objective 11, it was observed that different anchoring groups on the iptycene

molecule can be substituted to increase the reproducibility of ART on different surfaces
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(Chapter 3). Both ALD deposited Al,O3 and a-Al,O; demonstrated the effective use of a
carboxylic acid anchoring component rather than the phosphonate ester. Using the 8CB liquid
crystal in combination with IptCOOH resulted in 0.3 SWNTs um™ on the Al,O3 surface with
a SD of +£32°, which is an improvement over 0.1 SWNTs um? with the original molecule.
Additional testing of carboxylic acid filler molecules was also conducted, along with
comparing Piranha to UV-Os; cleaning and attempts at ART with the Au, TiO>, and Si3N4
surfaces. This work could be furthered by testing different surfaces, such as gold, using sulfur-

derived iptycenes, which is an interesting future direction.

Following objective III, the results from Chapter 4 indicated that the current ART
framework does not provide orientation nor alignment to MWNTs, NWs, GNRs, or GQDs. An
opportunity is to synergize the tweezer structure with the target nanosystem. For instance, if
using MWNTs, this would require larger molecular tweezers, whereas using graphene would
require a planar structure for stacking. It appears that if the diameter of the SWNTSs corresponds
well with the iptycene structure, then the alignment of the CNTs can occur. The interaction
could succeed if the CNTs are in the diameter range of the n-r stacking portion of the iptycene.
However, it is possible to deposit SWNTs-COOH in water, eliminating the use of surfactant
molecules on the surface; but, it is difficult to approximate the chirality of these functionalized
CNTs. Additionally, it is necessary to avoid aromatic solvents such as toluene as it can

negatively impact the ART system's m-stacking interactions.

For objective IV, FETs were successfully fabricated using ART (Chapter 5), proving
that ART-oriented SWNTs and surfaces are promising for electronics. The devices can be

created using not only EBL but also LED photolithography. Both Ti/Au and Cr/Pd/Au have
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been used for electrode fabrication. Comparing the results from SWNTs networks vs. the
aligned SWNTs from the ART method, a 1000x improvement in mobility with a 10x increase
in [on/Iorrratio was observed. These values are also comparable to previous findings of aligned
CNTFETs data’®® 3% and demonstrate the promising scalability of ART in the nanoelectronics

industry.

As emphasized throughout the thesis, CNTs are deemed a suitable replacement for Si
in FET devices if their orientation, type, and density can be controlled. Research trends
investigating CNTFETSs have also been steadily increasing, as shown in Figure 6-1. Even with
competing compounds such as transition metal dichalcogenides, nanowires, and graphene,
CNTs still manage to be a prominent research area for materials nanoarchitectronics. However,
the areas of nanotube sorting and alignment for carbon nanotubes are not as highly researched,
and they are still factors that are difficult to control and optimize. Therefore, the statistics in
Figure 6-1 direct towards ART having a prominent foothold in organic materials-based CNT
devices. So far, it is one of the few methods attempting to target both nanotube alignment and

sorting for transistor applications.

The results of ART shown in this work can also be compared to previous findings.
Figure 6-2 demonstrates the density of CNTs and Ion/Iorr of CNTFETSs assembled by different
techniques in the past decade. All the methods attempt high alignment of SWNTs, with high
density for device applications. ART (red points) results have shown a high alignment but low
density. However, even though there are fewer CNTs with ART, the device performance is
high, as exhibited by the larger Ion/Iorr. This result is an indication that the iptycenes do not

limit the device performance of the material.
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Additionally, this analysis showcases the room for growth and discovery with ART in
that many parameters can be further optimized to enhance the density, alignment, and
selectivity of the SWNTs. It is speculated that an additional direction for the ART research
could be to fabricate CNT sensors. The sensory applications of SWNTs should be further
explored, as the interior of the CNTs could be exploited for high-sensitivity applications. The
iptycenes monolayer additionally promotes the adhesion of even heavily surfactant wrapped
SWNTs. This observation is particularly useful in cases requiring CNTs to adhere to the
surface and overcome the removal of the nanotubes due to the presence of a surfactant. Overall,

the journey of ART can follow several paths for future CNT applications.
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Figure 6-1 Number of publications over time containing CNT alignment concepts, sorting, and transistors
from the Web of Science database up until September 16, 2020. The search term for CNTFET includes
"nanotube transistor," "CNFET," and "nanotube FET." Inspired by work from Franklin, A.D (2012,
2015), reference 212.
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Figure 6-2. Plot compiling the density of CNTs and Ion/Iorr of CNTFETSs assembled by different techniques
in the past decade that aim to have a high degree of alignment. Work by Ma et al. (2016) did not have a
FET device, so there is no Ion/IOrr value. The Vsp ranged from 0.1 to 1 V. Additional details of the plot are
provided in Appendix 6.
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Chapter 7: Experimental

7.1 Sample Preparation for the Alignment Relay Technique

Silicon (100) wafers (1 cm x 1 cm) provided by Pure Wafer (San Jose, CA) were
oxidized via a 30-minute Piranha-acid bath (H2SO4: 30% H20», 3:1) to form a fresh
atmospheric SiO2/Si interface. A drop of the mixture with organic molecule 1 (2.5 wt%) in
5CB liquid crystal (Millipore-Sigma, ON) was placed in the center of a liquid crystal alignment
layer comprised of a planar polyimide along the x-(long) direction of an ITO surface (Instec
Inc, USA). Synthesis for molecule 1 was done following prior established protocol.'*’

The cleaned polished silicon side was placed on top of the organic mixture and pressed
downward to ensure contact with the entire surface for functionalization. The sample was left
at room temperature for 24 h to allow for sufficient covalent bond formation. The silicon wafer
was removed from the alignment layer and rinsed with dichloromethane (DCM). The
alignment layer was also rinsed with dichloromethane. The rinse from both samples was placed
into a 20 mL scintillation vial, the solvent was removed in vacuo, and the mixture of the organic
molecule and 5CB was placed into a freezer (0-2°C) for further use. The surfaces were dried
with Na(g). Once the excess alignment solution was removed, the now functionalized silicon
surface was placed polished side up in 10 mL of 90% pure sc-SWNTs solution (1 mg/100 mL)
in a surfactant of sodium cholate and sodium dodecyl sulfate (NanoIntegris Technologies Inc,
QC). Additional 95% purity sc-SWNTs from Nanointegris Inc were dissolved in a 1 mg/100
mL aqueous surfactant solution of 1% SDS using 30 minutes of tip-sonication. The sc-SWNTs
mixture and (10,3) chirality specific SWNTs were dissolved in a 0.5% aqueous solution of

sodium cholate.
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The Nanointegris nanotube solution has room temperature stability for 6 months and is
free of catalytic particles. The SWNTs solution is sonicated before interacting with the sample
to avoid nanotube agglomeration — making for a homogenous solution. Alternatively, 8CB was
also use instead of SCB in the exact same manner. In cases where the original ART molecule
was replaced with IptCOOH, the same parameters were also used. When applying the use of
different substrate surfaces, the gold was treated with 10 minutes of isopropanol (IPA)
sonication followed by 10 minutes with acetone sonication, followed by UV-O3 for 20 minutes.
The alumina surface was treated with 5 minutes of Piranha. Other substrates (TiO2, SiNx),
including the marked wafers from Namiki Foundry (NIMS, Japan) used for transistor
fabrication, were cleaned with model photosurface processor model p116-110, 110W UV-
Ozone for 30 minutes, rinsed with isopropanol or acetone, dry with Na). The sample was left
in the nanotube solution for 24-48 h at room temperature. The dropcast sample for Raman
analysis was prepared by placing one drop of homogeneous 90% sc-SWNTs solution onto a
Piranha cleaned silicon substrate and left to dry in the fume hood.

Thin-films of the CNTs were prepared by dropcasting the SWNTSs solution onto UV-
O3 cleaned silicon wafers, heated at 100°C to allow for evaporation of the solution, rinsed with
milliQ and dried with nitrogen. This process was repeated for a total of 4 times on a bare Si
wafer to ensure there would be enough CNTs on the surface. Otherwise, when the CNTs were
dropcast on the bare surface and rinsed, very few remained on the surface. The same treatment
was used for an ART functionalized surface to obtain thin films of the CNTs with a higher
success than the bare Si as the CNTs could adhere to the surface through n-n stacking with the
iptycenes. Even the heavily surfactant wrapped CNTs would not be washed away. The

substrates had to be rinsed after the CNTs dried on the surface for the device applications as
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otherwise there was too much of a thick layer of CNTs and surfactant crystals also appeared
on the surface.

7.1.1.1 Marked Wafers

Marked wafers were fabricated in the Namiki Foundry on 200 nm SiO; with 10 nm Ti and
100 nm Au deposited using EBL with a Nippon Zeon 8EP-520A resist, ZED-NSO developer,

ZMD-B rinse and ZDMAC remover. Outline of the patterns are shown in Figure 7-1.
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Figure 7-1. a) substrate overview for the marked wafers, b) optical microscope view of the squared areas, c) outline
of the numbers and the markings (schematic) where the dot distance is 5 pm, d) optical microscope between the
numbered marks where the distance between the numbers (+ symbols) is S0 pm, e) example of an area in optical
microscope.
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7.2 Sonication Experiments

The process detailed above is the standard deposition time as completed following the
regular procedure for ITO surfaces as previously established.!*® Afterward, samples were
sonicated to observe the effects of agitation on the alignment of the nanotubes. A VWR
symphony Ultrasonic Cleaner (electrical: 117 V, 60 Hz) was used for the sonication
experiments. Sonication occurred in a test tube placed in the center of the bath one at a time to
ensure each substrate endured the same force. Samples reside in the same SWNTs solution for
the sonochemical procedure. After treatment, samples were dried with nitrogen, and their

surface was analyzed with AFM and Raman spectroscopy.

7.3 Application of Fillers

To an already treated ART wafer, one drop of chosen filler molecule was dropcast and
left to dry in an oven at 120°C, or in the fumehood at room temperature (22°C). If the filler
compound was moisture sensitive, the sample was set in a 20 mL scintillation vial, the chosen
molecule dropcast on the surface, and then left on the high-vacuum pump. The drop of
compound was re-administered three times. For cases where the filler molecule was not a
liquid/oil, the sample was first dissolved in dichloromethane at as high a concentration as

possible. Samples were then rinsed with DCM, dried with N and analyzed.

7.4 SWNTs-COOH synthesis and surfactant free treatment

Adapting a protocol from Osorio et al. to a sample of 0.1 g SWNTs from Tuball, Inc
(Columbus, OH) was added a 30 mL solution of concentrated H>SO4: HNO3 (3:1) in a 100 mL
RBF.?*? The mixture was stirred for 20 h at room temperature. The solution was filtered, and

the acid was treated with NaOH (1 M) until neutralized. The collected nanotubes were then
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washed several times with MilliQ water. Water was added until a pH of 5 was reached. The
sample was then filtered outside the fumehood using a water aspirator and left to dry
completely. The now SWNTs-COOH were then placed in a 20 mL scintillation vial in a

desiccator for storage.

7.5 Langmuir Blodgett- ART combination

A USI-FSD-300 computer-controlled Langmuir trough with a Teflon coating and affective
area of 51.7 x 15 cm with a Wilhelmy balance surface pressure sensor was used. The system
was cleaned and calibrated using ultrapure water from an Elgastat UHQ-III system. The
average pressure was 25 mN/m for the sample with only the ART Ipt 1 monolayer, and 15.79

mN/m for the ART surface with already aligned CNTs.

7.6 Other Nanostructures for Alignment with ART: NWs, GNRs, and MWNTs

ZnO nanowires were purchased from Sigma-Aldrich, Canada, with a diameter X length
of 90 nm X 1 um. First, 5 mg of ZnO NWs were dissolved in 20 mL IPA and sonicated for 1
min before use. AlxO3 nanowires were purchased from Sigma-Aldrich, Canada, with a
diameter X length of 2-6 nm + 200-400 nm. Smg Al,O3; NWs was dissolved in 20 mL IPA and
sonicated for 1 min before using. Silica slide wass placed in a solution of ZnO/Al>O3 NWs and
left for 24 h at room temperature, covered. The same treatment occurred for a sample of
graphene quantum dots (GQDs) (1% SDS/SC aqueous solution — same as the one used for
SWNTs dispersion, Nanolntegris Inc). GQDs were donated by the Nano/Micro-Systems
Research Laboratory (Prof Yavuz, University of Waterloo). The same dissolution occurred
with the graphene nanoribbons (GNRs). Two sets of GNRs were tested for deposition: One set
of pristine nanoribbons was donated from Prof Chalifoux group (University of Nevada)
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fabricated using their synthesis method (bottom-up approach).?*!*!* The other reduced GNRs
(1% 1in surfactant solution) and oxidized GNRs in water (unknown concentration) were
obtained from the Professor Yu group (University of Waterloo) fabricated from CheapTubes
Inc using a top-down approach.3!%316

The MWNTs of two different diameters, 8 nm and 10-20 nm (Sigma-Aldrich, ON)
were used and compared. It was found that there was a low density and level of alignment for
MWNTs with 24 h of deposition time, so the method was tested for 24 h, 48 h and 72 h of
deposition time instead, with a MWNT concentration of 0.01 mg/mL maintained.
7.7 Characterization of ART substrates
7.7.1 Atomic Force Microscopy
7.7.1.1 Tapping mode

Samples were taken as is and topography and height measurements of the carbon
nanotube surfaces were acquired using a Veeco Dimension 3100 Atomic Force Microscope
operating in intermittent contact (tapping) mode under atmospheric conditions (Veeco Inc.,
from the WATLab at the University of Waterloo). Scans were performed with Budget Sensors
TAP150G intermittent contact cantilever, with spring constant of k = 5 N/m, resonance
frequency f = 146 kHz. Alternatively, a Bruker Dimension FastScan AFM (Quantum
Nanofabrication Clean Room, Quantum Nano Center, Waterloo, ON) was also used. The
NanoFab AFM scans were performed with a ScanAsyst-Air silicon tip on nitride lever Bruker
AFM probe using tapping mode, consisting of k = 0.4 N/m with /= 70 KHz. For AFM images
obtained at NIMS, an AFM5200S Hitachi scanning probe microscope with an Al coated

cantilever, f= 140 KHz, k=17 N/m was used.
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7.7.1.2 Conductive mode

The instrument was a Cypher ORCA electrical AFM (Asylum Research, Inc.) that used
a Ti/Ir (5/20) coated tip (f = 73.5 KHz). Sample was glued onto a substrate surface using 200
Silver Paint (Pella, Inc.) and placed with a magnet to ensure conductivity within the sample

surface. The voltage applied ranged from 0.5 V-2 V to create the high-resolution micrographs.

7.7.2 Scanning electron microscopy

Additional micrographs were imaged with a Zeiss Ultra Plus Scanning Electron
Microscope (Carl Zeiss Microscopy GmbH, Germany) with In-lens secondary electron
detector (5 kV, WD =9 mm). The system vacuum was 1.5 x 10~ mbar with Schottky filament,
and stigmation was corrected for with every new sample. For the sample substrates at NIMS,
aJeol ISM-6010LA was used with 1 kV secondary-electron detector (WD=3-4, 10 pA filament

current).

7.7.3 X-Ray Photoelectron Spectroscopy

Briefly, X-ray photoelectron spectroscopy was conducted using a Thermo-VG
Scientific ESCALab 250 Microprobe and a monochromatic Al Ka source (1486.6 ¢V) with
CasaXPS software to attempt to obtain characteristic information on the binding of the iptycene
with the Si0; surface. All that was observed was that the PO peaks (P2p) overlapped with SiO2
and therefore, XPS cannot be used to confirm the concentration of iptycenes on the surface.

Perhaps with the ITO or Al,O3 surfaces this would be revisited.

7.7.4 UV-vis spectroscopy

On an Agilent 8453 spectrometer with the assistance of Dr. Anand Lopez (Juewen Liu
Lab), the sapphire functionalized wafers were attempted to be charactires through UV-vis
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absorption spectroscopy. The sample (blank or functionalized) was pinned to a glass
microscope slide. Before measurement, a clear and cleaned microscope slide was used as a
blank so that only the sample would contribute to absorbance. The absorbance spectrum of
each sample was measured using an Agilent 8453 spectrometer scanning from 190 nm to 1100

nm.

7.7.5 Ellipsometry
The Woollam M-2000DI ellipsometer (J.A. Woollam Co.) was used to calculate the film

thickness for the standard ART with molecule 1. The sample surface was mapped through 7
spotsona 1 cm x 1 cm wafer. The control layer #1 was a UV-Os cleaned SiO> wafer originating
from the same mother wafer as the functionalized sample and had an SiO: thickness of 1.73
nm. The iptycene functionalized layer (Layer #2) was approximated using a Cauchy formula

with an average thickness of 1.58 nm, MSE of 2.69.

7.7.6 Raman Spectroscopy

Characteristic nanotube stretches in the radial breathing region were found using laser
light (533 nm, green 25% laser filtering; 633 nm, red 50% laser filtering) with a He-Ne laser
using a Horiba Jabin Yvon HR800 Raman spectrometer with Olympus BX41 Microscope
(Professor X. S. Tang at University of Waterloo) in the backscattering configuration, with a
spectral resolution of 0.3 cm™. All measurements were performed at room temperature in
ambient atmosphere with a laser power of 1 mW and spectra were recorded with an exposure
time of 5 s and summed over 5 accumulations. The same parameters were used for mapping
over a 30 um x 30 um with a step size of 1.6 um (x and y). The accumulations increased to 10

for the 15 um x 15 um mapping area of ten-minute sonicated SWNTs samples. The beam was
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focused on the samples with a 20x microscope objective and a numerical aperture of 0.4.
Raman spectra were processed with smooth despiking using LabSpec 6 Spectroscopy software.
The minimum power for which a signal could be measured was limited by the signal to noise
resolution of the detector in the spectrometer. The peak positions, full-widths-at-half-
maximum (FWHMs) and integral intensities were determined by fitting the spectrum profiles
with Lorentzian functions in OriginPro 2016/2020. The repeatability of the surface features
and trends was verified by measuring at different areas on the sample. At NIMS, the Raman
spectrometer was either from the Namiki Foundry Horiba Jobin-Yvon T64000 at 532 nm, 100x
objective or from the Tsukagoshi lab Tokyo Instruments Raman at 532 nm, 100x objective

lens and 1800 grooves/mm grating.

7.7.6.1 Diameter and Chirality assignments

A
CURBM = d_t+B

Where A =248, B= 0 for the relation of wgpy < di . These values have been shown to be
t

accurate for single SWNTs on silicon.®?

Chirality assignments were conducted following available data by Kataura,** Weisman,?*

Jorio,®? Sato’? and Reich.”® In principle:

1. The average diameter of tubes was identified by contacting the source manufacturers

2. Experimental Raman data was obtained at either red (632 nm), green (532 nm) or
both laser excitations

The RBM region was peak deconvoluted
Diameter values were calculated

Vertical and horizontal lines were drawn on the experimental Kataura plot

AN

The RBM frequency, diameter and excitation energy were matched along with the
experimental plot and tables to identify nanotube family branches
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7.7.7 Alignment Data Analysis

The SEM and/or AFM tiff images were processed for length and angle using ImageJ software.

Gwyddion software was used for processing .ibw files and converting to tiff in some occasions.

Measurement scales were in pm. Standard deviation was calculated from all the angles using

excel STDEV.P. If the SD of the binned data is taken instead, the SD will be significantly

lower, so all the individual angles were considered in the calculation in this work. The process

is outlined in Figure 7-2. The SEM was either a Zeiss Ultra (WatLab, University of Waterloo)

oraJoel JSM 6700LA HR-SEM at NIMS (Mitome Lab, NIMS). The AFM was either a Hitachi

AFMS5000IT (Sasaki Lab, NIMS), Asylum MFB-3D Origin (Tanaguchi Lab, NIMS), Bruker

Dimension FastScan (QNFAB, Waterloo) or DI Nanoscope [V AFM (Watlab, Waterloo).

a)
! ]
fx: 0,=30°
%
.o, Nanotube end
* . _ °
s Ex:6,=84 . (end point)
o Ex:8=32° Bottom of the
. image file
Bottom of the Ex: ©,=31°
image file

Nanotube end
(start point)

Histogram created in 10° bin sizes
Then average distribution set as 0°

Ex: Bin range 30° is average (31°), so set to 0° and then ©,is +50 ° away from average alignment

Cannot measure as cannot

confirm how they end

Sindividually; starting

Figure 7-2. a) Diagram to illustrate how the angles and lengths were tabulated on ImageJ b) Sample AFM image to
represent data analysis of CNTs with indications as to what kinds of tubes were not considered in the calculation.
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7.8 Synthesis

Thin Layer chromatography (TLC) analysis was completed on alumina-backed plates
pre-coated with Silica Gel 60 (250 um). Glassware was dried in the oven (100°C) prior to use.
To visualize compounds, the TLC plates were placed under a UV lamp with a wavelength of
254 nm. Flash column chromatography was performed with silica gel particle size 20—-63 or
40-63 (two different types) (mesh 230-400) supplied by Silicycle® using a CombiFlash
R1f2001 system (Teledyne Isco.) or performed manually in a glass column. Anhydrous solvents
were obtained from a JC Meyer Solvent Dispensing System. Organic solutions were dried over
MgSO4 and concentrated under reduced pressure at 40°C and when removing toluene or
xylenes the temperature was set to 80°C. Starting materials, reagents and any other
commercially available chemicals were provided by Sigma-Aldrich unless otherwise noted.
FT-IR analysis was conducted using a Perkin Elmer Spectrum Two provided by the University
of Waterloo Organic Chemistry Teaching Lab (Science Teaching Complex) in which the
sample could be placed neat on the crystal or dropcast in acetone. NMR data were obtained
with a Bruker AVANCE 300 or Bruker AC300 (both 300 MHz for 'H) NMR spectrometers.

Synthesis of cis-1,4-dichloro-2-butene (2) CAS 1476-11-5

CI—/:\—CI

7 and Hanik®'® was used.

To synthesize 2, an adapted procedure by Brandsma’!
Synthesis of compound 2 was achieved by adding thionyl chloride (32.7 mL, 53.3g, 448 mmol)
dropwise to cis-1,4-butene-diol (28.2 g, 320 mmol) and pyridine (0.51 g, 6.4 mmol) in a round
bottom flask over a period of 45 minutes. Upon the addition of thionyl chloride, the solution

turned black and gas evolution occurred. The solution was left to react for 25 minutes. The

mixture was then immediately purified by fractional vacuum distillation to obtain 2 in a 70%
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yield (25.0 g, 224 mmol) as a clear liquid. The compound eluted at a temperature range of 80-
85°C. Literature cites that the compound can be isolated at approximately 45°C/ 10 mm Hg.3"”
The yield for the reaction ranged from 50-80% depending on the quality of the thionyl chloride.
Rf: 0.77 (10% DCM/Hexane), 'H NMR (300 MHz, CDCls, 7.26 ppm): & = 5.84 — 5.87 (dt, 2
H,J=1.6 Hz, 6.5 Hz), 4.10 (dd, 4 H, J = 1.6 Hz, 6.5 Hz) and '*C NMR (75.5 MHz, CDCl;, &
77.0 ppm): & 128.7, 38.9. Spectral data observed matched literature values reported by

Hanik 3'®

Synthesis of 11,12-bis(chloromethyl)-9,10-dihydro-9,10-ethanoanthracene (3)

J
P

To synthesize 3, an adapted procedure by Hart et al. was used.*!” Compound 3 was

Cl

Cl

made through a Diels-Alder reaction of anthracene (1.94 g, 10.88 mmol) with cis-1,4-
dichlorobutene (8.16 g, 65.29 mmol) as solvent at 190°C for 48 h in an oven dried pressure
vessel. A Celite plug was used with chloroform as the solvent to filter out unwanted particles,
then purified by flash chromatography (10% DCM: Hex), R 0.19. White solid of 3 (90%, 9.79
mmol, 2.96 g). '"H NMR (300 MHz, CDCls, 7.26 ppm): § = 7.32 (m, 4 H), 7.16 (m, 4 H), 4.57
(brs, 2 H), 3.49-3.46 (dd, 2 H, J=4.7 Hz, 10.7 Hz), 2.83-2.89 (t, 2 H, J=10.7 Hz), 1.53 (m,
2 H). 3C NMR (75.5 MHz, CDCls, § 77.0 ppm): & 142.7, 125.6, 123.8, 31.6, 22.7, 14.1. FTIR
(em™): 3100-3000 cm! (C-H, sp?), 2999-2923 cm™! (C-H, sp®). Spectral data matched those
reported by Hart et al.>'” When upscaling the reaction, often the anthracene could be recovered
as white crystals and re-used. Trans-1,4-dichlorobutene was also used as purchased from

Sigma-Aldrich in 95% purity and gave the trans-product. It is possible to also recover the 1,4-
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dichlorobutene through vacuum distillation as a clear liquid. The remaining black solid can
then been purified through flash chromatography to obtain the product.

Synthesis of (9s,10s)-11,12-dimethylene-9,10-dihydro-9,10-ethanoanthracene (4) CAS

36439-82-4

To synthesize 4, an adapted procedure by Hart et al. was used.’!” Under an inert

atmosphere, compound 3 (0.26 g, 0.87 mmol) was treated with 3 equivalents of potassium tert-
butoxide (0.29 g, 2.6 mmol) in a 3:1 ratio of dimethyl sulfoxide to tetrahydrofuran anhydrous
solvent mixture for 48 hours. Upon addition of potassium tert-butoxide, the solution became
dark purple in color. The reaction was quenched with ice water and liquid-liquid extraction
was done with brine extract and ethyl acetate (1:1) to purify. The organic layer was
concentrated on a rotary evaporator to produce an off-white powder. The product was purified
further by flash chromatography (10% DCM, 90% Hex) to produce 4 (70%, 0.12 g, 0.73 mmol)
as a white powder, Rf: 0.25 (10% DCM/Hex). 'H NMR (300 MHz, CDCls, 7.26 ppm): & =
7.31 (m, 4 H), 7.12 (m, 4 H), 5.29 (s, 2 H), 5.12 (s, 2 H), 4.86 (s, 2 H). *C NMR (75.5 MHz,
CDCls, & 77.0 ppm): & 143.9, 141.8, 126.3, 123.3, 105.3, 55.3. Spectral data matched those

reported by Hart et al.>!”
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Synthesis of (7aS)-5,5a,6,7a,8,9,14,15,15a,17,17a,18-dodecahydro-5,18:9,14-
bis([1,2]benzeno)heptacene (5) CAS 103960-19-6

To synthesize 5, an adapted procedure by Hart et al. was used.>!” All glassware was
oven dried the day before. A solution of diene 4 (0.71 g, 3.1 mmol, 2.0 equiv.) and 1,2,4,5-
tetrabromobenzene (0.30 g, 4.65 mmol, 1 equiv.) in 12 mL dry toluene under argon in an ice
bath was prepared. Then, 2 equiv. n-butyllithium (2.91 mL, 0.465 mmol) in hexanes (1.6 M)
was added drop wise over the course of 60 minutes. The reaction was then removed from the
ice bath to bring then temperature to ~ 22°C. The clear, yellow solution was stirred overnight,
then quenched with 20 mL of water. The mixture was stirred for 30 min, then poured into 150
mL of ice-water to form precipitate. The resulting precipitate was filtered, then liquid-liquid
extracted with water and ether (1:1) to give colorless 5 (0.56 g, 67% yield), Rf: 0.33 (40%
DCM, 60% Hexanes). '"H NMR (300 MHz, CDCls, 7.26 ppm): & = 7.30 (m, 8 H), 6.90-6.94
(m, 8 H), 6.78 (s, 2 H), 4.82 (s, 4 H), 3.54 (s, 8 H). *C NMR (75.5 MHz, CDCls, & 77.0 ppm):
0 146.0, 139.8, 131.2, 125.5, 124.4, 123.8, 31.6, 22.7. Spectral data matched those reported by

Hart et al.>"®
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Synthesis of compound 5,9,14,18-Tetrahydro-5,18[1',2']:9,14[1",2"']-
dibenzenoheptacene (6) CAS 87207-48-5

To synthesize 6, an adapted procedure by Hart et al. was used.*!” A solution of 5 (0.20
g, 0.37 mmol) in 30 mL xylenes containing 0.25 g 2,3-dichloro-5,6-dicyano-1,4-benzoquinone
(DDQ) was heated at 60°C to reflux for 48 hours under argon. The hot solution was filtered
and then a liquid-liquid extraction was performed with brine extract and dichloromethane (1:1)
to give 60 mg of 6 as an off-white solid. The xylenes filtrate residue was extracted with brine
extract and dichloromethane as well to give a light brown residue containing an additional 68
mg of 6. The fractions were combined to yield 0.128 g of 6 (65%). '"H NMR (300 MHz, CDCls,
7.26 ppm): & = 8.05 (s, 2 H), 7.78 (s, 4 H), 7.40 (m, 8 H), 7.01 (m, 8 H), 5.45 (s, 4 H). °C
NMR (75.5 MHz, CDCl;, 6 77.0 ppm): & 144.3, 140.6, 130.4,125.6, 125.0, 123.8, 121.3 53.6.

Spectral data matched those reported by Hart et al.>!’
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Synthesis of compound tetraethyl (5,7,9,14,16,18-hexahydro-5,18:9,14-
bis([1,2]benzeno)-7,16-ethenoheptacene-25,26-diyl)bis(phosphonate) (IptP(O)(OEt)2; 1)
CAS 2243418-92-8

To synthesize 1, an adapted procedure by Selmani and Schipper was used.!* In a
pressure vessel, compound 6 (0.11 g, 0.21 mmol) was refluxed in toluene (anhydrous), at
200°C for 5 days with bis(diethoxyphosphoryl)acetylene (0.12 g, 0.41 mmol, 0.10 mL) to yield
compound 1 (23%, 0.04 g, 0.048 mmol). Compound was purified using flash chromatography
Rf: 0.1 (95% EtOAc: 5% MeOH) '"H NMR (300 MHz, CDCls, 7.26 ppm): = 7.31 (m, 8 H),
7.20 (m, 4 H), 6.90 (m, 4 H), 6.85 (m, 4 H), 5.55 (t, 2 H, J = 7.2 Hz coupling to *'P), 5.23 (s,
4 H), 3.90 (m, 8 H), 1.18 (t, 12 H, J = 7.6 Hz). Rf 0.1 (5% MeOH: EtOAc). *C NMR (75.5
MHz, CDCl3, 6 77.0 ppm): 6 156.2 (d, J = 10.2), 146.7, 144.1, 142.1, 140.9, 124.8, 122.9,
118.9, 61.8 (t, J = 3.6 Hz), 53.5 (t, J= 10.2 Hz), 52.7, 15.9 (t, J = 3.6 Hz). *'P NMR (121.5
MHz, CDCl3, 6 0.00 phosphoric acid external standard): 6: 18.30. Spectral data matched those

reported by Schipper.'#’
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Synthesis of tetraethyl 9, 10-dihydro-9,10-ethenoanthracene- 11,12- diyl-diphosphonate

(8) CAS: 114071-16-8

To a solution of anhydrous toluene with anthracene (3 equiv., 1.00 g) in a 50 mL
pressure vessel was added bis(diethoxyphosphoryl)acetylene (1 equiv.) for 5 days in a 160°C
sand bath.?*¢ Solution was left to cool and solvent was removed in vacuo. Majority of the
excess anthracene was removed by trituration with methanol. Compound was purified by flash
chromatography to obtain the target molecule 8 in a 48% yield as a clear oil (100% EtOAc).
Rf:0.2. '"HNMR (300 MHz, CDCls, 7.26 ppm): & 7.36 ppm (m, 4 H), 7.00 ppm (m, 4 H), 5.79
ppm (t, 2 H, J = 6.4 Hz coupling to *'P), 4.01 ppm (m, 8H), 1.24 ppm (t, 12 H, J= 7.4 Hz). 1*C
NMR (75.5 MHz, CDCls, & 77.0 ppm): & 151.6, 144.2, 126. 8, 123.4, 61.1, 55.3, 15.9. *'P
NMR (121.5 MHz, CDCl3, & 0.00 phosphoric acid external standard): & 15.06 ppm. Spectral
data matched those reported by Acheson. 246

Synthesis of Benzyl diethyl phosphonate (9) CAS: 1080-32-6

r_l({)
—-OEt
T o

1’247

Following a previous protoco a mixture of benzyl bromide (1.01 g, 5.8 mmol) and
triethyl phosphite (3.5 equiv., 20.4 mmol, 3.39 g) in 1,4-dioxane (75 mL) was refluxed until
the benzyl bromide was no longer visible on the TLC plate (100% Hex). Unreacted triethyl

phosphite was removed under vacuum and the product was extracted from the remaining
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residue using EtOAc and a 0.1 M NaCOs; wash. Organic layer was dried over MgSO4 and
concentrated to afford 9 (95%) as a clear oil. 'H NMR (300 MHz, CDCls, 7.26 ppm): § 7.30-
7.22 (m, 5H),3.96 (q,4 H,J= 6.7 Hz), 3.13-3.07 (m, 2 H), 1.31 (t, 6 H, J= 6.7 Hz). *C NMR
(75.5 MHz, CDCl3, 6 77.0 ppm): 6 131.8, 131.5, 129.8, 129.7, 128.9, 128.7, 126.8, 126.8, 62.1,
62.0, 34.6, 33.5, 16.3, 16.3. *'P NMR (121.5 MHz, CDCls, § 0.00 phosphoric acid external
standard): & 27.60 ppm. Spectral data matched those reported by Saltiel. >4

Synthesis of Compound 5,7,9,14,16,18-hexahydro-5,18:9,14-bis([1,2]benzeno)-7,16-
ethenoheptacene-25,26-dicarboxylate (22) CAS: 131760-73-1

In order to obtain 22, compound 6 (8.8 mg, 0.017 mmol) was dissolved with toluene in
an oven dried pressure vessel at 110°C with dimethyl acetylenedicarboxylate (DMAD) (8.68
mg, 0.06105, 8 pL) for 48 hours using an adapted procedure from Bouffard et al.*>° The
mixture was rotary evaporated and purified by flash chromatography (40% DCM/Hexanes)
yielding 22 as a white solid (71%, 8.2 mg, 0.012 mmol). Rf: 0.38 (40% DCM: Hex), 'H NMR
(300 MHz, CDCl3, 7.26 ppm): 6 7.32 — 7.30 (br s, 4 H), 7.28 (t, 4 H, J=3.7 Hz), 7.20 (t, 4 H,
J=3.7Hz), 6.94 (t,4 H, J=3.5 Hz), 6.82 (t,4 H, J= 3.5 Hz), 5.24 — 5.22 (br s, 6 H), 3.66 (s,
6 H). 3C NMR (75.5 MHz, CDCls, § 77.0 ppm): & 165.9, 147.3, 142.8, 141.3, 125.1, 123 .4,
123.4,119.7,76.6, 53.9, 52.2. FTIR (cm™): 3065-3014 (C-H, sp?), 2952-2857 (C-H, sp®), 1709

(C=0).
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Synthesis of Compound (IptCOOH;12) CAS: N/A

The synthesis of 12 was performed using an adaptation of published procedures by
Bouffard et al.>? Compound 12 was made by adding 10.0 equiv. of lithium hydroxide (LiOH)
to 22 (8.2 mg, 0.012 mmol) and refluxing in a solvent mixture of 3:1, methanol to water
overnight. The resulting mixture was then chilled and stored at 10°C for several hours to obtain
12 (46%, 3.6 mg, 0.0056 mmol) as a white precipitate. Rf: 0.35 (40% DCM: Hex). 'H NMR
(300 MHz, CDCl3, 7.26 ppm): 6 7.42 (br s, 4 H), 7.39-7.35 (m, 4 H), 7.32-7.29 (m, 4 H), 6.95-
6.92 (d, 4 H, J=4.7 Hz), 6.86-6.84 (d, 4 H, J= 4.7 Hz), 5.79 (s, 2 H), 5.28 (s, 4 H). 3*C NMR
(75.5 MHz, CDCl3, 6 77.0 ppm): 6 167.8, 144.9, 143.3, 140.6, 125.2,125.1, 123.5, 123.0, 53.9,
29.7. HR-MS (ESI): (+) Performed in 1:1 MeOH: H>O + 0.1 % Formic Acid. Calculated for
Ca6H2004 [M+H]" 645.20604, found 645.20591; calculated for CisH200s4 [M+NH4]"
662.24504, found 662.23255 (likely NH4 adduct). Recheck with negative ESI (-) Performed in
1:1 MeOH: H,O+0.1 % NH4OH. Calculated for CisH2704 [M-H] 643.19039, found
643.19135. FTIR (cm™): 3419 (-OH), 3061-3020 (C-H, sp?), 2922-2853 (C-H, sp’), 1709
(C=0).

Synthesis of compound dimethyl 9,10-dihydro-9,10-ethenoanthracene-11,12-
dicarboxylate (23) CAS 1625-82-7
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Compound 23 was made by using an adapted method of published procedures.?°
DMAD was purified before use by vacuum distillation, then added (3.24 g, 22.80 mmol, 2.79
mL) to a pressure vessel containing anthracene (3.25 g, 18.24 mmol) and dried with Ny, for
half an hour. This step was followed by the addition of 10 mL of toluene and the mixture was
refluxed for 3 days at 180°C. The toluene was removed using a rotary evaporator and the solid
was recrystallized in methanol to purify. Upon filtration of recrystallized product, 23 was
obtained as a white solid (92%, 5.36 g, 16.73 mmol). Rf: 0.84 (80% EtOAc, 20% Hexanes),
'H NMR (300 MHz, CDCl3, 7.26 ppm): § = 7.38-7.35 (m, 4 H), 7.02-6.99 (m, 4 H), 5.46 (s, 2
H), 3.77 (s, 6 H). 3C NMR (75.5 MHz, CDCl;3, § 77.0 ppm): & = 165.9, 147.0, 143.7, 125 .4,
123.8, 52.4, 50.9. Spectral data matched those reported by Bouffard.>*

Synthesis of 9,10-Dihydro-9,10-ethenoanthracene-11,12-dicarboxylic acid (15) CAS:
1625-81-6

The synthesis of 15 was performed using an adaptation of Bouffard et al.**° Compound
15 was synthesized by refluxing 23 (5.36 g, 16.73 mmol) with sodium hydroxide (6.69 g,
167.30 mmol) in a solvent mixture of 3:1 MeOH:water at 100°C. The reaction was left
overnight (14 h). The reaction was then cooled to room temperature, then placed in an 8-10°C
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environment (fridge) for 6 hours. A white solid appeared during the process. This precipitate
was filtered and washed with small amounts (5 mL x 3) of cold methanol. The precipitate was
redissolved in water and acidified with hydrochloric acid dropwise, measuring pH change
along the way and stopping at pH 1. Upon acidification, white precipitate emerged and was
filtered then vacuum pumped for several hours to yield 15 (94%, 4.87 g, 16.65 mmol). Rf: 0.15
(80% Ethyl acetate, 20% Hexanes), 'H NMR (300 MHz, de-DMSO, 2.50 ppm): § 7.46 — 7.40
(m, 4 H), 7.03-6.90 (m, 4 H), 5.54 (s, 2 H), 4.75-4.00 (br s, 2 H). 3C NMR (75.5 MHz, d¢-
DMSO, 6 39.5 ppm): & 167.1, 146.8, 144.8, 125.5, 124.1, 52.0. Spectral data matched those
reported by Bouffard.??’

Synthesis of 9,10-Ethenoanthracene-11-carboxylic acid, 9,10-dihydro-ethyl ester (24)
CAS: 147240-53-7

Following an adapted procedure by McNamara et al., 2014.2%° To a 50 mL single neck
round-bottom flask equipped with a magnetic stirrer and a condenser, was added anthracene
(0.50 g, 2.8 mmol), and ethyl propiolate (0.28 mL, 2.8 mmol). The solution was heated to
reflux for 7 days at 140°C, while keeping conditions under argon. After cooling to room
temperature, the reaction mixture solvent was removed by rotary evaporation. The crude
product was purified by column chromatography (100% hex gradually increased to 33%
EtOAC/Hex) to give the desired product 24: Rf: 0.34 (30% EtOAc/Hex), White powder, yield
0.06 g (8%). 'H NMR (CDCls, 300 MHz, 7.26 ppm): & = 7.85 (dd, 1 H, J = 1.8 Hz, 6.2 Hz),

7.38-7.29 (m, 4 H), 7.01-6.94 (m, 4 H), 5.67 (d, 1 H, J= 1.8 Hz), 5.23 (d, 1 H, J = 6.2 Hz),
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4.17 (q, 2 H, J=7.1 Hz), 1.26 (t, 3 H, J = 7.1 Hz). *C NMR (CDCl3, 75.5 MHz, & = 77.0
ppm): 6 = 164.8, 149.2, 145.3, 144.7, 144.4, 125.0, 124.9, 123.7, 123.5, 60.7, 51.6, 50.3, 14.3.
Spectral data matched those reported by McNamara.?

Synthesis of 9,10-dihydro-9,10-ethenoanthracene-11-carboxylic acid (16) CAS: 27649-

96-3

Following an adapted procedure by McNamara et al., 2014.2° To a 50 mL single neck
RBF with a stir bar and a condenser, was added 24 (0.06 g, 0.2 mmol), KOH (0.43 g, 7.66
mmol), EtOH (4.4 mL), and MilliQ H>O (6.6 mL). The solution was heated to reflux for 3 days
at 100°C. After decreasing the temperature to 22°C, the reaction mixture solvent was removed
by rotary evaporation. The residue was then filtered with Celite. Afterwards, the residue was
dissolved in basic water (adding sodium hydroxide to MilliQ water, 1 M NaOH). Compound
16 was precipitated by acidification (HCI, 2 M). The crude product was purified by column
chromatography (silica gel, 100% Hex increased to 1:9 EtOAc/Hex) to give the desired
product: Rf: 0.46 (10% EtOAc/Hex), White powder, yield 0.047 g (78%). '"H NMR (CDCls,
300 MHz, 7.26 ppm): 6 =7.97 (dd, 1 H, J=1.6 Hz, 6.3 Hz), 7.32 (m, 4 H), 6.97 (m, 4 H), 5.61
(d, 1 H,J=1.6 Hz), 5.25 (d, 1 H, J= 6.3 Hz). >*C NMR (CDCls, 75.5 MHz, § = 77.0 ppm): &
= 169.6, 152.4, 145.1, 144.0, 143.9, 125.1, 124.9, 123.8, 123.7, 51.8, 50.1. Spectral data

matched those reported by McNamara.>®
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Synthesis of 2-bromotriptycene (25) CAS: 20712-00-9

!
CTL g S

Following an adapted procedure by Yang et al.®! To a 250 mL three neck round-bottom

flask containing a magnetic stir bar and a condenser, was placed anthracene (1.00 g, 5.6 mmol)
and dry 1,2-dichloroethane (15 mL), the solution was heated to reflux. A mixture of 2-amino-
4-bromobenzoic acid (2.42 g, 11 mmol) in anhydrous THF (20 mL) and a solution of freshly
distilled isoamyl nitrite (1.9 mL, 14 mmol) in anhydrous 1,2-dichloroethane (20 mL)
simultaneously was added over 1 h, while keeping the content of isoamyl nitrite more than 2-
amino-4-bromobenzoic acid in the reaction mixture. The solution was refluxed for 22 h. The
solution was then cooled to room temperature, and then poured into water and extracted with
DCM. The combined extracts were washed with water and brine, dried over anhydrous MgSQOa,
and concentrated in vacuo. The crude product was purified using flash chromatography with a
5:95 DCM/Hex solution to give the desired product 25. White powder, 0.61 g (33%).'H NMR
(CDCls, 300 MHz, 7.26 ppm): & 7.54 (d, 1 H,J= 1.5 Hz), 7.39 (m, 4 H), 7.23 (d, 1 H,J=7.8
Hz), 7.13 (dd, 1 H, J = 1.5 Hz, 7.8 Hz), 7.02 (m, 4 H), 5.40 (d, 2 H, J = 4.6 Hz). '*C NMR
(CDCls, 75.5 MHz, 6 = 77.0 ppm): & 147.8, 145.0, 144.7, 144.7, 128.1, 127.1, 125.6, 125.6,

125.6,125.2,123.9, 123.8, 53.9, 53.8.
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Synthesis of 2-Triptycenylcarboxylic acid (17) CAS: 30086-25-0

UOLO

Following an adapted procedure by Hutchins et al., 2013.2%* 2-Bromotriptycene (0.61

g, 1.8 mmol) was added to anhydrous THF (20 mL) and chilled to —=78°C in dry ice/acetone
for half-an-hour. Dropwise addition of n-butyllithium (4.58 mL, 1.6 M in dry THF, 7.3 mmol)
followed, and the reaction was kept at -78°C for 30 minutes. The solution was warmed to 0°C
for 20 min and then re-cooled to —78°C. After 30 min, dry ice was placed in a closed flask.
The COzg) was transported with a needle and bubbled into the solution at —=78°C over a 30 min
timeframe. The combination was then made acidic with the addition of 2 M HCI. The solution
was washed with water, extracted with EtOAc, and dried with Na;SO4. The sample was rotary
evaporated and the residue was purified using flash chromatography with Hex:EtOAc (10:1 to
6:1) to form 17 (0.18 g, 33%). "H NMR (CDCls, 300 MHz, 7.26 ppm): § = 8.09 (s, 1 H), 7.80
(d,1H,J=7.7Hz),7.47 (d, 1 H,J=7.7 Hz), 7.40 (m, 4 H), 7.02 (m, 4 H), 5.51 (s, 1 H), 5.50
(s, 1 H). C NMR (CDCls, 75.5 MHz, § = 77.0 ppm): 8 = 171.6, 151.4, 145.8, 145.7, 144.2,

128.1, 126.2, 125.5, 125.4, 124.9, 123.8, 123.8, 60.3, 54.1, 53.6.
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7.8.1 Attempted yet unsuccessful molecular synthesis

The following two procedures were also attempted, yet failed to recover/create the desired

y
LS

From 2-bromotryptycene (18), an attempted synthesis for the 2-

materials:

O/OJ
-0

diethylphosphonatetryptycene was conducted using Grignard chemistry following a protocol
by Volle et al using triethylphosphite.?’! However, the starting material was recovered,

indicating the reaction did not proceed. No further investigations followed.

The Ipt-phosphonothioate (19) was attempted by following a procedure by Kiyokawa
et al.?’® Lawesson’s reagent (97 mg, 0.24 mmol) was added to 1 equiv. (0.12 mmol) of
IptP(O)(OEt), in toluene (5 mL) and left to reflux under argon for 20 h.2’® Multiple TLC
compound spots were visible through various solvent eluent systems such as combinations of
EtOAc/Hex/MeOH/CHCI3/CH2Cl,. The reaction was concentrated in vacuo for analysis of the
crude mixture of only 15 mg and attempted on a substrate for ART. No further analysis

followed.
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7.9 Field-effect Transistor Fabrication and Testing
7.9.1 LED Photolithography Patterning

To an ART silicon substrate was applied OFPR-800 LB photoresist (Tokyo Ohka
Kogyo Co., Ltd.) at 5000 rpm/60 sec on an Opticoat Mikasa Spin Coater MSB100, and
immediately, the sample was baked at 90°C for 3 minutes. Sample was kept away from any
white light by wrapping substrate holder in aluminum. The samples patterned best when dried
in a vacuum chamber for minimum 3 h beforehand. Patterning occurred on an Olympus LEXT
OLSS5000 connected with ARMs-UTA-IITA UV LED patterning system. The range of values
for the exposure are were as followed: 90 pixel left side position, 140 pixel upper position,
1120 pixel width and 710 pixel height. The exposures for electrode patterning were done first
at 100 x to obtain a 1.5 um gap for the nanotubes to cross at 0.8 second exposure, then 20x
squares were patterned at 4-8 seconds exposure with minimum size of 50 pm such that the

electrodes could be deposited.

The patterning was first confirmed with exposure to safe red light, then white light.
Patterning was developed by immersing the sample in NMD-3 (tetramethyl ammonium
hydroxide, 2.85 %, Wako chemicals) solution for 25 sec and then immediately in MilliQ water
for 60 sec, then dried with Na). Samples were wrapped in aluminum foil to keep them in the
dark and stored under vacuum and submitted to the Namiki Foundry Clean Room (National
Institute for Materials Science, Tsukuba) for metal deposition with an e-beam heating vacuum
evaporator by ULVAC, Inc. within 24 hours. Samples were subjected to electron beam
deposition of 5 nm Ti and 50 nm of Au or 1 nm Cr/ 10 nm Pd/ 50 nm Au to form the electrodes.

Lift-off was performed in acetone at 45°C for 1-10 h with a ratio of 20 mL acetone/cm?. Sample

251



was cooled in the acetone beaker and then, as quickly as possible, rinsed with IPA for 30

seconds and dried with Ny(g). The process is depicted below in Figure 7-3.

I. ART surface with CNTs I. Spin-coating

Si0./Si OFPR-800 LB
\ CNT e 2

\

/

IIL. Exposure to red light (safe) IV. Exposure to white light

V. Development (NMD-3)

Figure 7-3. LED Photolithography patterning.

7.9.2 Electron Beam Lithography Patterning
The EBL patterning and lift-off was performed by the Namiki Foundry Clean Room staff

(National Institute for Materials Science, Tsukuba). The E-beam writer was an Elionix ELS-
7500 DEX using an electron acceleration voltage of 50 kV and a beam current of 600 pA. For
the large electrode pads, a 575 pC/cm? electron irradiation dose was used, whereas for the
smaller portions of the electrodes in contact with the CNTs, a 600 uC/cm? electron irradiation

dose was used. The positional resolution was 10 nm x 10 nm (x,y), corresponding to single
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pixel size. The irradiation time per pixel was 0.95 us for the 575 uC/cm? electron irradiation
doses and 1 ps for the 600 uC/cm? electron irradiation dose to limit charge on the electron

beam resist.

A 950 PMMA-A4 (MicroChem Corp.) patterning resist and Espacer-300Z (Showa
Denko K.K). top electric conductive layer were used. The 950 PMMA resist was spin coated
at 2000 RPM and dried at 180°C for 3 minutes. The Espacer 300Z was placed on the surface
after the PMMA back by spin coating at 2000 RPM and no additional baking. The Espacer
300Z was removed first after the patterning of the substrate by dipping in MilliQ H>O for 10-
15 s. The PMMA resist was removed in a 3:1 solution of methyl isobutyl ketone (MIBK): IPA
for 45 seconds then rinsed immediately with IPA for 30 seconds and dried under nitrogen. The
surface layer was connected to the sample holder (ground layer) using standard conductive
tape. The metals of 1 nm Cr/ 10 nm Pd/ 50 nm Au were deposited using an e-beam heating
vacuum evaporator by ULVAC, Inc. The metal lift-off was carried out in ZDMAC liquid and

then rinsed with IPA to create EBL CNTFET devices.

For both the top gate (TG) LED and EBL fabricated devices, a 20 nm Al>O3 dielectric layer
was applied through ALD (SUNALER-R-150 ALS, Picosun). The deposition occurred using
170 cycles of switching TMA and water at 200°C. The film thickness was confirmed using
spectroscopic ellipsometry (DekTak 6M, Bruker) to be 20.9 nm on a separate Si (100) sample

that was loaded with the device samples.
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7.9.3 Metal Deposition

Metals were deposited using a Eiko multi-pocket electron beam evaporator.
Example of the conditions used for the 1 nm Cr, 10 nm Pd and 50 nm Au deposition are

shown in Table 7-1 as provided by Namiki Foundry staff.

Table 7-1. Sample conditions for the metal electron beam deposition

) Targeted Pressure C . . Average
Layer Metal Thickness Rate Before Dep. urrent | Deposition D§p051t10n Rate
No. [nm] Amount [A] | Time [sec]
[A/s] [Pa] [mA] [A/s]
Cr 1 0.2 1.5x107 10 10 50 0.200
Pd 10 0.8 5.8x10°¢ 110 100 175.7 0.569
Au 50 1.0 2.0x10 250 500 540.7 0.925

7.9.4 Electrical Testing

The SWNT devices were characterized electrically on a Keithley 2636B system source meter
with Agilent 4284A for ambient testing (Tanaguchi Lab, NIMS) 20Hz-1MHz precision ICR
meter and Appoloware M20 micro positioners. Measurements were conducted in ambient
conditions at room temperature (20-24°C). Devices with CNTs connected between the source
and drain were first identified using HR-SEM. Testing in vacuum occurred with a Semi-auto
Agilent 4156C (Tsukagoshi Lab, NIMS) measurement system at room temperature. Vacuum
pressure was at ~ 1x10”° Pa. The bottom gate was constructed by either scratching the surface

or using conductive silver paste on the sides of the wafer adhering to a copper platform.

7.9.5 Probe-test

Using a 4200A SCS parameter analyzer, a sample of bare silica was tested with two-probes
touching the surface 1 mm apart to measure the resistance. Then, a sample with aligned

SWNTs from ART was measured with the probes 1 mm apart at different angles to observe
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the difference in conductivity. Based on the different angles, it was estimated this form of
testing could identify the overall alignment of the SWNTs. The results are shown in the
Appendix for Chapter 5, however, only one sample was tested. From the preliminary data, it
appears that varying the angle on a wafer of aligned SWNTs with ART does show a deference
depending on if the nanotubes are aligned or not, but further verification is required by

corroborating with AFM/SEM results and testing different samples with the probes.
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Appendix: Supplemental Data

Appendix Chapter 2

Sonication Experiments
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SFigure 2-1. AFM height data depicted in the right-hand side under vertical distance for the 10-minute
sonicated sample. In a), the height is double of what expected in Raman, likely due to increased surfactant
wrapping on the tubes due to the longer sonication time and exposure to surfactant molecules. In b) the
sample is shown on a 30 x 30 pm scale demonstrating the alignment of the tubes but also that the other tubes
are about 3 nm in height off the surface and that this observation is consistent across the sample surface.

The AFM tip also became blunt.
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SFigure 2-2. Results from repeating the S-minutes sonication treatment on ART. (5 mins sonic 01 from
Section 2.1.1.2)

STable 2-1. Results from repeating the S-minutes sonication treatment on ART-SiO: with 1/5CB.
*Conducted at National Institute for Materials Science, Tsukuba.

5-mins sonicated SD (°) | Aligned SWNTs (0 + 10°) %100 (%) Density (SWNTs/pm?)
sample Total SWNTs

-01 20.7 76.7 0.13

-02 (section 38.3 43.8 0.28

No LBL 30.0 55.7 0.25

(section 2.2.1)*

Device -01 (Chap 5)* | 25.9 61.9 0.35

Average 29.6 58.7 0.25
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Full Raman spectra (Including Si-calibration peak and G-band)
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SFigure 2-3. Raman spectrum at 632 nm of the 3x15 minutes sonicated sample in SWNTs-solution.
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SFigure 2-4. Raman spectrum at 632 nm of the 3x15 minutes sonicated sample in Milli-Q water.
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15 mins 1% SDBS ART
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SFigure 2-5. Raman spectrum at 632 nm of the 3x15 minutes sonicated sample in 1% SDBS aqueous
solution.
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SFigure 2-6. Raman spectrum at 632 nm of the 5 minutes sonicated sample in Milli-Q water. The very low
intensity was obtained for the G-band, which substantially decreased for the samples that were sonicated
in water longer.
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SFigure 2-7. Raman spectrum at 632 nm of the 5 minutes sonicated sample in toluene.

5 mins THF

1000

800

600

400 +

Intensity (a.u.)

200

S

T T T T T T T T T T
500 1000 1500 2000 2500 3000

Wavenumber (cm™)

SFigure 2-8. Raman spectrum at 632 nm of the 5 minutes sonicated sample in THF.
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5 mins DMSO
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SFigure 2-9. Raman spectrum at 632 nm of the 5 minutes sonicated sample in DMSO.
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SFigure 2-10. Raman spectrum at 632 nm of the 5 minutes sonicated sample in acetonitrile.
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5 mins Acetone
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SFigure 2-11. Raman spectrum at 632 nm of the 5 minutes sonicated sample in acetone.
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SFigure 2-12. Raman spectrum at 632 nm of the 5 minutes sonicated sample in chloroform.
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SFigure 2-13. Radial breathing mode region analysis for the dropcast 90% pure sc-SWNTs solution in the
red (633 nm) and green (533 nm) frequencies. The original raw RBM data is plotted alongside the fitted
data so that it is easier to observe. a) Green 533 nm normalized RBM spectrum for dropcast SWNTs on
silicon, b) Green 533 nm Lorentzian fitted peaks and generated cumulative fitted peak for dropcast
SWNTs, ¢) Red 633nm normalized RBM spectrum for dropcast SWNTs on silicon, d) Red 633 nm
Lorentzian fitted peaks and generated cumulative fitted peak for dropcast SWNTs.

281



—— Fit Peak 1
104 Fit Peak 2

—— Cumulative Fit Peak
84
ElRS Fl
& &
2 2
B 4 ko)
c c
2 2
£ £
24
04
-2 T T T 1 T T T 1
100 150 200 250 300 100 150 200 250 300
Raman Shift (cm™) Raman Shift (cm™)
c) d) ——FitPeak 1
74 8- — Fit Peak 2
— Fit Peak 3
6 —— Cumulative Fit Peak
54
S Py
s 4 3
[2]
s c
2 5]
£ 29 €
14
0+
14 =
1 -1 T T 1

T T T
100 150 200 250 300 100 150 260 250 300
Raman Shift (cm™) Raman Shift (cm™)

SFigure 2-14. Radial breathing mode region analysis for ART on silicon control sample that was not
subjected to any sonication red (633 nm) and green (533 nm) frequencies. The original raw RBM data is
plotted alongside the fitted data so that it is easier to observe. Data also matches numbers previously
reported for the red RBM region.'*’ a) Green 533 nm normalized RBM spectrum for non-sonicated SWNTs
on silicon with ART, b) Green 533 nm Lorentzian fitted peaks and generated cumulative fitted peak for
non-sonicated SWNTs on silicon with ART, ¢) Red 633nm normalized RBM spectrum for non-sonicated
SWNTs on silicon with ART, d) Red 633 nm Lorentzian fitted peaks and generated cumulative fitted peak
for non-sonicated SWNTs on silicon with ART.
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SFigure 2-15. Radial breathing mode region analysis for ART silicon sample that was subjected to S
minutes of sonication in red (633 nm) and green (533 nm) frequencies. a) Green 533 nm normalized RBM
spectrum for 5 minute sonicated SWNTs on silicon with ART, b) Green 533 nm Lorentzian fitted peaks
and generated cumulative fitted peak for 5 minute sonicated SWNTs on silicon with ART, ¢) Red 633nm
normalized RBM spectrum for 5 minute sonicated SWNTs on silicon with ART, d) Red 633 nm Lorentzian
fitted peaks and generated cumulative fitted peak for 5 minutes sonicated SWNTs on silicon with ART.
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SFigure 2-16. Radial breathing mode region analysis for ART silicon sample that was subjected to 10
minutes of sonication in red (633 nm) and green (533 nm) frequencies. a) Green 533 nm normalized RBM
spectrum for 10 minute sonicated SWNTSs on silicon with ART, b) Green 533 nm Lorentzian fitted peaks
and generated cumulative fitted peak for 10 minute sonicated SWNTs on silicon with ART, ¢) Red 633nm
normalized RBM spectrum for 10 minute sonicated SWNTs on silicon with ART, d) Red 633 nm
Lorentzian fitted peaks and generated cumulative fitted peak for 10 minutes sonicated SWNTSs on silicon
with ART.

284



Intensity (a.u.)

30000 ~

25000

20000

15000

10000

Avg. Intensity (a.u.)

5000

100

C) 200

80
60
40

204 |V

A
s

Raman Shi

A /\«J‘\w

N AV N .

74
300 1500

Raman Shift (cm™")

Avg. Intensity (a.u.)

Intensity (a.u.)

b)

200

150

100+

501 M \7
0 ”WW/\\IM)»
d) 200
100 Raman Sh
80 F
|
60 | \
40 ‘
20+ N «J \ Al
W \J\”‘J Wt Ny | %U\m Nﬂ J\J fﬁw \thmr\/ 1
o~ S\
VA
2(‘)0 16‘00 17‘00 18‘00

Raman Shift (cm™)

SFigure 2-17. Raman spectrum containing the RBM and corresponding G-Band to indicate
the presence of SWNTSs on the silicon surface at both excitation wavelengths. a) SWNTs only,
b) no sonication, ¢) 5 mins sonication, d) 10 mins sonication.
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LBL and LB Experiments

Measurement 1 of Nanointegris 90% sc-SWNTSs solution
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SFigure 2-18. The five scans of the first Zeta potential-Intensity plot for the nanotubes in the surfactant
solution, Average Zeta Potential(mV): -29.6, Average Mobility(cm?/Vs) -2.454E-4.

Measurement 2 of Nanointegris 90% sc-SWNTSs solution
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SFigure 2-19. The five scans of the second Zeta potential-Intensity plot for the nanotubes in the
surfactant solution, Average Zeta Potential(mV): -30.28, Average Mobility(cm?/Vs) -2.519E-4.
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Measurement 3 of Nanointegris 90% sc-SWNTs solution

50 T T T T T T T T T T T T T T T T T T
—— Scan1| |
40 4 — Scan2| |
—— Scan3
—— Scan4| ]
5 30 Scan5|
T /
>
‘o 204 i
[
2
=
10 4 | -
\f L /,x A
O;— SSD ~ —
-10 LI AL I EL N I L A |

— .
-100 -80 -60 -40 -20 0 20 40 60 80 100
Zeta Potential (mV)

SFigure 2-20. The five scans of the third Zeta potential-Intensity plot for the nanotubes in the surfactant
solution, Average Zeta Potential(mV): -30.03, Average Mobility(cm?/Vs) -2.499E-4.

Measurement 4 of Nanointegris 90% sc-SWNTSs solution
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SFigure 2-21. The five scans of the fourth Zeta potential-Intensity plot for the nanotubes in the surfactant
solution, Average Zeta Potential(mV): -28.3, Average Mobility(cm?/Vs) -2.355E-4.
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Measurement 5 of Nanointegris 90% sc-SWNTs solution
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SFigure 2-22. The five scans of the fifth Zeta potential-Intensity plot for the nanotubes in the surfactant
solution, Average Zeta Potential(mV): -29.67, Average Mobility(cm?/Vs) -2.469E-4.
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Filler Experiments

Diethyl phenylphosphonate (7) treated ART SiO, - Raman Spectra
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SFigure 2-23. Raman spectra in red and green wavelengths showing the RBM and G-band of the diethyl
phenylphosphonate (7) treated sample.

Filler 8 ART on SiO, - Raman Spectra
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SFigure 2-24. Raman spectra in red and green wavelengths showing the RBM and G-band of compound
8 treated sample.
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Diethyl Benzylphosphonate (9) treated ART SiO, - Raman Spectra
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SFigure 2-25. Raman spectra in red and green wavelengths showing the RBM and G-band of diethyl
benzylphosphonate (9) treated sample.

Phenyl Phosphonid acid (10) treated ART SiO, - Raman Spectra
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SFigure 2-26. Raman spectra in red and green wavelengths showing the RBM and G-band of phenyl
phosphonic acid (10) treated sample.

290



Appendix Chapter 3
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SFigure 3-1. — Characterization for IptCOOH — compound 12. a) 'H NMR (300 MHz, CDCl3,7.26 ppm): &
7.42 (br s, 4 H), 7.39-7.35 (m, 4 H), 7.32-7.29 (m, 4 H), 6.95-6.92 (d, 4 H, J = 4.7 Hz), 6.86-6.84 (d, 4 H, J =
4.7 Hz), 5.79 (s, 2 H), 5.28 (s, 4 H). 1.27 (water), 0.86 (hexanes), 0.07 (TMS) b) *C NMR (75.5 MHz, CDCls,
77.0 ppm): 167.8, 144.9, 143.3, 140.6, 125.2, 125.1, 123.5, 123.0, 53.9, 29.7. (low sample concentration) c)
FTIR neat (cm™): 3419 (-OH), 3061-3020 (C-H, sp?), 2922-2853 (C-H, sp?), 1709 (C=0). d) HR ESI MS of
compound 12 in anionic mode. Performed in 1:1 MeOH: H20 + 0.1% NH4+OH Calculated for CssH2004
[M-H] - 643.19039, found 643.19135; ¢) HR ESI MS of compound 12 in cationic mode. Performed in 1:1
MeOH: H:0 + 0.1% Formic Acid. Calculated for CsH2004 [M+H] + 645.20604, found 645.20591;
calculated for C46H2904 [M+NHa4] + 662.24504, found 662.23255.
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SFigure 3-2. — Characterization for compound 11, precursor to IptCOOH. a) '"H NMR (300 MHz, CDCI3,
7.26 ppm): 6 =7.32 —7.30 (br s, 4 H), 7.28 (t, 4 H, J=3.7 Hz), 7.20 (t,4 H, J = 3.7 Hz), 6.94 (t, 4 H, J = 3.5
Hz), 6.82 (t, 4 H, J = 3.5 Hz), 5.24 — 5.22 (br s, 6 H), 3.66 (s, 6 H), 1.54 (water). b) *C NMR (75.5 MHz,
CDCI3, 77.0 ppm): 165.9, 147.3, 142.8, 141.3, 125.1, 123.4, 123.4, 119.7, 76.6, 53.9, 52.2. ¢) FTIR neat (cm"
1): 3065-3014 (C-H, sp?), 2952-2857 (C-H, sp%), 1709 (C=0).
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b) 532 nm Dropcast SWNTSs on Al,O,
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SFigure 3-3— a) Red ( A= 632 nm) laser wavelength spectrum of the NanoIntegris Inc. 90% pure single-
walled carbon nanotubes dropcast on the TMA-ALD AlL:QOs treated silicon wafer, b) Green ( A= 532 nm)
laser wavelength spectrum of the NanoIntegris Inc. 90% pure single-walled carbon nanotubes dropcast on
the TMA-ALD ALOs treated silicon wafer. The silicon peaks dominate the spectrum and are used for
calibration purposes.
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SFigure 3-4. a-Al203 500 x 500 nm before UV-Ozone.
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SFigure 3-5. a-Al203 500 x 500 nm after UV-Ozone.
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SFigure 3-6. UV-vis on blank sapphire and IptCOOH treated sapphire indicating too much scattering.
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SFigure 3-7. Resulting crude NMR spectra for the attempted synthesis of compound 19 a) 'H proton, b)
13C NMR. Both starting materials of 1 and Lawesson’s reagent have some peaks present, alongside other
impurities and possibly 19. Sample should be revisited and purified further.
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Appendix Chapter 4

SWNTs-COOH
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SFigure 4-1. Additional IR of the treated vs. untreated SWNTs testing if the carboxylic acid carbonyl stretch

is there.
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Dispersion test
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SFigure 4-2. The Tuball brand SWNTs UV-Vis analysis spectrum. The UV-visible spectrum was also
collected for the raw untreated SWNTs (Supplemental Data) by Heebong Yang of the Quantum
Innovation (QulN) laboratory (Prof Kim Lab) at the University of Waterloo to compare the findings.
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SFigure 4-3. AFM topography height data for SWNTs-COOH treated with ART in water.
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Untreated SWNTs Dropcast Raman Data
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SFigure 4-4. Full spectrum of Tuball SWNTs dropcasted on Si using a red laser.
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SFigure 4-5. Cumulative fit peak data of RBM region in the red laser wavelengths.
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532 nm Untreated SWNTs Dropcast
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SFigure 4-6. Full spectrum of Tuball SWNTs dropcasted on Si using a green laser.
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SFigure 4-7. Cumulative fit peak data of RBM region in the red laser wavelengths.
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Untreated SWNTs with ART

—— 632 nm SWNTs Untreated ART
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SFigure 4-8. Full spectrum of ART + Tuball brand SWNTs on Si using a red laser.
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SFigure 4-9. Cumulative fit peak data of RBM region in the red laser wavelengths with ART.
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532 nm SWNTs Untreated ART
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SFigure 4-10. Full spectrum of ART + Tuball brand SWNTs on Si using a green laser.
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SFigure 4-11.Cumulative fit peak data of RBM region in the green laser wavelengths with ART.
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The treated SWNTs (SWNTs-COOH) Dropcast Raman Data
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SFigure 4-12. Full spectrum of SWNTs-COOH dropcast on Si using a red laser.

SFigure 4-13. Cumulative fit peak data of RBM region in the red laser wavelengths for SWNTs-COOH

dropcast on Si.
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—— 532 SWNTs-COOH Dropcast Si
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SFigure 4-14. Full spectrum of SWNTs-COOH dropcast on Si using a green laser.
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SFigure 4-15. Cumulative fit peak data of RBM region in the green laser wavelengths for SWNTs-COOH
dropcast on Si.
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Alignment Relay Technique + SWNTs-COOH

i Raman Data in Red and Green Laser Wavelengths for the surfactant dispersed SWNTs-
COOH/ ART

—— 632 nm SWNTs-COOH in Surfactant ART
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SFigure 4-16. Full spectrum of SWNTs-COOH on ART surface on Si using a red laser in surfactant.
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SFigure 4-17. Cumulative fit peak data of RBM of ART treated SWNTs-COOH region in the red laser
wavelengths in surfactant.
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532 nm SWNTs-COOH in surfactant + ART
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SFigure 4-18. Full spectrum of ART treated SWNTs-COOH on Si using a green laser in surfactant.
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SFigure 4-19. Cumulative fit peak data of RBM region in the Green laser wavelengths for ART treated
SWNTs-COOH in surfactant.
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Raman Data in Red and Green Laser Wavelengths for the water dispersed SWNTs-
COOH/ ART

632 nm SWNTs-COOH in Water + ART
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SFigure 4-20. Full spectrum of SWNTs-COOH on ART surface on Si using a red laser in water.
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SFigure 4-21. Cumulative fit peak data of RBM of ART treated SWNTs-COOH region in the red laser
wavelengths in water.
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532 nm SWNTs-COOH in MilliQ + ART
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SFigure 4-22. Full spectrum of SWNTs-COOH on ART surface on Si using a green laser in water.
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SFigure 4-23. Cumulative fit peak data of RBM of ART treated SWNTs-COOH region in the green laser
wavelengths in water.
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SWNTs-COOH dispersed in water, ART results
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Degrees away from average alignment (°)

SFigure 4-24. Comparison of degrees away from average alignment for the data at different
concentrations (wt/v) of the SWNTs-COOH in water. The 4 % had the higher number of nanotubes from
the samples tested so it was chosen for further analysis.
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SFigure 4-25. Full spectrum at 532 nm wavelength for the sample of longer SWNTs dropcat on Si.
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Smaller diameter SWNTs

Green Kim Lab SWNTs, dropcast, 632 nm
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SFigure 4-26. Spectrum of smaller diameter green SWNTSs dropcast on Si using a red laser.
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SFigure 4-27. RBM deconvoluted peaks of the smaller diameter green SWNTSs dropcast on Si using a red
laser.
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Green Kim Lab SWMNTs - dropeoast on Si, 532 nm
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SFigure 4-28. Spectrum of smaller diameter green SWNTSs dropcast on Si using a green laser.
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SFigure 4-29. RBM deconvoluted peaks of the smaller diameter green SWNTs dropcast on Si using a
green laser.
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532 nm Purple SWHNTs dropcast
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SFigure 4-30. Spectrum of smaller diameter purple SWNTs dropcast on Si using a red laser.
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SFigure 4-31. RBM deconvoluted peaks of the smaller diameter purple SWNTs dropcast on Si using a
red laser.
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Pumle 3WHNTs, dropcast on Si, 632 nm
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SFigure 4-32. Spectrum of smaller diameter purple SWNTs dropcast on Si using a green laser.
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SFigure 4-33. RBM deconvoluted peaks of the smaller diameter purple SWNTs dropcast on Si using a
green laser.
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Bottom-up synthesized GNRs Raman
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SFigure 4-35. The results are shown what could possibly be a very small rGNR however,
the sample should have much larger ones of the surface.
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MWNTs
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SFigure 4-36. Dropcast of MWNTs on the surface of Si, both diameters (samples M1 and M2).
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SFigure 4-37. Possible graphene flakes on ART surface, height measured to be 5 nm.
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Appendix Chapter 5

(10, 3) sc-SWNT dropcast on Si 514 nm G-band
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SFigure 5-1 Raman of (10,3) sc-SWNTs, G-band and RBM region.

sc-SWNTs mixture Kataura 513 nm full dropcast on Si
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SFigure 5-2. Raman of the mixture of sc-SWNTs, G-band and RBM region
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SFigure 5-3. Sigma Aldrich high purity SWNTs also used for the annealing studies but not further
pursued for the ART treatment.
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SFigure 5-4 Raman at 532 nm of the iptycene monolayer only after annealing for 300°C for 12 h.
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Ipt monolayer device |, Resistance Test Ipt monolayer device Il, Vg, =1V
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SFigure 5-6. Marked substrate of Ti/Au after undergoing 600°C annealing, a) optical microscope,
b-d — HR-SEM at different resolutions.
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CNTFET 3 - Resistor test, No anneal

b)

CNTFET 3 - Resistor test, 300 °C Anneal, 1 hr
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SFigure 5-7. Resistor test a)before annealing and b)after annealing for CNTFET device #3
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SFigure 5-8. BG in air a) transport data, Vsp =1 V and b) output data for CNTFET device #4.
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SFigure 5-9. BG in air a) transport data, Vsp =1 V and b) output data for CNTFET device #5.
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SFigure 5-11. BG in vacuum for a device of thin films a) transport data, Vsp = 0.1 V and b) output data

5-10. BG in vacuum a) transport data, Vsp =1 V and b) output data for CNTFET device #5.
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390 Ag Bot Gate Air - CNTFET #7 b) Ag Bot Gate Air - CNTFET #7
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SFigure 5-12. BG in air using silver conductive past on the surface of a scratched area at the Si/SiO2
interface a) transport data, Vsp =1V and b) output data for CNTFET device #7.
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SFigure 5-13. BG in air using InGa eutectic on the surface of a scratched area at the Si/SiO: interface a)
transport data, Vsp =1 V and b) output data for CNTFET device #7.
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a) b) EBL Bot Gate Air Single - CNTFET # 8
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SFigure 5-15. BG in vacuum for a) transport data, Vsp =1V and b) output data for CNTFET device #8.
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SFigure 5-16. BG in air for a) transport data, Vsp =1V and b) output data for CNTFET device #9.

325



a) EBL Bot Gate Vac Multi - CNTFET #9 b)

EBL Bot Gate Vac Multi - CNTFET # 9
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SFigure 5-17. BG in vacuum for a) transport data, Vsp =1V and b) output data for CNTFET device #9.
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SFigure 5-18. Change in sweeping direction of output data for CNTFET #9 a) sweep -SV to +5V, b)
sweep +5Vto-5V.
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SFigure 5-19. BG in air for a) transport data, Vsp =1 V and b) output data for CNTFET device #10.
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a) EBL Bot Gate Vac Film - CNTFET # 10 b) EBL Bot Gate Vac Film - CNTFET # 10
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SFigure 5-20. BG in vacuum for a) transport data, Vsp =1 V and b) output data for CNTFET device #10.

SFigure 5-21. Pores in a TEM grid window with CNTs overlaid on the surface
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SFigure 5-22. Micro PL at 532 nm wavelength for the mixture of sc-SWNTs dropcast on a silicon wafer.
The instrument was a Horiba LabRamHR-PL NF from the Namiki Foundry Common facilities tested at
room temperature.
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SFigure 5-23. a) example of area selection for Raman spectrum, b) BG G-band of EBL fabricated device
after all the sample testing and annealing , ¢) corresponding RBM region with only a small signal for the
iptycene and no CNTs noticeable. Unfortunately, even in areas of a film there was no RBM signal only G-
band signals were responsive at 532 nm wavelength (Tsukagoshi Lab Raman).
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SFigure 5-24. Ellipsometry raw data screenshot, a) single scan, b) map scan of 7 points.
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2-probe conductivity test
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SFigure 5-25. Two-probe testing on a surface of ART oriented SWNTs at different angles, observing that
at different angles the conductivity changed.
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Appendix Chapter 6

STable 6-1. Data compiled from various literature sources. The ION/IOFF ratio is taken from the highest
recorded in the source paper, regardless of LCH. The SWNTSs' density in Liu et al. was reported as
CNTs/pm. The degree of alignment was from the source papers or as calculated by Liu et al. in the
supplement information.
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