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ABSTRACT

Carbon nanotubes (CNTS) are long, cylindrical molecules, which boast
exceptional tensile strength and large thermal and electrical conductivities. Vertically
aligned CNT “forests” have promising potential uses, including dry adhesives, electrical
interconnects, light emitters, thermal interface materials, gas and liquid filters, composite
reinforcements, and photonic crystals. They can also be transformed into macroscale
yarns and sheets by drawing and spinning techniques. Manufacturing indefinitely long
CNTs may realize dreams of CNT-based cables and wires having stiffness, strength, and
transport properties exceeding today’s best metal alloys and advanced fibers. However,
the functional properties of CNT ensembles (such as forests and cables) have so far fallen
short of those of individual CNTs. This is largely due to their low packing fraction,
polydisperse diameters, and relatively short lengths.

Toward the eventual goal of bridging this structure-property relationship, my
dissertation presents a novel set of in situ and ex situ characterization tools for CNT
forest growth by chemical vapor deposition (CVD), as well as the use of these tools to
investigate the limiting mechanisms thereof. In situ X-ray scattering reveals the
dynamics of catalyst thin film dewetting into nanoparticle growth sites, the initial self-
organization of the CNT forest, and the abrupt self-termination of growth. Quantification
of catalyst and CNT sizes show that they are inevitably polydisperse, regardless of

synthesis conditions. To overcome this, a novel method is introduced for templated

xii



dewetting of the catalyst film toward the formation of ordered, monodisperse particles
using nanoporous anodic alumina. Further, a map of thermal conditions is explored by
independently tuning the temperatures of the catalyst and gaseous precursors, thereby
establishing a set of rules for engineering crucial characteristics of forest growth,
including CNT diameter, structural quality, vertical alignment, as well as rate and
lifetime of the reaction. Finally, aligned CNT ensembles are used as templates to direct
the self-assembly of fullerene Cgo, creating hybrid films with high photoconductive gain,
thereby demonstrating an immediate application of this exciting material.

These studies represent many new insights into the so-called “birth, life, and
death” of CNT growth, and they have important implications for future work in synthesis
of advanced materials, including CNTSs, graphene, and undiscovered carbon allotropes.
Meanwhile, these results have immediate applicability to efficient CNT manufacturing,

improved characterization, and new hybrid materials for energy conversion.
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Chapter 1
Introduction and scope

1.1 Motivation

A carbon nanotube (CNT) is a high-aspect-ratio molecule with a cylindrical form
factor composed purely of carbon atoms—their sp>-hybridized bonding configuration
results in a hexagonal lattice within the shell of the cylinder.’® Conceptually, a CNT is
formed by rolling a monolayer (for single-wall) or multilayer (for multi-wall) sheet of
graphene and stitching the edges together to form a seamless cylindrical structure (Figure
1.1). Practically, CNTs are synthetically manufactured in different ways, which are
detailed in Chapter 2, and the most typical method is by chemical vapor deposition
(CVD). The strong carbon-carbon bonding in a CNT results in tensile strength exceeding
that of steel at one fourth of the density* and thermal conductivity (up to 10* W m™ K™%)*
8 greater than diamond. Intriguingly, a CNT’s electronic properties (i.e., metallic versus
semiconducting) are determined by its diameter and the orientation of the hexagonal
lattice with respect to its longitudinal axis, which is referred to as its chirality.’

Electronic resistance through a metallic CNT is lower than through copper at micron
length scales,’® and CNTs are less susceptible to electromigration, which is important for
advancing electronics to smaller dimensions.** *?

Despite the outstanding properties of an individual CNT, practical use of CNTs
often involves combining a large number of CNTs with some degree of order**—ranging
from low order in dispersions and networks to high order in self-organized arrays and
regular, horizontal grids for memory devices.** The integration of many CNTs (of any

ordering) into bulk form, while maintaining their exceptional properties, is challenging



graphene carbon nanotube Ceo fullerene

Figure 1.1 Molecular structures of a select set of carbon allotropes having sp>-hybridized
bonding: monolayer graphene, carbon nanotube (may have a single wall or multiple concentric
walls), and Cg fullerene (aka “bucky ball””). Drawings by Desirée Plata.

and largely has not yet been realized. For instance, despite their high thermal
conductivity, dense tangled CNT networks have low thermal conductivity (lower than
polymers) because CNT-CNT contacts cause phonon scattering.™® Mechanical properties
of bulk CNT materials also do not exhibit classically predicted properties due to
agglomeration and issues in load transfer between adjacent CNTs. A promising approach
is to spin CNTSs directly into yarns, but there is still a large compromise compared to
continuous CNTSs that can distribute and translate a load along their lengths effectively.'®
Thus, developing new materials and processes to overcome these challenges is vital in
order to realize the rare properties of individual CNTSs.

Therefore, to harness the attractive properties of CNTSs at larger scales, it is
desirable to organize the CNTs during synthesis, which avoids costly and complicated
port-processing. One attractive configuration results from the ensemble of vertically self-
aligned CNTs. These arrays are affectionately referred to as “forests™” because of the

extremely high aspect ratio of the constituent CNTs (up to 107), their relatively sparse



Figure 1.2 Example of tortuous morphologies in a vertically aligned CNT forest. SEM images
of the (a) top and (b) sidewall of a forest, as indicated in the inset digital photograph in (a).

coverage over an area (CNT-CNT spacing on the order of 10° nm)], and their tortuous
and interconnected morphology (Figure 1.2). A CNT forest even has a characteristic
“canopy” structure at the top (representing the beginning of growth; see Chapter 4).'®
The distinctive self-organization of an aligned CNT forest is governed by physical
interactions among large numbers of CNTs growing at microscopically fantastic speeds
(up to 2 mm in 5 min)."** Due to their anisotropy, CNT forests are uniquely configured

20-22 glectrical interconnects,”*?’ light

33,34

for many potential uses, including dry adhesives,

28-30 31,32

emitters, thermal interface materials,

35, 36 37,38

gas and liquid filters, composite

reinforcements, photonic crystals, and can be transformed into macroscale yarns
and sheets by drawing and spinning techniques.*>*° Furthermore, manufacturing an
infinite cable of continuous CNTs would possibly realize dreams of CNT-based cables
and wires having stiffness, strength, and transport properties exceeding today’s best metal
alloys and advanced fibers. Advances in understanding CNT forest growth can lead to

broader improvements to the manufacture of CNT powders and composites.

1.2 Thesis scope and outline

Ultimately, CNT ensembles have fallen short of realizing the rare properties of
individual CNTs because of their low packing fraction, polydisperse diameters, and

3



relatively short lengths. In order to overcome these shortcomings in CNT forest
processing, we need techniques that enable real-time investigations of synthesis, as well
as mapping of the forest characteristics for large sample sizes and populations. To this
end, the goal of my dissertation is to develop a novel set of in situ and ex situ
characterization tools to elucidate the mechanisms of CNT forest growth from both
conventional and new approaches to synthesis.

The dissertation is organized into chapters as follows:

Chapter 2 summarizes the current understanding of limiting mechanisms of aligned
CNT growth. 1 discuss the state of the art in synthesis of CNT forests as well as the

governing factors for engineering the properties of CNT forests.

Chapter 3 studies the dynamics of catalyst film dewetting into nanoparticle growth sites
and subsequent CNT nucleation. Initial results are presented from a new approach to

direct film dewetting using a nanoporous substrate as a template.

Chapter 4 discusses the origin and evolution of the characteristic aligned morphology in
CNT forest during growth. | combine ex situ and in situ X-ray scattering techniques to
quantify the self-organization stage, as well as abrupt self-termination of growth. A
unique method is introduced for correcting forest height kinetics to reveal the true

lengthening rate of CNTSs.

Chapter 5 presents how the characteristics of CNT forests can be engineered by
decoupled thermal treatment of the Fe catalyst from that of the gaseous carbon precursor.
| thus establish a set of rules for engineering the crucial aspects of forest growth,
including CNT diameter, structural quality, vertical alignment, as well as rate and

lifetime of the reaction.

Chapter 6 demonstrates an application of aligned CNTs as a template to direct the self-
assembly of Cgo. Crystalline Cg rods synthesized by this method are aligned to the

direction of CNTs within microfabricated, multidirectional films. The chapter includes



detailed characterization of the hierarchical structure as well as initial photoconductivity

measurements, which demonstrate the utility of these hybrid films as UV sensors.

Chapter 7 summarizes the contributions of this dissertation and provides an outlook for
future developments.



1.3 References

10.

11.

12.

Dresselhaus, M. S.; Dresselhaus, G.; Avouris, P., Carbon nanotubes : synthesis,
structure, properties, and applications. Springer: Berlin ; New York, 2001; 447 p.

Graham, A. P.; Duesberg, G. S.; Hoenlein, W.; Kreupl, F.; Liebau, M.; Martin,
R.; Rajasekharan, B.; Pamler, W.; Seidel, R.; Steinhoegl, W.; Unger, E., How do
carbon nanotubes fit into the semiconductor roadmap? Applied Physics A:
Materials Science & Processing 2005, 80 (6), 1141-1151.

Hirsch, A., The era of carbon allotropes. Nature Materials 2010, 9 (11), 868-871.

Lu, J. P., Elastic properties of carbon nanotubes and nanoropes. Physical Review
Letters 1997, 79 (7), 1297-1300.

Yu, C.; Shi, L.; Yao, Z.; Li, D.; Majumdar, A., Thermal conductance and
thermopower of an individual single-wall carbon nanotube. Nano Letters 2005, 5
(9), 1842-1846.

Kim, P.; Shi, L.; Majumdar, A.; McEuen, P. L., Thermal transport measurements
of individual multiwalled nanotubes. Physical Review Letters 2001, 87, 215502.

Choi, T.; Poulikakos, D.; Tharian, J.; Sennhauser, U., Measurement of thermal
conductivity of individual multiwalled carbon nanotubes by the 3-omega method.
Applied Physics Letters 2005.

Choi, T.; Poulikakos, D.; Tharian, J.; Sennhauser, U., Measurement of the thermal
conductivity of individual carbon nanotubes by the four-point three-omega
method. Nano Letters 2006, 1589-1593.

Jorio, A.; Saito, R.; Hafner, J. H.; Lieber, C. M.; Hunter, M.; McClure, T.;
Dresselhaus, G.; Dresselhaus, M. S., Structural (n, m) Determination of isolated
single-wall carbon nanotubes by resonant raman scattering. Physical Review
Letters 2001, 86 (6), 1118.

Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A., Carbon nanotubes - the route
toward applications. Science 2002, 297 (5582), 787-792.

Avouris, P.; Appenzeller, J.; Martel, R.; Wind, S. J., Carbon nanotube electronics.
Proceedings of the IEEE 2003, 91 (11), 13.

Javey, A.; Guo, J.; Farmer, D. B.; Wang, Q.; Yenilmez, E.; Gordon, R. G;
Lundstrom, M.; Dai, H., Self-aligned ballistic molecular transistors and
electrically parallel nanotube arrays. Nano Letters 2004, 4 (7), 1319-1322.



13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Hart, A. J. Chemical, mechanical, and thermal control of substrate-bound carbon
nanotube growth. Massachusetts Institute of Technology, 2006.

Rueckes, T.; Kim, K.; Joselevich, E.; Tseng, G. Y.; Cheung, C.-L.; Lieber, C. M.,
Carbon nanotube-based nonvolatile random access memory for molecular
computing. Science 2000, 289 (5476), 94-97.

Prasher, R. S.; Hu, X. J.; Chalopin, Y.; Mingo, N.; Lofgreen, K.; Volz, S.; Cleri,
F.; Keblinski, P., Turning carbon nanotubes from exceptional heat conductors into
insulators. Physical Review Letters 2009, 102, 105901.

Espinosa, H. D.; Yong, Z.; Moldovan, N., Design and operation of a mems-based
material testing system for nanomechanical characterization. Journal of
Microelectromechanical Systems, 2007, 16 (5), 1219-1231.

Fan, S. S.; Chapline, M. G.; Franklin, N. R.; Tombler, T. W.; Cassell, A. M.; Dai,
H. J., Self-oriented regular arrays of carbon nanotubes and their field emission
properties. Science 1999, 283 (5401), 512-514.

Zhang, L.; Li, Z.; Tan, Y.; Lolli, G.; Sakulchaicharoen, N.; Requejo, F.; Mun, B.;
Resasco, D., Influence of a top crust of entangled nanotubes on the structure of
vertically aligned forests of single-walled carbon nanotubes. Chemistry of
Materials 2006, 18 (23), 5624-5629.

Meshot, E.; Plata, D.; Tawfick, S.; Zhang, Y.; Verploegen, E.; Hart, A.,
Engineering vertically aligned carbon nanotube growth by decoupled thermal
treatment of precursor and catalyst. ACS Nano 2009, 3 (9), 2477-2486.

Ge, L.; Sethi, S.; Ci, L.; Ajayan, P. M.; Dhinojwala, A., Carbon nanotube-based
synthetic gecko tapes. Proceedings of the National Academy of Sciences 2007,
104 (26), 10792-10795.

Qu, L.; Dai, L.; Stone, M.; Xia, Z.; Wang, Z., Carbon nanotube arrays with strong
shear binding-on and easy normal lifting-off. Science 2008, 322 (5899), 238-242.

Sethi, S.; Ge, L.; Ci, L.; Ajayan, P. M.; Dhinojwala, A., Gecko-inspired carbon
nanotube-based self-cleaning adhesives. Nano Letters 2008, 8 (3), 822-825.

Nihei, M.; Horibe, M.; Kawabata, A.; Awano, Y., Simultaneous formation of
multiwall carbon nanotubes and their end-bonded ohmic contacts to Ti electrodes
for future ULSI interconnects. Japanese Journal of Applied Physics, Part 1 2004,
43 (4B), 1856-9.



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Horibe, M.; Nihei, M.; Kondo, D.; Kawabata, A.; Awano, Y., Carbon nanotube
growth technologies using tantalum barrier layer for future ULSIs with Cu/low-k
interconnect processes. Japanese Journal of Applied Physics, Part 1 2005, 44
(7A), 5309-5312.

Nihei, M.; Kawabata, A.; Kondo, D.; Horibe, M.; Sato, S.; Awano, Y., Electrical
properties of carbon nanotube bundles for future via interconnects. Japanese
Journal of Applied Physics, Part 1 2005, 44 (4A), 1626-1628.

Kreupl, F.; Graham, A. P.; Duesberg, G. S.; Steinhogl, W.; Liebau, M.; Unger, E.;
Honlein, W., Carbon nanotubes in interconnect applications. Microelectronic
Engineering 2002, 64 (1-4), 399-408.

Chiodarelli, N.; Li, Y.; Cott, D. J.; Mertens, S.; Perys, N.; Heyns, M.; De Gendt,
S.; Groeseneken, G.; Vereecken, P. M., Integration and electrical characterization
of carbon nanotube via interconnects. Microelectronic Engineering 2010.

Zhu, L. B.; Sun, Y. Y.; Hess, D. W.; Wong, C. P., Well-aligned open-ended
carbon nanotube architectures: An approach for device assembly. Nano Letters
2006, 6 (2), 243-247.

Sohn, J.; Lee, S.; Song, Y.; Choi, S.; Cho, K.; Nam, K., Patterned selective
growth of carbon nanotubes and large field emission from vertically well-aligned
carbon nanotube field emitter arrays. Applied Physics Letters 2001, 78 (7), 901-
903.

Pan, Z. W.; Au, F. C. K,; Lai, H. L.; Zhou, W. Y.; Sun, L. F.; Liu, Z. Q.; Tang, D.
S.; Lee, C.S,; Lee, S. T.; Xie, S. S., Very low-field emission from aligned and
opened carbon nanotube arrays. Journal of Physical Chemistry B 2001, 105 (8),
1519-1522.

Huang, H.; Liu, C. H.; Wu, Y.; Fan, S. S., Aligned carbon nanotube composite
films for thermal management. Advanced Materials 2005, 17 (13), 1652.

Tong, T.; Zhao, Y.; Delzeit, L.; Kashani, A.; Meyyappan, M.; Majumdar, A.,
Dense, vertically aligned multiwalled carbon nanotube arrays as thermal interface
materials. IEEE Transactions on Components and Packaging Technologies 2007,
30 (1), 92-100.

Holt, J.; Park, H.; Wang, Y.; Stadermann, M.; Artyukhin, A.; Grigoropoulos, C.;
Noy, A.; Bakajin, O., Fast mass transport through sub-2-nanometer carbon
nanotubes. Science 2006, 312 (5776), 1034-1037.

Hinds, B.; Chopra, N.; Rantell, T.; Andrews, R.; Gavalas, V.; Bachas, L., Aligned
multiwalled carbon nanotube membranes. Science 2004, 303 (5654), 62-65.



35.

36.

37.

38.

39.

40.

Garcia, E. J.; Wardle, B. L.; Hart, A. J., Joining prepreg composite interfaces with
aligned carbon nanotubes. Composites Part A-Applied Science and
Manufacturing 2008, 39 (6), 1065-1070.

De Volder, M.; Tawfick, S. H.; Park, S. J.; Copic, D.; Zhao, Z.; Lu, W.; Hart, A.
J., Diverse 3D Microarchitectures Made by Capillary Forming of Carbon
Nanotubes. Advanced Materials 2010, 22 (39), 4384-4389.

Kempa, K.; Kimball, B.; Rybczynski, J.; Huang, Z. P.; Wu, P. F.; Steeves, D.;
Sennett, M.; Giersig, M.; Rao, D. V. G. L. N.; Carnahan, D. L.; Wang, D. Z.; Lao,
J.Y.; Li, W. Z.; Ren, Z. F., Photonic crystals based on periodic arrays of aligned
carbon nanotubes. Nano Letters 2002, 3 (1), 13-18.

Lidorikis, E.; Ferrari, A. C., Photonics with multiwall carbon nanotube arrays.
ACS Nano 2009, 3 (5), 1238-1248.

Zhang, M.; Fang, S.; Zakhidov, A. A.; Lee, S. B.; Aliev, A. E.; Williams, C. D.;
Atkinson, K. R.; Baughman, R. H., Strong, transparent, multifunctional, carbon
nanotube sheets. Science 2005, 309 (5738), 1215-1219.

Jiang, K.; Wang, J.; Li, Q.; Liu, L.; Liu, C.; Fan, S., Superaligned carbon
nanotube arrays, films, and yarns: a road to applications. Advanced Materials
2011, 23 (9), 1154-1161.



Chapter 2
Perspective on limiting mechanisms of
CNT forest growth by CVD

This chapter provides a perspective on the current understanding of important
growth and termination mechanisms of carbon nanotube (CNT) forests. | briefly
introduce the various synthesis methods for making carbon nanotubes (CNTSs) followed
by a discussion focused specifically on forest growth by chemical vapor deposition
(CVD). I identify the ultimate goals for manufacturing CNT forests and discuss the

critical challenges in achieving these goals.

2.1 Introduction

2.1.1 Methods of CNT synthesis

CNTs have been made by many synthetic means, including CVD," ? laser
ablation,® flame synthesis,* > and arc discharge.® ’ The latter method is responsible for
generating the CNTSs first observed by lijima in TEM,® where he described the well-
defined core and concentric walls of 0.34-nm spacing. Variations of CVD reactors
include plasma-enhanced,? laser-assisted,” and fluidized-bed;? different catalyst or

12,13

substrate configurations include aerosol,'® ! floating catalyst,* ** as well as horizontally

aligned.'* > CNT synthesis from supercritical toluene®® has also been demonstrated, and

17
carbon “nanohoops”

synthesized in solution may be CNT building blocks in the future.
It would be highly attractive to make CNTSs at low synthesis temperatures in fluids, which
essentially highlights the inherent the inverse relationship between temperature and

pressure in CVD, where typical ranges are 500-1200 °C and 10°-107 torr, respectively.
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Figure 2.1 Depictions of substrate-bound CNT growth. (a) Schematic shows a catalyst
nanoparticle (green) attached to a substrate (e.g., a metal-oxide). C,H,, represents a generic
gaseous hydrocarbon that dissociates at the catalyst’s surface and diffuses to and incorporates into
the growing lattice. (b) Digital photograph showing 1 billion vertically aligned CNTs (typical
forest) fixed on a locally heated platform during CVD.

2.1.2 Collective mechanism of self-aligned CNT forest growth

CVD synthesis is essentially a thermal dehydrogenation reaction whereby a
catalyst nanoparticle is believed to lower the temperature required in order to dissociate a
gaseous hydrocarbon precursor molecule into carbon and hydrogen (Figure 2.1).2
Carbon diffuses on and/or in the catalyst particle, which enables the graphitic network to
precipitate, starting with the “cap” of the CNT. Growth of a substrate-bound, self-aligned
forest results when this reaction is performed synchronously over many catalysts that are
arranged at sufficiently high density.*® The general process of collective CNT forest
growth® is shown in Figure 2.2. Briefly, catalyst nanoparticles are fixed on a flat
substrate (e.g., Si wafer) either by dewetting a thin film (where surface tension drives the
formation of islands)® or by casting predefined nanoparticles.”> # The catalyst is often
first reduced (i.e., by exposure to H), and it is then exposed to hydrocarbon precursors
(e.g, C2H4, CoHy) to initiate nucleation and growth of individual CNTs. As growth
proceeds, the initially tangled network of CNTs self-orient as they reach some critical
length and density (Chapter 4). Then, vertical growth continues steadily for some time

until the number density (packing fraction) of CNTs decays until
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Figure 2.2 Collective growth mechanism of a CNT forest: (a) schematic of growth stages and (b-
d) accompanying SEM images of various locations in the forest, labeled accordingly in “Stage 7.
Adapted with permission from Journal of Physical Chemistry C 2009, 113, 20576-20582.
Copyright © 2009 American Chemical Society.

collective growth terminates abruptly. For this discussion, | mainly consider the “base
growth” mechanism whereby the catalyst particle remains fixed to the substrate and
catalyst addition occurs at the base of the forest, but “tip growth” can also occur when the
catalyst adheres weakly to the substrate.

The critical CNT characteristics for applications of CNT forests (Chapter 1) are
CNT diameter and chirality, packing density, and the length of a constituent CNT. |
consider the length of individual CNTSs separately from the length of an ensemble of
CNTSs) because this collective length is the result of several competing mechanisms,
including but not limited to packing density and interactions of the CNTs, as well as

differences in growth rate among neighboring CNTs.
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Table 2.1 Characteristics of CNT forests and their determining factors

Characteristic Determing factor(s) State of the art

-diameter tuning from single thickness of catalyst thin

particle geometry film (by temperature/annealing conditions)**

diameter and chirality (size, shape, contact angle —block—(.:opolymer patterning of particleszo'm_ _
with support, crystal -selelctive growth of metallic CNTs by manipulation of
orientation) catalyt crystallography*°

-selective growth of (6,5) CNTs

-multiple catalyst film depositions yields 10** cm™

(after capillary densification)*®
particle spacing, catalyst -block-copolymer patterning of particles controls CNT

packing fraction chemical/physical stability | density?

-CNTs initially crowd then order-of-magnitude density

decays?> 5

catalyst chemical/physical |-longest CNT is 18.5 cm from horizontally aligned

gt (el stability, gas chemistry growth on quartzl39

-tallest forest is 18 mm by water-assisted CVD

CNT packing fraction, force (slow)21%8

length (ensemble) coupling, tortuosity

-2 mm forest in 5 min by decoupled CVD (fast)**

2.2 Discussion of important governing factors

Table 2.1 shows a summary of the discussion that follows, where | introduce components
or mechanisms of the synthesis process that determine each critical forest characteristic

as well as the state of the art, with a focus on the current limiting factors.

2.2.1 Diameter and density benchmarks

The diameter of a CNT is important for many applications and typically range
from 1-100 nm at densities of 10°-10" cm™, and for a single-wall (SW) CNT, the
diameter and chirality are related. The chirality of a CNT dictates its electrical properties
(metallic or semiconducting). Therefore, chirality-selective CNT growth is perhaps the
grand challenge for CNT synthesis research,?® having significant implications for
advancing nanoscale electronic and optoelectronic devices.?* Although multi-wall (MW)
CNTs are strictly metallic regardless of diameter, controlling diameter still has interesting

13



25, 26 27,28 29-36

applications toward filtration, photonics, and conductance properties.
Precedence in literature suggests that size of the catalyst nanoparticle dictates the
diameter of the CNT,™ *"* where the particle templates growth of the graphitic carbon
lattice (Figure 2.3).** It is not as well understood precisely what dictates CNT
chirality; *®* however, it is likely related to the conditions of CNT nucleation, including

48, 50 51,52

the size, structure,* and elemental composition of the catalyst, as well as the

reaction temperature.>® Researchers have recently improved techniques for achieving

selectivity,* >* >

with increasing evidence suggesting that crystal facets of the catalyst
particle play a role in determining chirality. Nevertheless, control of chirality within
CNT forests has not been achieved.

The packing density of CNTs in a forest is also influenced by the catalyst
particle—or, more precisely, by the arrangement and spacing of many particles, as well
as by the CNT diameter. Conceptually increasing CNT diameter at constant number
density results in a higher packing fraction. However, the challenge of achieving high
density (or tuning of density) is two-tiered: (1) one must achieve desired number density
of catalysts, and then (2) activate catalyst particles and grow CNTs. Researchers have
templated the catalyst using block-copolymer chemistry to achieve prescribed areal
density of catalyst particles, which controls the packing fraction (and morphology) of
CNT forests.?? Other techniques of manipulating the density of catalyst particles via

56-58

catalyst deposition technique®®® and/or annealing®®" have resulted in dense forests up to

1.1 x 10" cm™2 but typically densities are lower.

2.2.2 The catalyst nanoparticle

Given the prominent influence the catalyst particle has on the resultant CNT
structure (diameter and chirality) and packing (number density), | must understand how
the catalyst behaves during synthesis. Researchers have invested significant effort in
understanding the physical and chemical state of the particle during synthesis because
these influences whether or not the catalyst grows a CNT, as well as how the CNT grows

(e.g., rate, structure).

* Number represents packing density after capillary densification by exposure to liquid.*®
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Figure 2.3 CNTs at different phases during early nucleation and growth. (a) Formation of the
CNT “cap” structure and (b) initial lift off demonstrates how the catalyst particle size and
possibly its facets can determine CNT diameter as growth proceeds (c-d). Adapted with
permission from Small 2005, 1, 1180-1183. Copyright © 2005 John Wiley & Sons, Inc.

The primary role of the catalyst is to dissociate carbon-containing molecules from
the gas phase by adsorption. It also enables incorporation of carbon atoms at the growing
CNT lattice via various diffusion pathways (i.e., surface,® bulk®®; Figure 2.1).
Principally, a material’s ability to react with the carbon precursor without binding carbon
irreversibly dictates its utility as a CNT catalyst, and researchers have demonstrated the

15, 64-68

use of a wide range of elements and materials, including oxides®® and

71,72 73,74

semiconductors.”® Using nanoscale catalysts with a metal-oxide support provides
selective surface sites, which presumably enables use of materials that otherwise are not
particularly reactive. It should noted that transmission metals having high carbon
solubility (i.e., Fe, Ni, Co) have been proven to be most effective, which suggests that
some form of dissolution-precipitation occurs during CNT growth analogous to the
vapor-liquid-solid (VLS) model for growth of Si nanowires.” On the other hand, the fact
that metal-oxides and semiconductors having effectively no carbon solubility can grow
CNTs indicates that VLS does not strictly govern growth and that surface processes are
also important. The metal-oxide support layer serves to physically stabilize the

76-79

particle, and it can also induce reactive sites at the boundary with the metal catalyst.”
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Figure 2.4 In situ environmental TEM imaging of CNT growth on Ni catalysts. (a-b) TEM
images recorded at 615 °C during low-pressure growth with C,H,. The crystal structure is
apparent in both cases, with clear, regular spacing, as confirmed by the inset FFTs. Adapted with
permission from Nano Letters 2007, 7, 602-608. Copyright © 2007 American Chemical Society.

Despite the variety of elements and combinations proven, the traditional combination of
Fe on an alumina support (various stoichiometries®®) has emerged as conventional
practice particularly in CVD growth of CNT forests.”® 2% Alumina may also aid in the
oxidation-reduction cycle of the catalyst by donating electrons as a Lewis acid.®

What, then, is the chemical state of the catalyst during CNT synthesis?
Observations by in situ XPS® & and XRD® show that Fe is reduced upon exposure to
the CNT growth gases and exists as a carbide during growth. However, a separate XPS
study suggests that CNTs grow more efficiently from iron oxide.*® Nonetheless, given
the chemical stability of iron carbide, there may be a critical balance between the metallic
and carbide phases, and perhaps the oxide phase as well. A pure carbide phase is not
necessarily preferred for CNT growth. For instance, adding Mo to a Fe catalyst showed
an enhancement in CNT growth, which was explained by the formation of Mo,C
resulting in a larger percentage of metallic Fe.®’

As mentioned earlier, nanoscale effects can increase the reactivity of a catalyst by
revealing more selective sites. In addition, surfaces and interfaces begin to dominate
other properties of the particle, including the melting point and solubility.®” %% This is

especially important considering the high temperatures that are typical for thermal CVD,
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Figure 2.5 Catalyst migration during annealing in H,/H,O. Plan-view TEM images of annealed
Fe/Al,O; catalyst layers at 750 °C for various labeled times for (a) 30 s, (b) 5 min, (c) 15 min,
and (d) 30 min. Insets are cross-sectional views demonstrating subsurface diffusion of Fe into the
Al,Og layer. Scale bar: 20 nm (10 nm for insets). Adapted with permission from Journal of
Physical Chemistry Letters 2010, 1, 918-922. Copyright © 2010 American Chemical Society.

and to this end, a key question is whether the catalyst particle is a solid or liquid during
synthesis. In situ environmental TEM observations show metal catalyst particles with
distinct crystal structure as CNTs grow (Figure 2.4),%> 8% but atoms of the catalyst and
carbon atoms both exhibit high mobility, which enables rapid restructuring and/or
migration.*® Inducing changes to the crystal facets of the particle has been shown as a
mechanism toward selective growth of chiral SWCNTSs having metallic properties.*
Considering the low temperatures used in these in situ studies (430-580 °C), it is
plausible that the catalyst may behave differently at elevated temperatures. Other studies
suggest that CNT synthesis from a liquid metal catalyst is possible,®® and that the liquid
phase may be a necessary condition for effective CNT growth.*

17



Given the high mobility of the catalyst atoms at the high temperatures of CVD,
migration of catalyst atoms becomes a major governing factor of CNT growth, whether
by general ripening mechanisms or by diffusion into the support layer (Figure 2.5),% %
although it is not clear how these effects scale for larger particles. Regardless, the loss of
catalyst material from the support layer has been corroborated by TEM,* XPS,% and
Rutherford backscattering spectroscopy studies,® and the precedence for decaying forest
growth rates observed in experimental data may be explained in part due to the
deactivation of particles as their morphologies evolve.

Despite catalyst evolution, it appears that the diameter of an individual CNT is
quite stable during growth. This means that changes in the mean CNT diameter during
growth® are the result of a shift in the population of diameters as growth of individual
CNTs terminates, rather than alterations of the CNT structure during growth. Notably, in
another study, Raman spectroscopy of a 6 mm long SWNT showed no chirality change
during growth,”” suggesting that there is a certain energetic barrier to a change in
chirality or diameter despite the small differences in energies between different
chiralities.®® %

In general, understanding how to activate and maintain a large percentage of
catalysts is crucial. The evolution of catalyst morphology has a significant impact on the
CNT packing fraction because the number of active catalysts decreases with growth

time,'* # leading to variations in the forest density of up to an order of magnitude.

2.2.3 Gas-phase precursor chemistry

The gas chemistry is highly influential to CNT growth,* 84 19193 and nearly any
small hydrocarbon—with and without oxygen—can be used. In Section 2.2.2, |
discussed how the number of particles evolves with growth time, naturally leading to
variations in CNT packing. The packing fraction of CNTs can vary depending on the

precursor gases, even for the same areal density of catalyst particles. For instance,

® Unpublished data.

¢ In the simple case of a SWCNT, for instance, creation of a heptagon of carbon atoms instead of
a hexagon can lead to an increase the CNT diameter, which computations suggest costs <1.2
eV.%® Alternatively, a single C-C bond rotation creates the Stone-Wales (5-7-7-5) arrangement,
which has formation energy of ~5 eV.%*%
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increases in CNT packing are observed in the beginning of growth, approximately
corresponding to an incubation period during which the critical gas species reach
sufficient concentration;®” autocatalytic reactions can also lead to this increasing activity
with growth time.’®* Furthermore, the mean CNT packing can be increased by altering
the precursor chemistry,'® again without altering the areal density of catalysts. The
density of CNTs depends on the partial pressure of active gaseous precursors over the
whole reactor as well as locally at the catalyst.'® Only ~0.01 atm of the input gas
mixture is consumed during synthesis,*® so the CNT yield, and thus possibly the density,
will be quite sensitive to even small changes in precursor chemistry. Interestingly,
changes in precursor chemistry, either by temperature* or by injection of different trace
hydrocarbons,'®* do not alter the CNT diameter. This suggests the catalyst particle
governs the diameter of the CNT, irrespective of available gas precursors.

The carbon precursor feeds the reaction, but excessive decomposition and/or
poisonous deposition on the catalyst can inhibit growth. Thus, precursor chemistry
naturally also determines the length of the CNT by governing the reaction rate (i.e.,
lengthening rate) and influencing catalyst lifetime. Identifying precisely which
compounds contribute to CNT growth is challenging, given the plurality of gas
compounds generated during thermal CVD,*® but it is clear that the gas composition
affects the rate and lifetime of the reaction.*® %% Acetylene (C,H,) has been identified
as a key precursor'®” ' due to the reactive nature of its triple bond — the universality of
which has been demonstrated by Plata et al.,"* who proved the efficiency of several
different triple-bonded carbon compounds (alkynes). Additives to the gas atmosphere
(beside hydrocarbons) can enhance growth by extending the lifetime of the catalyst.
Several oxygen-containing species have been demonstrated as “growth enhancers”,
including Oy, H,0, 8 12113 ¢, H;0H, € CO,,**" M8 while sulfur has also been
used.'? 13119120 The extension of catalyst lifetime by addition of H,O in the growth
atmosphere®? has inspired appreciable research activity, and subsequent publications
have proposed that oxygen keeps the selective sites of the catalyst available for
adsorption by reacting with carbonaceous deposits (other than graphitic carbon).!t* 121123
Water was also shown to extend reaction lifetime by inhibiting Ostwald ripening of the

catalysts.”® However, other studies contrarily found particle coarsening to be unaffected
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Figure 2.6 Effect of mechanical forces on CNT ensembles. CNT forests grown (a) without and
(b) with an applied static compressive force, demonstrating that mechanical forces cause
significant defects in the CNTs during growth. Adapted with permission from Nano Letters
2006, 6, 1254-1260. Copyright © 2006 American Chemical Society. (c) Model of van der Waals
attraction between a pair of parallel CNTs (10 nm diameter, gray) and a pair of CNT bundles (10
pm diameter, black curve). Force per unit length is calculated for a range of D values,
normalized by d, for each case. Reprinted with permission from Microelectronic Engineering
2010, 1233-1238. Copyright © 2010 Elsevier.

by the presence of H,0,% which may be attributed to different concentrations of H,O
used and warrants further investigation because arresting coarsening is important for
prolonging growth and achieving uniform CNT packing.

As alluded to earlier, deleterious carbon species are generated in concert with
desirable precursors, and this results in competing pathways between accumulation of
“good” and “bad” carbon.’® For instance, thermal decomposition and rearrangement of
C,H4 and H; leads to the generation of polycyclic aromatic hydrocarbons (PAHS) in the
parts per billion range.’® Despite suggestions that select PAHSs (i.e., fluoranthene) may
be associated with formation of the CNT “cap” during nucleation,'® PAHs are generally
considered not helpful for CNT growth because of their tendency to either physisorb to
surfaces (e.g., catalyst) and/or lead to formation of soot.%* %% The connection between
precursor chemistry and carbonaceous impurities is highlighted by experimental results
showing increased accumulation of amorphous carbon with both gas temperature® and

growth time.*?®
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In order to describe CNT growth, models for an individual CNT have been

developed in order to describe several of the competing mechanisms, including gas

dissociation, atomic diffusion over the catalyst, and accumulation of impurities.®® 104 121

123,126-128 gome models have captured important characteristic features of CNT growth

Kinetics curves, such as the initial acceleration'®

123

(bottom of S-shape) and abrupt
termination (top of S-shape), = and notably, Puretzky, et al. adapted their model to reveal
diameter-dependent kinetics.*® Chirality-dependent growth rates have also been reported

129 and experimentally.**

elsewhere both theoretically
2.2.4 Collective growth and physical interactions

Despite many promising insights derived from models of individual CNT growth,
they fail to accurately describe the dynamics of CNT populations that are inherent in
forest growth.'® ® That is, forest growth results from the collective behavior of many
CNTSs, which have a distribution of diameters and thus growth rates.®® The proximity of
CNTs within a forest allows for interactions among neighboring CNTs and along their
lengths. For instance, my calculations in Figure 2.6 show that van der Waals forces are
sufficient at short distances to induce bending and maintain coupling between CNTs and
CNT bundles (Figure 2.6),"*" 132 which partially explains the ubiquitously tortuous
morphology of CNT forests and demonstrates that mechanical forces can inhibit growth.
Externally applied forces can induce micro- and nanoscale morphological perturbations
in CNTs,* which highlights the importance of mechanical forces and furthers the notion
that coupling among CNTs may frustrate growth of individual CNTs. Han et al.
proposed that CNT-CNT coupling within a forest can cause termination,™* which is
supported by phenomenological observations that slow-growing or terminated CNTs
could influence adjacent CNTs.**® Here, they model force coupling as a network of
springs, and termination occurs in one CNT when the mechanical energy from
neighboring springs becomes greater than the input chemical energy at the catalyst, and
thus termination propagates throughout the forest thereafter. Initial ex situ observations

¢ For instance, when CNTs are in contact (D/d =~ 0.02)*%° the coupling force due to van der Waals
can be as much as 80 nN for a contact length L of 100 nm. This may easily constrain a growing
CNT since this far exceeds the mechanical force output measured from a single CNT (0.16
nN).133
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Figure 2.7 Cross-sectional view of CNT forest 5 min growth in C,H4/H,. (a-b) Cross-sectional
TEM of CNTs at different magnifications, which were embedded in an epoxy matrix after
growth. Many catalyst particles appear to have detached from the Al,O; support as the result of
coupling between CNTSs. (Specimen prepared by E. Meshot and TEM imaging was performed by
Jiaming Zhang.)

by cross-sectional TEM (Figure 2.7) also show that CNTs and catalysts may detach from
the substrate during growth, which may be due to these force-coupling mechanisms
discussed.

The ensemble length of CNTSs is inevitably governed by these interactions, and
the height of the forest is not only an underestimation of the real length of the CNTs,**
but due to these collective effects, many CNTs do not even span the entire forest height;
the height has been found to continue increasing during growth as CNT number density
decays.’® Understanding these effects is critical to engineering uniformly long CNT
forests. To my knowledge, the largest ensemble length (i.e., height) of a CNT forest has
been recorded at 18 mm;*?* *¥" however, the longest recorded freestanding CNT is 18.5
cm.®® It is not a coincidence that the longest CNTs are made by a horizontally aligned
CVD method that the typically low densities found in horizontal growth. This process
involves CNTs growing perpendicularly to a raised line of catalyst on a substrate,
horizontally grown aligned CNTs have been found to grow by the so-called “kite
mechanism”, whereby the catalyst floats and is carried in the direction of gas flow as the

CNT grows.™ All of these features of horizontal growth results in significantly fewer
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Figure 2.8 Proposed mechanisms of CNT growth termination. Schematics showing the
interaction of adjacent Fe catalyst particles adhered to an Al,O3support layer each with an
attached CNT.

interactions between neighboring CNTs and with the substrate, so the CNTs experience

fewer mechanical constraints, which allows growth of ultra long CNTSs.

2.2.5 Mechanisms of growth termination

Understanding exactly how each factor contributes to growth is vital for
controlling growth and overcoming self-termination, the latter of which has not yet been
accomplished. In Figure 2.8, | summarize the current understanding of the possible
mechanisms governing growth termination, as discussed in previous sections. Several of
the proposed mechanisms likely act in concert to slow or cease growth, which makes

diagnosing growth termination a challenging problem.



2.3 Conclusions

CNT forest growth is a multi-stage process, involving formation of catalyst
particles, nucleation and self-organization of CNTSs, followed by steady growth and
eventually density begins to decay until growth terminates. | have discussed several
factors that govern each of these stages and the resultant properties of the forest. To
engineer the functional properties of CNT materials such as forests, | must develop
reaction processes that not only treat the stages of forest growth independently, but that
are also accompanied by characterization techniques that enable mapping of the forest
characteristics for large sample sizes and populations. In the following chapters, |
employ unique synthesis approaches and multi-dimensional characterization to reveal the

governing chemical and physical phenomena of CNT forest growth.
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Chapter 3
Dynamics of catalyst film dewetting
and CNT nucleation

There remains a void in understanding the dynamics of catalyst nanoparticle
formation and how this process influences the nucleation and growth of CNTSs. In order
to manufacture forests with uniform attributes (e.g., diameter, alignment density) it is
necessary to understand the temporal and spatial variations in the size and shape of the
catalyst particles and CNTs. To this end, | combine in situ grazing incidence small-angle
X-ray scattering (GISAXS) with complementary ex situ AFM analyses to elucidate the
rapid dynamics of catalyst particle formation and early stages of forest growth. My
findings reveal low-temperature limits for particle formation and CNT nucleation under
particular process conditions, and show that significant CNT diameter changes can occur
quickly during nucleation and self-organization of CNT forests. Knowledge of these
intrinsically rapid processes is vital to improve precision in control of CNT structure
(chirality, number of walls), and to synthesis of high-density arrays of long, straight
CNTs. Finally, I introduce a novel approach to influence the catalyst dewetting process
using ordered nanoporous alumina substrates, and | show initial characterization and

CNT growth results from this material system.

3.1 Introduction

Previous studies show evidence of significant evolution during forest growth,*®

yet the dynamics of catalyst formation and subsequent CNT nucleation and growth are
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largely unknown. Understanding these various processes fundamentally is vital for
controlling the resultant properties of CNT forests. Many studies point to correlation in
size between catalysts and CNTs,”® and Harutyunyan and coworkers clearly demonstrate
the important role of catalyst shape and evolution in influencing the chirality of single-
wall (SW) CNTs.? In practice, knowing how to control the dewetting of thin films into
small particles with low polydispersity is necessary to achieve highly uniform multi-wall
(MW) and SWCNT forests as well as other 1-D nanostructures such as semiconductor
nanowires.

AFM and TEM are preferred methods for directly imaging and measuring
particles, but their typical incompatibility with the high temperatures (500-900 °C)
required to anneal thin-film metals and grow CNTSs restricts their use to ex situ
observations or requires special sample preparation. The morphology of the catalyst may
be altered in the process of cooling or in the presence of CNT growth, so not only is ex
situ investigation a misrepresentation of the catalyst during both annealing and CNT
growth, but the dynamics of these process are too rapid to be accurately captured ex situ.
Thus, in situ techniques are necessary in order to reveal the rapid dynamics and authentic
state of the catalyst. In response to this need, researchers have developed in situ methods
for studying CNT synthesis such as laser vaporization and absorption spectroscopy,**
environmental TEM, #1212 Xps 1214 and Raman spectroscopy;*® however, many of
these require low pressures that are not typical for CVD of CNTSs, or do not sample
statistically significant numbers of structures (i.e., catalysts or CNTS), or are not suitable
for growing forests.

In situ small-angle X-ray scattering (SAXS) has been previously used to probe the

synthesis of other nanomaterials, including substrate-bound nanoparticles,'®*

19.20 and pyrolytic powders.2?® In this chapter, | present the

nanoparticles in solution,
first use of grazing incidence small-angle X-ray scattering (GISAXS) for real-time
investigation of the dynamics of thin film dewetting and subsequent nucleation and
growth of CNTs. This work also includes the first in situ scattering studies of the self-
organization of CNT forests, which is discussed in Section 4.2.1 of Chapter 4.
Combining synchrotron radiation and the use of a high-speed pixel array detector (PAD),

I resolve the dynamics of catalyst formation from a thin film, stability of catalyst
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morphology, nucleation of early CNTs, as well as prolonged CNT growth/evolution. |
uniquely quantify populations and correlate catalyst size with CNT diameter and
alignment at a time resolution of 10 msec. This non-destructive technique allows
sampling of statistically significant populations of nanostructures (10°) at atmospheric
pressure without subjecting the material to damaging, high-energy electron beams, such

as in TEM and or low pressure, such as in XPS.

3.2 Results and discussion

3.2.1 Experimental setup in G1 Station at CHESS

| study the synthesis of CNT forests from C,H4/H; precursors, which are first
passed through a “pre-heater” (= 1040-1070 °C) upstream of the reactor in order to
thermally generate the suite of gas compounds necessary for accelerated CNT growth to
millimeter heights.** % | use a bilayer thin-film catalyst, 1-nm Fe film on top of a 10-nm
Al,O3 support, sequentially deposited by electron-beam evaporation onto (100) Si wafers
coated with 100 nm of thermally grown SiO,.2° The CVD apparatus is mounted as
shown in Figure 3.1, directly in the X-ray beampath at the G1 station of the Cornell
High-Energy Synchrotron Source (CHESS). A beam energy of 10 + 0.1 keV is selected
with synthetic multilayer optics (W/B4C, 27.1 A d-spacing), and | use a 2-D pixel array
detector (PAD)?" % for X-ray imaging at a frame rate of 100 Hz. The PAD was designed,
validated, and operated during these experiments by Sol Gruner and colleagues from
CHESS. The incident collimated X-ray beam has a height of 100 pum as controlled by
slits upstream of the CNT reactor. The catalyst substrate is tilted into the X-ray beam at
an angle o; = 0.15° for grazing incidence, which is near the substrate critical angle for
total external reflection.”® The cold-wall reactor features a resistively heated Si platform
upon which the catalyst substrate rests. This enables local heating, rapid temperature

30, 31

control of the catalyst, and modification of the quartz tube with thin polyimide

(Kapton) windows that are highly X-ray transmissive (Figure 3.1b). Therefore, incident
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Figure 3.1 Experimental setup and GISAXS configuration. (a) Setup with cold-wall CVD
apparatus mounted in the path of the X-ray beam (illustrated by red lines) on 4-axis (X-y-z-a)
stage. The quartz tube is modified with Kapton windows. (b) and (c) show the side view
geometry of the reactor with respect to the beam, where the sample is positioned at an angle
with respect to the incoming X-ray beam (k;) by rotating the reactor stage, and scattered X-rays
(ks) at an exit angle o are collected by a 2-D pixel array detector (PAD).
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Figure 3.2 CNT synthesis conditions and total scattering intensity. (a) Temperature and gas
flow conditions during a representative CNT growth experiment with (b) total integrated
scattering intensity showing the onset of particle formation followed by CNT nucleation.

and scattered X-rays pass through the enclosed reactor with minimal parasitic
scattering.*

The synthesis conditions for a typical experiment are shown in Figure 3.2, with
total integrated scattering intensity collected by the PAD in Figure 3.2b. This
demonstrates the ability of this technique to track rapid processes, and generally | observe
significant changes in scattering signal upon the initial temperature increase (catalyst
particle formation) and then again upon the introduction of hydrocarbon precursors (CNT
nucleation). While total intensity gives an indication of the relevant timescales of these
processes, | can extract further information about the nanostructure geometry and
distribution of sizes from the shape of the scattering pattern. The stages of the synthesis
process for CNT forests are schematically represented in Figure 3.3, along with
corresponding in situ GISAXS images. This figure provides an overview of the
dynamics and their relationship to the scattering patterns, and more in depth discussion of
the dynamics follows later. The plots beneath each image show 1-D intensity profiles,
I(qy), that are extracted from the 2-D images and used for fitting of the mathematical
scattering model described later. The GISAXS patterns are symmetric about the X-ray

beam because the form factor of the catalysts, CNTSs, and their organization in the x-y
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Figure 3.3 GISAXS images of four different stages of the CNT synthesis process: (a) as-
deposited Fe/Al,Os film before heating; (b) during rapid heating (Fe particles); (c) nucleation of
CNTs (CNTs and Fe particles); and (d) CNT growth (only CNTs observed with transmitted
beam). Each 2-D SAXS image corresponds to the schematic of scattering geometry above, and
the plot of 1(g,) along the dashed line in the SAXS image. According to the top row schematics,
the blue shaded portion of the scattered X-ray beam is used for analysis; for example in d), the
transmitted beam corresponds to the white dashed line at a lower position on the detector
compared to when the grazing incidence scattering is analyzed (a-c).

plane (substrate) are all isotropic; therefore, only one half of the GISAXS image is
required for the analysis in this study. | hereafter refer to gy as simply q because I only
consider this parallel scattering in this work.

To initiate CNT formation, the substrate is first annealed in H,/He by rapidly
heating to 800 °C and holding for 2 min. It is well known that this step causes the Fe
film to dewet into particles, which determine the CNT diameter; however, the dynamics
of film dewetting and particle size evolution were not previously known. During heating,
| observe a distinct and rapid transition from diffuse scattering from the as-deposited
Fe/Al,O3 film (Figure 3.3a) to coherent scattering from well-defined particles (Figure
3.3b). After the film dewets, the scattering pattern remains constant for the 2-min
annealing step, indicating that particles are quite stable and do not undergo significant

coarsening in this timeframe. This is discussed quantitatively in Section 3.2.5.
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After CNT growth starts I monitor the transmission beam, but after introduction
of C,H, flow and before detecting transmission SAXS, | observe changes in the GISAXS
pattern and a significant increase in the total scattered intensity (Figure 3.3c), which |
attribute to the nucleation of CNTs by deposition of carbon at the Fe catalyst. The time
delay between when C,H, is added and the onset of CNT scattering is an apparent
induction period during which the concentration of hydrocarbon is transient (i.e., CoH=is
mixing into the reactor with Hy/He), and surpasses the partial pressure sufficient for
nucleating CNTs. By real-time monitoring using a quadrapole mass spectrometer
(QMS), I estimate the partial pressure of CoH, is 102 atm after 18 sec, and it takes ~100
sec for the C,H,4 concentration to reach 90% of its steady state value (0.2 atm) (See
Figure 4.10 in Chapter 4). It is not surprising that nucleation occurs before the steady
state partial pressure of C,H, is reached because | have previously shown that only trace
amounts (0.01 atm) of alkynes in concert with C,H, are needed for efficient forest
growth.*®* For a 100-pm X-ray beam impinging on the 1x1 cm catalyst substrate at a; =
0.15°, I estimate that, before CNT growth, 75 um of the beam passes over the
downstream edge of the substrate without scattering. This portion of the beam is entirely
blocked by the lead beamstop and not visible on the detector until the height of the CNT
forest increases such that it scatters these X-rays onto a visible area of the detector below
the GISAXS features. | use this transmission scattering to monitor and quantify
prolonged, vertically aligned CNT growth (Figure 3.3d).

3.2.2 Modeling GISAXS of substrate-bound particles

| use the GISAXS data to fit a mathematical model of the particle size and
spacing. | adapt the approach of Renaud and coworkers®** to model the scattering cross
section of an arrangement of truncated spheres (particles) on a flat substrate (schematic
representation in Figure 3.4a). The GISAXS intensity collected from the catalyst
particles is proportional to the modulus of the form factor squared |F(q)|? multiplied by

the interference function S(q). That is,

I(q) = AIF()I*S(q). Eq. 1
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Figure 3.4 Truncated sphere form factor model. Assumes infinitely flat substrate, and height is
given by the degree of truncation (H/Dy).

F(q) and S(q) are the Fourier transforms of the catalyst shape and the particle-particle

pair correlation function (i.e., spacing), respectively.'”?* 3 The overall form factor is

Iy P(Rp)fp?dRy,
foooP(Rp)dRp

IF()|* = , Eq. 2

where A is an adjustable constant, R, is the radius of a sphere (particle) with variance
asz, and H (height) is the distance from the substrate to the top of a sphere. P(Rp) IS

the probability density function (PDF) for the population of particle radii, which accounts
for the polydispersity in particle size; and f;, is the form factor of the individual scattering
body (truncated sphere). There is precedence in literature to suggest that the particles
formed by dewetting of a thin film on a flat substrate have a lognormal size

%37 analogous to the size distribution of grain growth;* as a result, P(R,,) is

distribution,
assigned a lognormal distribution. 1 also find that the logarithm of particle height, as
measured by AFM in Section 3.2.3, passes a test one-sample Kolmogorov-Smirnov test

(99% confidence). Accordingly,

[ (lan—(Rp)) ] Eq.3

P(Rp) = RpO'R
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and
H J1(qRz)
fo(@ R, H) = [ ZnRZZ%dZ Eq. 4

In the latter equation, R, = (R,” — z2)/2, z is the vertical coordinate and J, is a Bessel
function of the first kind.
The structure factor represents particle-particle scattering, and | use the structure

factor for a 1-D paracrystal, which is locally ordered but lacks long-range order. This is

1_e_q20.82

S(CI) = 12042 ) Eqg. 5

0252 _
1+e 9796 -2¢" 2 cos(qd)

where § is the mean particle spacing with variance os2.
According to this model, the spatial distribution of scattered intensity depends on

the following parameters of the particles: diameter D, (2 X R,) and its variance (aDpz),

spacing & and its variance (o52), and height H. Thus, fitting Eq. 1 to linescans, 1(qy),
from the GISAXS data enables us to extract quantitative, statistical information about the
population of metal nanoparticles created by dewetting of the Fe film. Fitting is
performed by least-squares error minimization using custom code and the MATLAB

curve fitting toolbox.

3.2.3 Quantitative analysis of particles with AFM

In order to validate the GISAXS measurement technique, | compare the fitting
results to quantitative analysis of ex situ AFM images, which is a standard means of
analysis nanoparticles on a substrate. For reference, | prepare a set of samples by
annealing Fe/Al,O3 at different temperatures and durations, and | probe the catalyst
morphology by both GISAXS and AFM for each sample. In the AFM image processing

(Figure 3.5), | first identify the positions of all local maxima within each image and
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Figure 3.5 Example AFM images of Fe on Al,O; and processing methodology. (a) Fe particles
after 2-min annealing in H,/He at 825 °C with (b) an exploded view of a single particle and (c)
schematic of particle-peak finding algorithm. Automated processing (d) finds particle locations
based on local maxima and (e) decomposes image into VVoronoi cells. (f) Overlaid histograms
demonstrate the difference between recorded height of each pixel (grey) versus particle height
(black). Particle height is reference from the roughness (mean height) of the alumina support
denoted by (2).

decompose the image by Voronoi tessellation. A 2-D Voronoi cell is a convex polygon
whose segments are all the points in the line that are equidistant to the two nearest
maxima and whose vertices are the points equidistant to three maxima (Figure 3.5e).
Thus, the Voronoi cell size, defined as the square root of the polygon’s area, is a measure
of particle-particle nearest-neighbor spacing §. This type of spatial decomposition is
traditionally used to analyze paracrystals, and it applies to substrate bound nanoparticles
because they exhibit only short-range order arising from steric effects and local
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coarsening. Further, the particle-particle spacing in the GISAXS model has previously
been associated with a distribution of VVoronoi cell sizes.™®

Using AFM images, | determine the height H of each particle by the subtracting
its maximum from the mean roughness of the Al,O3, which ranges from 3-5 nm
depending on annealing conditions (Figure 3.5f). | consider peak height to be a reliable
metric from AFM imaging, because the shape and diameter of a particle is affected by the
tip geometry (which changes with time due to wear) and the tip-sample convolution. As
a result, recording the peak height of each particle most accurately captures the
distribution of sizes, as opposed to tallying every pixel or measuring the curvature of the
peaks. In the latter case, larger particles are unfairly weighted because they occupy more
pixels than smaller particles.

The summarized results in Figure 3.6¢ and Figure 3.6d show that both AFM and
GISAXS provide consistent quantitative measures of the mean particle height H and
spacing &, for a variety of annealing conditions that change the film morphology |
attribute the discrepancy of H to the Decoupling Approximation (DA) used in the

model,®

which neglects all correlations between size of scattering bodies and their
relative position and thus essentially assumes the catalysts have no spatial correlation.
While DA is typically only used for diffuse systems because it allows for overlapping of
the structures, integrating size-space correlations is challenging for large numbers of
images.** The GISAXS model also assumes the particles are supported on a flat
substrate, whereas the Al,O3 support is in fact rough. Nevertheless, my approach that
includes these simplifying assumptions yields good agreement with AFM, thus enabling
in situ measurement of the film and particle dynamics. | also quantify the roughness of
the as-deposited Fe film using my GISAXS and AFM analyses in Figure 3.7, which

again show good agreement and gives an initial roughness of 1.1 nm.

3.2.4 Modeling SAXS of CNTs
The scattering of CNTs (similar to Eq. 1) is described as a population of hollow

cylinders with lognormally distributed outer diameters.?* >

48



a
10"
S,
2
£10°}
Dsp = 34.80 £ 22.57 nm
Dp =18.95 + 3.60 nm
4/ €c=0.20
107 e
0 01 02 03 04 05 0.6
q[nm™]
C 90 A AFM analysis (Voronoi 5
| = GISAXS model |
‘e : [
|E| 60 B I l - % | .
- N x
2 30F J | : J 1
o
[]
Q_ -
(7p)
0
675 °C 725 °C 825 °C 825 °C
2 min. 2 min. 2 min. 30 min.
d 15 A AFM anaglysis
| ®  GISAXS|model I'I* |
— l a
=" 7 LS
r | L1 L
] 5 il L li J 4
=y 1 s
() L
I

675 °C 725 °C 825 °C 825 °C
2 min. 2 min. 2 min. 30 min.

Figure 3.6 Comparison of GISAXS model with AFM image analysis. (a) Ex situ GISAXS data
and model fitting of Fe particles formed by rapid heating and 2 min annealing in H,/He at 725 °C.
The fit parameters are listed on the plot and the corresponding 2-D image is inset. (b) Top and
isometric views of an AFM image of the same sample, with particle peak with particle peak
heights (black circles) and VVoronoi tessellation (black lines) indicated. Comparison of GISAXS
fit results with AFM analysis for (c) particle spacing and (d) particle height. Marker and error bar
represent population mean and +/- standard deviation, respectively.
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Figure 3.7 GISAXS and AFM analysis of Fe film as-deposited. (a) GISAXS data and fitting
shows the mean roughness of the film is comparable to that measured by AFM (b-c).

_ L_TL' fooo P(Rc)fczdRc
a f, P(Ro)dR: '

F(q) Eq. 6

where L is the length of a CNT, R is the radius of a CNT, and P(R,) is the lognormal
PDF of CNT radii, having the same form as Eq. 3. Additionally,

2[J1(Rcq)—§J1(§Rcq)]
fc(qi RCJ E) = Ap 2 qRC(l—;Z) ) Eq 7

where ¢ is the ratio of inner to outer CNT radii, Ap is the difference in scattering density
distribution, and /; is the spherical Bessel function of the first kind. Here, the fitting
parameters are the outer diameter, D, (2 X R,), its variance (op_*), and &, while

prefactors L and Ap are absorbed by a normalization constant, A, as in Eq. 1. For CNTs,
| set S(q) = 1 because | do not observe structure factor scattering for this g range; CNT-
CNT spacing is =100 nm (g = 10% nm™) and therefore is visible only by ultra-small-angle
X-ray scattering (USAXS).** Figure 3.8 shows a schematic of the CNT form factor
model and an example of Eqg. 6 fit to a single frame of the in situ SAXS data.

To fit the CNT scattering data, | use transmission SAXS data from the portion of

the X-ray beam that passes over the substrate as illustrated in Figure 3.3 (instead of
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Figure 3.8 SAXS form factor model for CNTs. (a) TEM and schematic show the important
geometrical parameters used in this core-shell model, where Rc is the outer radius of the cylinder
(CNT) and & is the ratio of inner to outer radii. (b) Example of SAXS fitting for data taken in
situ. Note, CNT data is monitored from transmission SAXS, which appears at a g, indicated by
the white dashed line on the inset SAXS image. Resultant fitting parameters are also labeled on
the plot. TEM provided by A. J. Hart.

impinging at the angle a;). Once CNTSs begin growing, the specular beam contains
scattering information for both Fe particles and CNTs; therefore, |1 use a g, value
corresponding to the transmitted SAXS, which is purely from CNTs. Before self-
orienting perpendicular to the substrate, the CNTs comprise a thin, tangled film (Section
4.2.1 in Chapter 4), such that GISAXS carries information from both pure Fe particles
(without CNTSs) as well as from short CNTs emerging from the Fe particles. This
arrangement of catalysts and CNTs within the same plane is different than a previous ex
situ study that treated GISAXS from catalyst particles and aligned CNTs as a multilayer
GISAXS problem.* Even as growth proceeds and the CNT density increases, the
percentage of active catalysts is less than 10% (thus the porosity of forest is
approximately 99%),° so X-rays still penetrate through the forest to scatter from both
active and inactive particles on the Al,O3 support.

51



Q

400
1300
1200
1100

Flow rate [sccm]

N
N

Doy I

e

0 I1OO 120 140 160 180 200 220'240
Time [sec]

0 20 40 60 8

Figure 3.9 Dynamics of catalyst dewetting and CNT growth for rapid heating (33 °C sec™) in
H./He. (a) Synthesis conditions (i.e., temperature, gas flow) versus time (setpoint value 800 °C).
Zero indicates when the substrate heater is turned on. (b) Fitting results of real-time GISAXS
image sequences for particles and CNTs. Time evolution of particle diameter (blue, left axis) and
CNT diameter (red, right axis), with inset GISAXS images that show the position on the PAD
where the linescan (white dashed line) is taken for data analysis. The black square near t = 140
sec denotes the mean CNT diameter as measured in SEM (see Figure3.10). Marker and error bar
represent population mean and +/- standard deviation, respectively.

3.2.5 Catalyst particle and CNT dynamics

By separately fitting the Gl scattering during heating and annealing (before CNT
nucleation), and the transmission scattering after CNT nucleation, | quantify the
dynamics of both catalyst particle formation and CNT growth for a series of thermal and
chemical conditions. This enables direct investigation of how the CNT population relates
to a population of catalyst particles of known geometry. First, | study the dynamics when
the substrate is rapidly heated (33 °C sec™) to 800 °C in Hy/He (Figure 3.9). The film
dewets and forms particles rapidly, starting when the substrate is below 400 C. At this

instant, D, and Op, both rapidly increase and saturate at 17 sec, approximately 6 sec after
dewetting begins. The particle size distribution remains constant at D, = 11.7 £ 2.1 nm

for the rest of the 2-minute annealing step,. The diameter of CNTSs at the start of growth
(D =12.0 £ 4.3 nm) is, within error of the fitting procedure, identical to the steady-state

particle size distribution. However, within 10 sec after nucleation, the CNT diameter

52



d
[ ]
0.35¢
[ ]
)
o g 03
S © ';
(o8 ©
(0] (]
L,L_ 0.25
(]

0.21

0 5 10 15 20 015740 160 180 200 220 240

CNT diameter, D_[nm] Time [sec]

Figure3.10 High-resolution SEM imaging and analysis of CNT dynamics. (a) Side view of the
top of the CNT forest (i.e., beginning of growth) synthesis in the experiment described in Figure
3.9 with inset digital photograph of the forest on 675-um Si wafer. (b) Magnified top view of
forest with CNT diameter measurements displayed. (c) Tabulated diameter measurements (blue
bars) with overlaid PDFs calculated from fitting data (Figure 3.9), where the distribution evolves
fromt = 139 sec (red) to 231 sec (black). (d) Evolution of CNT population represented by the
coefficient of variation (diameter divided by standard deviation) versus time.

distribution rapidly shifts downward, and the distribution (op,_) narrows, reaching 2.6 nm.

High-resolution SEM imaging of the top of the forest (Figure3.10), representing the
beginning of growth gives a measure of D, (10.6 = 1.8nm), confirming the SAXS

technique accurately measures CNTs that begin to grow first. This value is shown as the
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Figure 3.11 Dynamics of catalyst dewetting and CNT growth for slow heating (10 °C sec™) in
H,/He. (a) Synthesis conditions (i.e., temperature, gas flow) versus time (setpoint value 800 °C).
Zero indicates when the substrate heater is turned on. (b) Fitting results of real-time GISAXS
image sequences for particles and CNTs. Time evolution of particle diameter (blue, left axis) and
CNT diameter (red, right axis). Marker and error bar represent population mean and +/- standard
deviation, respectively.

black data point superimposed in Figure 3.9. The downward shifts in D, and ap_ in my
measurements suggest that newly nucleating CNTs overwhelm the existing population
with time, and the diameter of individual CNTs does not change. This is consistent with
our recent observations that density increases 5-10 times during the initial stages of CNT
forest growth.® Indeed, previous studies of isolated, millimeter-long CNTs have shown
that diameter and chirality changes typically do not occur during growth,® unless a

42,43 is varied.

process variable such as temperature
Under relatively slow heating (10 °C sec™) in Ha/He, the film dewets at
approximately 550 °C, and the subsequent increase of D, (Figure 3.11) is more gradual
and reaches a smaller final value compared to the rapid heating experiment (100 °C sec’
Y. Further, D, reaches steady state more slowly, as it continues to evolve until CNTs

nucleate (past which accurate quantification of particles is difficult). While the early D,

54



o 300 3
S 600 H, = "~ &
& He 200 £
g 400 =
£ CaHs 100 =
A AW A E S S R o
12 12
g 9 ] e mees st 9 E-
—_ --.— —
£ 6 i 6 3
3 3
ol Tt 0
0 5 10 15 20 25 30 35 40
Time [sec]
b 4 n
12
£’ !
2 6 [ L
@) W "
3 ...
0

9.3 9.6 9.9 10.2
Time [sec]

Figure 3.12 Dynamics of catalyst dewetting and CNT growth for rapid heating (100 °C sec™) in
C,H4/H,/He. (a) Synthesis conditions (i.e., temperature, gas flow) versus time (setpoint value 800
°C). Zero indicates when the substrate heater is turned on. (b) Fitting results of real-time
GISAXS image sequences for particles and CNTs. Time evolution of particle diameter (blue, left
axis) and CNT diameter (red, right axis). (c) Expanded timescale corresponding to the shaded
blue region in a), which shows ability to quantify film dynamics with a time resolution of 60
msec. Under thesis conditions, the film dewets in approximately 0.5 sec. Marker and error bar
represent population mean and +/- standard deviation, respectively.

mean for this case is also dynamic, op_remains comparatively more stable and smaller
overall. Thus, the heating rate influences the size and monodispersity of the particles and
resultant CNTs, and in these experiments a slower heating rate in H,/He results in smaller
and more monodisperse CNTSs.

While I find that particles can form very rapidly at a critical temperature in Hy/He,

previous studies have suggested that continued exposure to H,/He causes coarsening of
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the catalyst size distribution.*** As a result, an increasingly common practice for CNT
synthesis is to rapidly heat the catalyst to form particles in the presence of both
hydrocarbon and H, precursors in order to achieve small CNTs.*>*® Figure 3.12a shows
results where the substrate was heated rapidly (100 °C sec™) in CoH4/Hz/He, and
accompanying SAXS results, and the exploded view of the time axis in Figure 3.12b
illustrates the time resolution of my technique. 1 clearly resolve the particle scattering
signature before CNT scattering appears, thus confirming that dewetting of the film into
approximately hemispherical islands is a distinct step of the process, even in the presence
of hydrocarbon. Here, the film begins to dewet at approximately 375 °C, and the particle

diameter (D, = 10.4 + 2.7 nm) is close to the value obtained by rapid heating in Ha/He.

However, the first CNTs observed in transmission scattering are much smaller (D, = 5.7
+ 1.5 nm) than after initial heating in Ho/He. Interestingly, the initial CNTs are smaller
than the mean diameter of the particles. This suggests that heating the catalyst film in the
presence of active carbon precursors creates a subpopulation of catalysts of small
diameters. However, as time proceeds, the CNT population evolvesto D.=9.2+2.1
nm, which is closer to the initial size of the catalysts. Thus, the smaller subpopulation
either is not stable to support prolonged CNT growth, or is overwhelmed by the main
population of larger particles and corresponding larger CNTs that dominates the eventual
film.

In all experiments, | observe that the Fe film dewets rapidly and is followed by
relatively slow coarsening of the particles. This complements recent studies that show
that populations of much smaller catalyst particles can coarsen significantly during
annealing.>* However, the particles in those studies are smaller than those reported in
my work, which makes them more susceptible to ripening through surface diffusion.
Although | observe that the Fe particles remain relatively stable over the 2-minute
annealing step, my AFM data and additional in situ GISAXS studies clearly show
morphological evolution occurs beyond 2 minutes while annealing in H,/He, as particle
size and spacing increase (Figure 3.13).

During the initial heating, the Fe film (natively oxide) reduces to its metallic
state,'? dewets, and forms stable islands. When the substrate is heated in an inert

atmosphere (i.e., He) I do not observe dewetting. Thus, a reducing environment is
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Figure 3.13 Dynamics of catalyst dewetting and particle coarsening for long annealing time in
H,/He. Fitting results of real-time GISAXS image sequences for particles, showing (a) particle
diameter and (b) spacing versus time (setpoint value 825 °C). Zero indicates when the substrate
heater is turned on. (c) AFM images and analysis results for mean diameter and spacing of
particles for 2 and 30 min (825 °C).
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important for transforming a thin film into particles. Overall, the dewetting of the Fe
film is driven by instability induced by thermal stress, arising from mismatch in
coefficients of thermal expansion between the film and its support.*" There is a net
decrease in free energy when the film restructures into hemispherical particles by surface
diffusion of Fe. The subsequent rate of particle growth is expected to decay

exponentially*® *°

as the system tends toward equilibrium. The equilibrium size and
shape (i.e., contact angle) of the catalyst particles are related to the free energy balance of
the lower-energy surface of the Al,O3 support with that of the Fe,>* and here | show that

the heating rate also influences the resultant particle geometry.

3.2.6 Templated catalyst film dewetting on porous alumina

The in situ SAXS studies in the previous section demonstrate that the thermal and
chemical conditions during annealing and growth influence dewetting of the catalyst film,
and the resultant particle size distribution influences the CNT diameter distribution.
However, regardless of how I control these conditions to influence dewetting on a flat
substrate, the size and spacing will always be polydisperse, so investigating alternative
methods of control is important. In this section, | present a new approach to engineering
the catalyst particle size and spacing, whereby the catalyst is prepared by sputtering Fe
onto an anodic aluminum oxide (AAO) substrate (Synkera Technologies, Inc.; Figure
3.14). AAO is a nanostructured material with cylindrical pores that are regularly spaced
at high densities. Recent technological advances in controlling the pore size and density
make this material potentially attractive for directing the catalyst dewetting process.
Previous reports show that CNT diameter can be templated by growing inside the AAO
pores,>® ** but to my knowledge, AAO has not been used to template catalysts using the
positive space.

In Figure 3.15, | present the concept of this approach, where Fe is first sputtered
on top of heat-treated AAO (y-alumina), on the area surrounding pores (pore diameter is
18 nm). Fe is limited to this top surface principally because sputtering is a line-of-sight
deposition technique. Then, upon annealing in Hy/He, | expect the local curvature of the
pores and the restricted amount of top surface area to drive dewetting such that isolated

particles form between pores. Theoretical modeling has previously described the
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Figure 3.14 SEM imaging of AAO top surface. (a) Low- and (b) high-magnification
images showing ordered, porous structure. Digital photograph inset (a) features 11" x
18" AAO membrane produced by Synkera Technologies, Inc.

[ ] Alumina

Il Pore
B Fe

‘ ‘ Film thickness, t

As-deposited catalyst film Catalyst particles after dewetting

Partlcle dia., Dy

Figure 3.15 Model of templated dewetting of Fe on AAO. Schematic shows how a thin film
deposited in the area between pores (black) forms particles, assuming conservation of mass.
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Figure 0.16 AFM and FFT analysis of control Fe films on flat alumina. Results for two different
control cases: (a) Fe film deposited by electron-beam evaporation, annealed in H,/He at 825 °C
for 2 min; and (b) Fe film deposited by sputtering, annealed in H,/He at 775 °C for 10 min.

Onm

instability in a thin film as caused by growth of holes due to surface tension, and this
leads to dewetting.”® > In my experiments, | use AAO to template holes of prescribed
size and spacing order to influence surface-tension-driven dewetting. Note, in the
idealized case illustrated in Figure 3.15, | expect the number of particles to be twice the
number of AAO pores.

I first emphasize that in a control experiment on flat alumina, the Fe film dewets
to form isolated particles, without order. This is confirmed by AFM imaging and
analysis by fast Fourier transforms (FFT) of the images. The FFT converts the image to
the frequency domain and gives an indication of spatial order by characteristic features in
the image. The diffuse FFT patterns in Figure 0.16 indicate a lack of order for Fe
particles that are formed by annealing films deposited by both electron-beam evaporation
and sputtering (both with electron-beam-evaporated alumina on SiO,/Si). On the other
hand, I confirm that the AAO substrate is well ordered as expected (as indicated by the
“diffraction ring” in the FFT), and Fe particles formed by dewetting on AAO are also
ordered (Figure 3.17). I investigate particles formed from 1, 2, and 5 nm Fe films, and |
show that particles from 1 and 2 nm are well ordered, but when the film is too thick (i.e, 5
nm), resultant particles are large and spatial order is lost (Figure 3.17d). This could be
due to excessive coating of the inside rim of the AAO pores, such that the film no longer
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Figure 3.17 AFM and FFT analysis for series of Fe films on AAO. Results for four different
cases of AAO: (a) without Fe deposition; (b) 1 nm Fe; (¢) 2 nm Fe; and (d) 5 nm Fe. All films
deposited by sputtering before annealing in H,/He at 775 °C for 10 minutes.

dewets according to the isolated areas between pores because it is continuous across the
pores.

Magnified views compare Fe particles from 1- and 2-nm films, confirms that the
short-range order of bare AAO translates to particles formed on AAO (Figure 3.18). The
six-fold symmetry of the hexagonally arranged AAO pores is captured by the FFT
pattern. Interestingly, the FFT pattern is blurred for 1 nm, while it has clear diffraction
spots for 2 nm, similar to bare AAO. The fact that the hexagonal symmetry emerges for

2 nm but is lost for 5 nm suggests that there may be an optimal window of film thickness
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Bare +1nmFe +2nm Fe

Figure 3.18 High-resolution AFM and FFT analysis for series of Fe films on AAO. Magnified
views for three cases shown in Figure. 17a-c: (a) without Fe deposition; (b) 1 nm Fe; and (c) 2 nm
Fe. All films deposited by sputtering before annealing in H,/He at 775 °C for 10 minutes.

over which templated dewetting and ordering of Fe particles is effective. It is plausible
that Fe is lost in the pores during annealing, but my images appear to have particles
present on the AAO surface, which is corroborated by an increase in surface roughness as
quantified by the root mean square (RMS). For instance, | observe an increased
roughness after Fe deposition and annealing, with RMS = 4.7 nm for bare AAO versus
5.6 nm for 1 nm Fe.

Using the custom AFM image processing described in Section 3.2.3, I quantify
the areal density of both pores on bare AAO and particles after dewetting on AAO. |
quantitatively compare the spacing of the pores to the spacing of the particles (1 nm Fe)
using Voronoi tessellation (Figure 3.19). | confirm the pore spacing of the as-received,
bare AAO (45.6 nm), and | observe that the mean spacing of the particles (37.0 nm) is
smaller, which agrees with my model in Figure 3.15. Furthermore, | find that the ratio of
the number of particles to the number of pores is 1.6, which is less than the ideal ratio of
2, but it is a promising outcome. From this initial ratio, | estimate that the probability of
isolating one particle between three pores is approximately 0.8, although more than one
particle may sit in these interstitial sites due to the tendency for Fe particles to
agglomerate. | anticipate that by varying the Fe thickness and annealing conditions, the

number of particles per pore could approach 2.
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Figure 3.19 AFM and Voronoi decomposition analysis of AAO with and without Fe particles.
(a) Bare AAO showing Voronoi tessellation according to location of the pores with the
distribution of pore spacing in (c). (b) Particles on AAO from 1 nm Fe showing Voronoi
tessellation according to location of particles with the distribution of particle spacing in (d).

I also characterize the AAO and Fe/AAO substrates using ex situ GISAXS (as
described in 3.2.1) in Figure 3.20. Bare AAO exhibits a strong correlation peak at about
g =0.2 nm™, corresponding to the spacing of the pores. GISAXS of AAO with Fe
particles shows a slight upward shift in g of the correlation peak as well as the emergence
of a second peak at q = 0.39 nm™. Without modeling the porous structure of the AAO, |
can approximate the characteristic feature size as d = 2m/q; this indicates that the Fe
particles are about 16 nm with an average spacing of 30 nm (Figure 3.20d), which is near
the value measured by AFM (37 nm) (Figure 3.19d).

Initial results in Figure 3.21 from CNT growth experiments show that particles
from 1 nm Fe on AAO Yyield a uniform, tangled CNT film. The AAO pore density
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(5 x10™ cm™) ideally relates to the particle areal density (by factor of 2), and on a flat
substrate <10% of catalyst particles are active for CNT growth.® Given that ~10° CNTs
cm is required for the self-oriented, vertical structure in a forest, | expect that the
particle density from 1 nm Fe on this substrate (at this pore density) is not sufficient to
form a vertically aligned forest. However, by optimizing annealing and growth
conditions for this new material as well as Fe thickness, growth of CNTs forests with

prescribed densities may be possible by this templating method.

Bare +1nm Fe

d L 2zlq =30.i nm
/

2z/q = 16.3 nm
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Intensity [a.u.]
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Figure 3.20 GISAXS analysis of AAO with and without Fe particles. 2-D GISAXS images of
(a) bare AAO and (b) particles on AAO from 1 nm Fe, with corresponding 1-D intensity profiles
in (c) and (d) respectively. Intensity scans are taken according to the white dashed lines in the
GISAXS images. Particles formed by annealing in H,/He at 775 °C for 10 minutes (same
samples as in Figure 3.18 and Figure 3.19.
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Figure 3.21 SEM imaging of CNT growth results from 1 nm Fe on AAO. (a) Side view (72 °
tilt) showing thickness of CNT film and corrugated, porous structure of the AAO. (b-d) Top view
of CNT film at various magnifications.
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3.3 Conclusions

| show that in situ X-ray scattering enables non-destructive analysis of the
populations of catalyst particles formed from a thin film. The CNT diameters that first
emerge match the distribution of catalyst sizes but the population evolves rapidly as new
CNTs begin growing. CNT forest growth is a multi-stage process; parameters in each
stage critically determine the forest characteristics and lead to structural variations in the
forest which determine suitability for many prospective applications. By in situ GISAXS
I reveal limiting dynamics of the growth process and find that the catalyst film dewets
nearly instantaneously and heating rate determinates the resultant particles size. This
nondestructive technique enables sampling of large numbers of nanostructures, giving
insight into rapidly evolving populations. Revealing the timescales for the pertinent
process throughout forest growth enables better understanding and thus an opportunity to
tune these processes. The use of synchrotron light and a high-speed array detector is a
powerful diagnostic tool for nanomaterials production, and it will be useful to devise a
next generation feedback control scheme to optimizing synthesis. Finally, I apply a set of
complementary characterization techniques to a new catalyst system in order to probe the
effects of templating catalyst films with a porous support layer. Initial results show that
the AAO support induces spatial order in the arrangement of particles, and CNT films are
achieved. This is promising technique for directing dewetting of films for a variety of
applications and materials.
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Chapter 4
Morphological evolution in CNT forest growth

In the chapter, I identify and discuss four distinct stages of morphological
evolution during the CNT forest formation process. This is enabled by combining
electron microscopy and X-ray scattering studies with real-time forest height
measurements during synthesis. | observe the in situ formation of the ubiquitous tangled
“crust” from an initial discontinuous film (Stage 1), and | reveal the kinetics of self-
organization (Stage 2), which I corroborate with the initial acceleration in forest height.
CNTs remain well aligned during steady growth (constant rate; Stage 3), but | identify a
distinct loss of order at the end of growth that coincides with abrupt self-termination in
height Kinetics (Stage 4). Correcting the height Kinetics for the varying CNT tortuosity
during synthesis allows for new interpretation of reaction kinetics based on the true
lengthening rates of CNTs. Portions of this chapter originally appeared in various journal
publications and are reproduced here with permission from the respective publishers.

The current presentation of the work herein represents my contributions, principally.

4.1 Introduction

Synthesis of CNT forests involves the collective self-organization and upward
growth of billions of CNTSs per square centimeter®. Thus, forests are very porous,
comprising typically no less than 95% air by volume.>? A CNT can have an
exceptionally large aspect ratio (i.e., length-to-diameter ratio; ~ 10°in a millimeter-tall
forest), with a reported persistence length on the order of 100s of nm for multi-wall
CNTs.® This low number density and the mechanical compliance of individual CNTSs, in

concert with a propensity for physical interaction among neighboring CNTs (primarily

72



Figure 4.1 Morphology along the height of a typical CNT forest. SEM images of forest sidewall
(at 52° tilt): (a) top, (b) middle, and (c) base of the forest correspond to beginning, middle and end
of growth (for base- growth mechanism). Inset photograph of 3-mm-tall CNT forest on Si. (TJ/T,

= 800/1040 °C).

73



due to van der Waals attraction), results in a tortuous morphology as shown in Figure
4.1.

Indeed, mechanical coupling among CNTs and CNT bundles has been highlighted
as an important factor in self-organized CNT growth,* > and when the spacing is
sufficiently large to reduce these interactions, the forest loses its self-aligned structure.?
The general observation that denser forests have less tortuous CNTs® also underscores the
importance of physical interactions among CNTs and implies an inverse relationship
between density and tortuosity. Externally applied forces can even frustrate growth and
induce morphological changes.” Despite these key findings, the evolution in forest
morphology during synthesis and its relationship to governing mechanical and/or
chemical mechanisms is poorly understood. Unfortunately, the electrical and thermal
transport properties of CNT forests continue to be limited by defects either caused by or
associated with CNT tortuosity.®™* This inhibits the practical use of CNT forests as
thermal and electrical interface materials.>*> Therefore, tools and methods for
diagnosing CNT forest growth will not only enable improvement of forest properties, but
elucidating morphological signatures conveys vital information about the synthesis
process.

| combine electron microscopy and X-ray scattering studies with real-time forest
height measurements during synthesis to identify and quantify four pertinent stages of
CNT forest evolution: self-organization, steady growth, density decay, and self-
termination. Example morphologies in Figure 4.1 demonstrate the evolution of CNT
morphology approximately according to these different stages (i.e., beginning, middle,
and end of growth). | reveal the kinetics of self-organization and use forest height
measurements to corroborate the onset of CNT alignment with the initial acceleration in
height. CNTs remain well aligned during steady growth, but I identify a distinct loss of
order at the end of growth and correlate it with abrupt self-termination in height kinetics.
Correcting the height kinetics for the non-constant CNT tortuosity during synthesis
allows new interpretation of reaction kinetics based on the true lengthening rates of
CNTs.
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4.1.1 Quantifying CNT alignment with X-rays

The morphology within a CNT forest evolves during the growth process, and thus
it varies with height as well.> ***® The SEM images in Figure 4.1 demonstrate variation
in alignment along the height of a typical CNT forest, with an initially tangled
morphology in the top crust followed by well aligned CNTSs.
| find that CNTs tend toward randomly oriented configurations at the base (i.e., end of
growth), which was a novel finding at the time of our original finding'® and has since
been corroborated by others.®?* | discuss abrupt termination and loss of CNT alignment
further in Section 4.2.2.

I quantify CNT alignment by analyzing small-angle X-ray scattering (SAXS)
images. Using synchrotron radiation ensures a large signal-to-noise ratio and enables
rapid collection times for in situ measurements of forest growth and high-resolution
spatial mapping of forests. Our typical experimental setup is depicted in Figure 4.2a,
where the source X-ray beam is focused through optics upstream of the specimen, and
scattered X-rays are collected on a detector at a specified distance for SAXS (= 10%-10°
cm). | then calculate the orientation parameter (f), which was originally developed by
Hermans and colleagues for measuring polymer chain alignment® and is often used to
evaluate order in liquid crystals.?® This parameter quantifies the average orientation of
the ensemble of individual CNTs within the X-ray beam path, in relation to a reference
direction (i.e., z-axis). Hence, f is a measure for the mean square cosine of the angle

between the CNT direction and the reference direction (¢),
1 2
f= E(3<cos ¢> —1) Eq.4.1

The average angle of alignment (¢) is calculated by integrating the corresponding

intensity distribution I1(¢) of the SAXS pattern about the beam’s axis,*” %" %
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Figure 4.2 SAXS mapping of CNT forests with monocapillary optics for optional focusing of the
beam down to 40 um at the specimen. (a) Schematic of setup and sample SAXS patterns taken at
the (b) middle and (c) base of a CNT forest with accompanying azimuthal intensity scans below
each image (with calculated order parameter f). These data clearly illustrate the different between
anisotropic (aligned CNTSs) and isotropic (disordered CNTS) scattering.
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<0032 ¢> =
(1(g)sing)dg¢
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Thus, the distribution of intensity, 1(¢), about the azimuthal angle ¢ is a direct
indication of the average CNT orientation within the scattering cross section. Note, this

azimuthal scan is executed at a specified radius in g, the value of which is determined by
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the location of the CNT signature peak (q~ 0.5-1.5 nm™). Here, q is the scattering vector
that describes momentum transfer and is equal to 47” sin(0), where 26 is the conventional

diffraction angle. Critical values of f are -0.5, 0 and 1, corresponding to perfectly
horizontal, disordered, and perfectly vertical orientations, respectively. | therefore assign
a value of f to each time step and/or height interval in order quantify the evolution of
alignment in CNT forest growth.

Example SAXS patterns of aligned (f = 0.47) and disordered (f = 0.08) CNTs are
shown in Figure 4.2b and Figure 4.2c, respectively. Notably, these images are taken
within the same forest but at different positions along the height (e.g., Figure 4.1b and
Figure 4.1c, respectively), which demonstrates the wide variation in order that occurs
during synthesis. The distribution of scattering intensity I(¢) is also shown below the
SAXS patterns in Figure 4.2, which clearly illustrates that isotropic scattering results
from disordered, unaligned CNTSs.

4.2 Results and discussion

4.2.1 Self-organization of CNTs in early forest growth

| synthesize multi-wall (MW) CNTs by CVD from a catalyst thin film of 1nm Fe
on 10 nm Al,O3 deposited by electron-beam evaporation on a (100) Si wafer coated with
300 nm of thermally grown oxide. 1 first anneal the thin film in H,/He at 775 °C in a tube
furnace, causing the film to dewet into nanoparticles, and | grow CNTs by subsequent
exposure of the catalyst to C,H4/H,/He. Growth is intentionally ceased by rapidly
cooling the system by removing the reactor tube from the furnace while maintaining the
C,HJ/H2/He environment, which is why there is some growth for the “0 sec” case.
Figure 4.3 shows the evolution of forest growth under these synthesis conditions, with a
clear transition from disordered CNTSs to an aligned forest with increasing process time.

As mentioned in the introduction, the self-aligned morphology relies on physical
interactions among neighboring CNTs.? Thus, the criteria for initiating alignment are

related to the number density and length of CNTs,*® both of which are dynamic and are
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Figure 4.3 SEM images of CNT growth time series, representing the early stages of forest
growth, with images corresponding to (a) 0 sec, (b) 5 sec, (c) 10 sec, and (d) 24 sec after C,H, is
introduced to the reactor. At the specified time, the reactor is rapidly cooled in the growth gases,
so the carbon deposits on the Fe catalyst in all cases, including the “0 sec” case. Note, the onset
of CNT alignment at 10 sec. In all cases, CNTs are synthesized in a hot-wall reactor at 775 °C.
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Figure 4.4 CNT alignment during forest self-organization as measured by GISAXS. (a)
Azimuthal intensity scans taken from GISAXS of same CNTs shown in Figure 4.3, which show
trend toward higher anisotropy with time, as quantified in (b) with the orientation parameter f
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assumed to be generally increasing with time shortly after the hydrocarbon is introduced.
When individual CNTSs begin to grow, they are separated by large distances, as
approximately determined by the spacing of catalyst particles, which I found in Section
3.2.3 to be = 2-6 times the CNT diameter (Figure 3.6). In fact, the separation distances
are even larger than this particle spacing because the initial catalyst activity is about 1%.*
Therefore, the initial CNTs (i.e., at “0 sec”) begin as a discontinuous tangled film, where
the CNT orientation is subject to random fluctuations due to thermal energy® and can
also be influenced by surface forces exerted by the Al,O3 support layer. As the synthesis
process proceeds, CNTs continue to elongate by the addition of carbon at the catalyst-
CNT interface, and by 5 sec, neighboring CNTs contact one another to form a continuous
network. At this time, the substrate is still visible between the voids in the network (in
contrast with those after 5 sec), and the tilted view reveals that there is no vertical
alignment beneath the network.

| observe the onset of self-alignment at 10 sec, where the existing tangled network
reaches a critical density, which provides a mechanical support. Previous work has
shown that by controllably increasing the areal density of catalyst particles, the
morphology of resultant CNTs tends toward vertically aligned forests, with a critical
threshold density between 2.5-6 x 10'® cm™2.*? Interestingly, this also agrees with our
previous experimental and simulation results? showing that the CNT self-aligned
morphology may be lost when the CNT number density decays to 0.8-2 x 10° cm™ (or
x 10* cm™ catalyst particle density, assuming 10% activity®). The onset of order may be
aided by configurational entropy,®® commonly observed in polymeric systems and ligands
in self-assembled monolayers (SAMs).>* In this mechanism, as empty volume decreases
and the propensity of steric hindrances increases, the system tends toward more order to
minimize energy, as described by the Onsager hard-rod model.** CNTSs are rods of
practically infinite aspect ratio,* so they pack in bundles to maximize contact area and
minimize entropy; however, this transition likely costs elastic energy to deform the
CNTs. After 10 sec, the forest height increases as expected, and importantly, the
morphology of the top crust does not evolve since Fe catalysts remain fixed on the Al,O3

support.
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The transition from tangled to alignment morphologies was previously captured
for single-wall (SW) CNTs,* but the transition is more rapid in my system because the
growth rate is much faster for our synthesis conditions. | quantify the morphological
transition using SAXS. Using a setup similar to the one shown in Figure 4.1, | tilt the
specimen into the X-ray beam at an angle near the critical angle for total external
reflection of the film. This enables probing of the surface at a grazing incidence with
SAXS, or i.e, GISAXS (as described in Chapter 3).% Using GISAXS to analyze CNT
forests has been reported by one other group,* but the method | employ of taking
azimuthal scans to calculate an order parameter reduces error because it does not require
modeling or simulations of the GISAXS. Further, this method is quantitative and can
decipher degrees of alignment within a specimen.

Azimuthal intensity scans and corresponding orientation parameter values (f)
(Figure 4.4) are extracted from GISAXS images of the samples shown in Figure 4.3.
GISAXS data confirms observations from SEM, where the organization of the CNTs
evolves from a disordered to a self-aligned state with growth time. The azimuthal scan is
executed at a radius in g corresponding to the location of the CNT signature peak. This is
important so as not to confuse the catalyst scattering with that of the CNTs, since for a
period, there are contributions from both nanostructures in the GISAXS images. For
instance, for 0 sec and 5 sec, CNTs sparsely cover the substrate, so GISAXS images
contain Fe scattering as well, but beyond 5 sec, CNT scattering dominates. There is
inherent anisotropy in GISAXS patterns because of the multiple scattering phenomena
that occur near the critical angle for total external reflection (i.e., near or along the
horizon in the GISAXS image).** This may lead to slightly skewed measurements of f,
and for instance, the disordered film at 5 sec produces f > 0.2 rather than a value
concurrent with isotropic scattering (f = 0). However, f still servers as an ordinal measure
of alignment as | still decipher a measureable difference between unaligned and aligned
morphologies as well as degrees of alignment (Figure 4.4b), which makes this technique
uniquely valuable for capturing CNT self-organization.

| also perform in situ GISAXS studies of CNT self-organization to complement
the ex situ results. I mount a cold-wall reactor in the X-ray beampath with X-ray-

transparent windows made of polyimide (Kapton) as described in Figure 3.1 in
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Figure 4.5 CNT alignment during forest self-organization as measured in real time by GISAXS.
(a) Azimuthal intensity scans from in situ GISAXS measurements taken during CNT synthesis
(ANNZ1), with inset example GISAXS image. (b) Corresponding evolution of orientation
parameter with growth time (C,H, introduced at 120 sec), which is corroborated by (c) real-time
height measurements of a CNT forest growth under similar conditions (T¢/T, = 775/1050 °C).
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800/1070 °C).

a g

o 800 ﬁ?”m

[47)

S,

L 600+

=

o

8_ 400

e

e |

= 200 r r r r r r

0 200 400 600 800 1000 1200
. ANN2 Time [sec]
2" Rapid heat in ANN1

Rapid heat
in Hy/He

C2H4/H2/He

=
(6]
T

0.5

T

CNT forest height [mm]
[EEN

0 r r r r r r
0 2000 400 600 800 1000 1200
Time [sec]

Figure 4.7 Temperature and height profiles for synthesis with rapid heating in either H, or
C,H4/H,. (a) Temperature profile and (b) CNT height kinetics for two annealing cases discussed
in section on in situ self-organization measurements. Note, C,H, is not introduced for ANN1
until 120 sec. Laser sensor measurement begins at 300 um to allow for a gap through which the
X-ray beam can pass (marked by black dashed line). Note, C,H, is not introduced to the reactor
until 120 sec for ANN1, which explains the apparent lag between “lift off” in forest growth.
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Section 3.2.1. Use of a high-rate detector* enables a 100 Hz frame rate during
acquisition for capture of rapid dynamics during growth for two different experiments for
comparison. In the sample preparation method “ANN1”, the catalyst is annealed by rapid
heating to 800 °C in Hy/He and conditions are held for 2 min before C,H, is added to the
reactor (through a preheating). In the method “ANN2”, the temperature conditions are
the same, but the catalyst is instead heated in the growth gases (C,H4/H2/He) without pre-
annealing, so CNTs begin growing nearly instantaneously (see Figure 3.12 in Section
3.2.5).

The azimuthal intensity scans in Figure 4.5a are from GISAXS images of ANN1
immediately before and after CNTs begin growing (0.72-sec time steps) along with
calculated values of the orientation parameter f plotted versus time in Figure 4.5b (where
zero corresponds to when the substrate heater turns on). I identify two regimes in this
alignment evolution curve. The first is an initial monotonic increase in the orientation
parameter, representing the transition from a disordered, tangled film toward a vertically
aligned morphology. This transition is induced by an increasing number density of CNTs
that | have previously quantified', combined with the elongation of existing CNTs. |
expect that there is some critical density beyond which the transition occurs, similar to
the critical density below which the self-aligned morphology terminates at the end of
growth.? The transient increase in alignment is sublinear with growth time and is
followed by a second regime characterized by saturation of f with time, which is
concomitant with the beginning of upward forest growth (Figure 4.5¢). Thus, a critical
degree of alignment is required to produce vertical growth in CNT forests.

In the other experiment (ANN2), | heat the catalyst in the growth gases, which
effectively eliminates the transient gas mixing that occurs when the processes of catalyst
annealing and introduction of C,H, are otherwise decoupled (ANN1). Incidentally, I
observe an enhanced rate of forest formation and transition to the aligned morphology (=
3x) (Figure 4.6), when comparing ANN2 to ANN1. CNTs likely begin growing
simultaneously in this case compared to ANN1 because there is no shortage of active
hydrocarbon precursors, which means the number density of CNTs is comparatively less
dynamic in this early phase. If the transition from disorder to order in forest growth is

governed by number density and lengthening rate of CNTSs, then in ANNZ2, the transition
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Figure 4.8 Analysis of CNT alignment derived from SAXS mapping along the height of forests
that are grown to different termination conditions, per the legend: (1) self-termination, and
termination induced by (2) cessation of feedstock supply and (3) rapidly cooling the reactor.
Corresponding SEM images taken at the base of each forest show that alignment is lost only in
the self-terminated case. In all cases T4/T, = 825/1040 °C. Adapted with permission from
Journal of Physical Chemistry C 2009, 113, 20576-20582. Copyright © 2009 American
Chemical Society.

is faster because the critical density is achieved sooner. Thus, the transition is likely
driven primarily by CNT lengthening if the density is in fact less dynamic for these
synthesis conditions. Further, it is also interesting that the rate at which the transition
occurs appears to correlate with the average growth rate, rayg, of the forest, where raq =
1.7 um sec™ for ANN1 and 5.6 um sec™ for ANN2 (Figure 4.7).
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Figure 4.9 CNT forest height kinetics showing abrupt termination. (a) Height kinetics for same
CNT forests analyzed in Figure 7 with (b) accompanying rates versus time. (T4/T, = 825/1040
°C). Adapted with permission from Journal of Physical Chemistry C 2009, 113, 20576-20582.
Copyright © 2009 American Chemical Society.
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Figure 4.10 Partial pressure of C,H, in the cold-wall reactor as measured by online quadrapole
mass spectrometry. Transient behavior is the result of mass flow controller beginning to flow
C,H, into an established mixture of Hy/He (= 0.5/0.5 atm), and the system tends to steady state
partial pressures of C,H,/H,/He ~ 0.2/0.5/0.3.
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4.2.2 Abrupt self-termination of CNT forest growth

In separate work,? we have identified the stages of growth, including self-
organization, steady growth, density decay, and abrupt self-termination, the latter of
which | was the first to identify."® Recently, we identified an additional “crowding”
phase that occurs coincidentally with self-organization;® in this phase, we observe an
increasing CNT number density with growth time. After the initial transient in the
evolution of CNT alignment, the alignment remains fairly constant thereafter, through the
steady growth (constant rate) regime before it decays toward self-termination.> *® At this
point f drops near zero, representing a distinct loss of order (Figure 4.8). Intentional
stoppage of growth by discontinuing the supply of the hydrocarbon feedstock or reducing
to steady state partial pressures of C,H,/H,/He =~ 0.2/0.5/0.3. The temperature of the catalyst
also gives abrupt termination, yet in these cases the CNTs remain aligned at the bottom of
the forest. Accompanying height kinetics (Figure 4.9) for these experiments show that
growth terminates abruptly in all of the cases tested, but the loss of alignment is a
signature of growth self-termination only and is not caused by cooling the reactor or by
starving the catalyst of hydrocarbon precursors.

Upon introduction of C,Hy, it takes approximately 15 seconds for the growth rate
to reach a maximum as the gas mixes to a steady composition in the chamber, and then
the growth rate decreases before the termination event. This time delay is an apparent
induction period during which the incoming gas mixture (including the hydrocarbon
precursors) is transient, and surpasses the partial pressure sufficient for nucleating CNTs.
| estimate the partial pressure of C,H, is 10 atm after 18 sec, and it takes ~100 sec for
C,H,4 to reach 90% of its steady state value (0.2 atm) (as analyzed by nass spectrometry
in Figure 4.10). It is not surprising that nucleation occurs before the steady state partial
pressure of C,H, is reached because we have previously shown that only trace amounts
(0.01 atm) of alkynes in concert with C,H, are needed for effective forest growth.** The
growth Kinetics in my system exhibit a nearly constant yet gradually decreasing growth
rate, followed by abrupt termination at which time the growth rate drops to zero (e.g.,
Figure 4.9b).® The terminal height of the forest is limited to several millimeters, and

current kinetics model fail to capture the observed kinetics.
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Figure 4.11 Curve fits to CNT forest growth Kinetics (self-terminated case in Figure 4.8 and
Figure 4.9). The inset shows extrapolations of the exponential and quadratic decay fits, which
predict terminal thicknesses that far exceed the measured result. (T¢/T, = 825/1040 °C).
Reprinted with permission from Applied Physics Letters 2008, 92 (11), 113107. Copyright ©
2008 American Institute of Physics.

The decay of growth rate with time has previously been attributed to several
factors, which may not be mutually exclusive, including: diffusion-limitation, where
activate precursors are restricted from the metal catalysts by the increasing height of the
forest;* * decaying catalytic activity as growth proceeds;* and/or carbon over-coating
or sooting on the surface of the metal catalyst from excessive gas-phase decomposition.*®
" Reaction-limited kinetics models have also been proposed to describe the growth, but
these fail to predict growth deceleration and suggest rate remains linear indefinitely.** *®

As real-time measurement of the forest height enables a precise measurement of
the termination kinetics, | find that a piecewise curve-fit (Figure 4.11) is more

appropriate than the single quadratic decay*® (diffusion-limited) or exponential decay™
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kinetics that have previously been proposed to fit the entire growth curve. In my

experiments, the initial transient is captured by a power-law fit

h=mth, 1<n<2, Eq. 4.3

where h is the height of the forest, and m and n are fit parameter relating to the rate of

height increase (curve slope). This transitions to a second region that is captured by a

quadratic decay limitation*

h = 0.5VAZ + 4Bt — 0.54 Eq. 4.4

or exponential decay
—t
h = B, (1 —e /‘ro), Eq. 4.5

which is then truncated by the termination event. InEq. 4.4, A = 2D /k;and B =
4DCy/M, where D is the diffusion coefficient, k; is the first-order rate constant, is the
C,H, concentration at the top of the CNT forest, and M is the number of molecules of
incorporated into a unit volume of the resulting forest. In Eq. 4.5, 8 is the initial growth

rate, and T is the catalyst lifetime.

The parabolic and exponential decay models almost identically fit the second
region of the curve, yet greatly overestimate the terminal forest height. In this case, the
exponential decay model predicts relatively slow termination at 2.9 mm after
approximately 25 min, and the diffusion-limited model predicts continued growth past 6

45
l.

mm height after 30 min. Futaba et al.™ propose that the exponential decay model

captures termination of forest growth in their H,O-assisted process; however, it appears
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that their technique of sampling forest height at discrete intervals of several minutes in
this particularly study does not adequately capture the termination kinetics.

The highly disordered morphology of the forest base suggests that the CNTs at
this location are highly defective, and/or are mechanically strained or buckled. As the
catalyst activity decays or the supply of active precursor to the catalyst is restricted, the
catalyst particles may suddenly transition to a state where growth is no longer
energetically favorable and therefore terminates abruptly. Simulations of CNT
nucleation from individual Fe particles suggest that a critical carbon concentration in the
catalyst is needed for nucleation and growth,*® and in principle growth may stop when
this condition is no longer satisfied. Further, while these fluctuations may be localized,
the CNTs within a forest are mechanically coupled by entanglement and van der Waals
forces,” and local fluctuations in growth rate can be spatially distributed by this
coupling.® 2

For discussion, | reproduce data in Figure 4.12 from Bedewy, Meshot et al.,*
which shows how CNT number density and alignment evolve during growth. A
correlation between the two emerges after density reaches a maximum and begins
decaying (blue squares), which suggests that alignment and density are directly related.
Precisely the same way CNT alignment is induced by increasing density at the beginning
of growth (Section 4.2.1), the decreasing number of physical interactions among
neighboring CNTSs leads to the loss of order observed at the base of the forest. Abrupt
termination of CNT forest growth is caused by this loss of the self-supporting structure,
and this event is triggered by accumulating growth termination of individual CNTSs.
Based on a finite element model of post-buckling behavior of CNTSs in contact, which
was developed by collaborators Prof. Wei Lu and Haicheng Guo (University of
Michigan),? we identify a critical threshold in number density (=10° cm™) required to
maintain the self-aligned morphology. Below this value, the CNTSs are severely
disordered. Figure 4.12b shows that the distinct drop in alignment at the end of growth
is nearly constant with density at approximately 2 x 10° cm, which is near the defined

threshold. Thus, the density saturates at this low
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Figure 4.12 Evolution of CNT number density and alignment. (a) Number density versus CNT
forest height (related to growth time) and (b) orientation parameter versus number density with
blue and red color coding to denote corresponding data points between panels. Blue arrows
indicate the direction of time evolution and dashed grey lines indicate the threshold for self-
supporting forest structure. Data adapted from Bedewy, Meshot et al.!

critical value, at which point CNTs become increasingly more disordered until f =0 upon
self-termination of the height kinetics, indicating morphological isotropy. This
interpretation of CNT growth termination also is supported by in situ TEM studies that
show catalyst particles ripening and diffusing into the support layer during CNT
growth,>* > as well as ex situ XPS studies of Fe films after annealing.

4.2.3 Correcting CNT forest height kinetics for tortuosity

Due to the inherently tortuous nature of CNTs, measurement of forest height is
only an estimate of the true lengths of the constituent CNTs. As discussed previously,
the average orientation of CNTs varies throughout the height of a forest. Thus, to
accurately examine the reaction kinetics of CNT ensembles, | resolve the real
lengthening kinetics of the CNTSs by correlating the average alignment, as measured by
SAXS mapping, with forest height. The following content derives primarily from a

journal publication co-authored by Mostafa Bedewy and myself, who made equal
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Figure 4.13 Schematic of a representative volume element in the X-ray beam path during SAXS
mapping of CNT forests. It shows how we approximate an ensemble of tortuous CNTs as a
singular straight element with an average direction by calculating integrated intensity

distributions about ¢ (see Figure 4.2).

contributions to the work.> Adapted with permission from Nanoscale 2010, 896-900.
Copyright © 2010 Royal Society of Chemistry.
A single-bounce monocapillary (Figure 4.1), fabricated at CHESS, is used to

focus the beam down to ~ 40 um in diameter as it passes through the CNT sample, which
is placed on a motorized stage at the focal length of the optics. The small size of the
beam provides for high-resolution spatial mapping to reveal changes in CNT alignment
over small displacements in height. Only a small portion, 0.1 x 0.2 mm?, of the capillary
is illuminated in order to limit the divergence at the sample position to approximately 1
milliradian.*

As shown in Figure 4.13, we consider that the CNTs within a differential volume
of the forest can be assigned an average direction, which is skewed from the vertical axis
by ¢. Thus, the average true length (Al) is calculated knowing the measured apparent

differential height (Ah) and the average angle of alignment (¢). Here, ¢ is extracted from

<cos2 ¢>,which is calculated from the SAXS pattern as described above. It is important

to note that this model assumes the CNT forest is isotropic in the horizontal plane, which
is accurate due to the large number of CNTs within the beampath. Thus, all values of the
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angle o are equally probable, i.e., <cos2 a> =1/2, when the X-ray beam is parallel to the

horizontal plane.

Now, the average CNT length within the same differential volume can be
calculated from the height and orientation measurements. From here on, we distinguish
the calculated CNT length from the measured CNT height simply by the terms height and
length, respectively. From Figure 11d, the length and height are thusly related by the
direction cosine of the CNT direction with respect to the z-axis:

Ah
Al =——., Eqg. 4.3
oS ¢

In order to directly correlate this transformation with the conventional orientation

parameter, we can also express the direction cosine, or secant, in terms of f,

%
Al 3
A(f)=—= : Eq. 4.4
(f) Ah (2f+1j |

The variation of A with orientation is plotted in Figure 4.14 and quantifies the
conversion from differential height to length, as related to the value of f. As mentioned
before, f = 1 represents perfectly vertical and parallel alignment, where the height is equal
to the length (A =1). Similarly, A —o as f ——0.5, corresponding to CNTs with a
perfectly horizontal configuration. On the other hand, f =0 represents isotropic
scattering from CNTSs that have no preferential orientation, giving A =1.73.

Importantly, for the case of randomly oriented CNTs, the average planar angle of

alignment (¢) equals A =7/4, i.e. (cos” 6) =1/2, which from the geometry (Figure

4.13) corresponds to <cos2 ¢> =1/3.

The spatial variation of CNT alignment, as quantified by SAXS, indicates that
height maps nonlinearly to CNT length; thus we must employ the function A to spatially

map height to length. To derive length versus time, we calculate and sum the differential
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length element Al along the height of the forest (H ), applying A to the measured

Ah/At at each point. This ratio describes the relationship between the beamspot

incremental step Ah, and the corresponding differential growth time At, which is

determined from the in situ height measurements. The resulting summation is

where I(t) is length as a function of time, and N is the total number of points
(N =H/Ah). As the incremental differential height becomes small (Ah — 0) and the
number of points at which we sample becomes large (N — o), a continuous function can
be integrated to find I(t) .

Previously, we have defined the different stages of collective CNT forest growth?
and discussed the evolution of f. 1" 8% Figure 4.15 plots the calculated value of f for a
forest grown at T¢/T, = 750/1000 °C, and we observe a slight increase in f over the first
100 um resulting from self-organization of the CNTs (stage I). After this initial transient,
we observe an approximately constant f regime (stage 1) correlating with a period of
steady height increase shown in Figure 4.16, followed by a transition as f decays (stage
I11) to zero at growth termination (stage IV). The non-monotonic decay of f after the
steady regime indicates collective morphological changes as the forest alignment
degrades. These are corroborated by previous observations of tilting®” and cracking®® of
the forest as termination approaches.

We use this precise spatial mapping of the alignment to correct the forest height

measurements with the transformation function A=Al/Ah=1/cos¢. Figure 4.15 also

shows how the transformation (A ) from forest height to CNT length evolves throughout
growth. Toward the end of growth, when the CNTs are very tortuous, differential height
measurements underestimate the differential CNT length by as much as a factor of 1.9.

After applying the transformation, it is apparent that the total CNT length at any
particular instant is greater than the forest height and, more importantly, that the shape of
the length kinetics is distinctly different than the height kinetics (Figure 4.16). The
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Figure 4.14 Variation of A (Eq. 4.4) as function of the orientation parameter f. Inset greyscale
SAXS images show representative scattering patterns for typical unaligned and aligned CNT
morphologies within a forest (i.e. f =0 and f = 0.55).

transformation is most apparent in stages Il and IV, where the alignment decreases with
continued growth. Near termination, the tortuosity of the growing CNTSs increases while
the rate of forest height increase declines, so for the same individual CNT lengthening
rate, there is less net displacement of the top of the forest. As a result of this feature, the
length Kkinetics curve is linear until growth self-termination, even after the slope of the
height kinetics begins to decrease. Finally, termination of CNT lengthening is more
abrupt than that observed by forest height, suggesting the collective termination of CNT
growth is of a sudden and catastrophic nature, which contradicts previous growth-rate
decay models.

The shape of the kinetic curve denotes important information regarding the
limiting mechanisms of the growth and termination processes, thus obtaining an accurate
shape is vital in order to understand which model is correct. Notably, in my experiments,
the length kinetics are linear, whereas the height kinetics are best described by the
nonlinear quadratic/exponential decay curves as shown in Figure 4.16. The
transformation in shape also suggests that the ubiquitous sub-linear shapes of forest

94



Growth time [min]

04— 2 2 P20 o
] 1 1
] ] ]
- WM .
Iﬂb ] P
03f ol ® : 118
s — e PRk
* L ® h >
0.2_ : : .HH o 4l4 Il
N | 1 ' m b@‘«:l 163
o1l ! | “ "o, =
! | qua :
. R o 114
ol ‘. — e
I ] (P
: : e
-0.1 : - . —~—112
0 0.4 0.8 12

Distance from top of forest [mm]

Figure 4.15 Plot of f (solid blue circles) and A (solid gray triangles) versus both CNT forest
height and growth time. Growth stages -1V (as described in the text) are labeled on the plot in
red. Note that growth time scales nonlinearly with forest height.

height Kinetics may be inaccurate portrayals of the real lengthening rate of individual
CNTs. Specifically, a linear relationship between length and reaction time may indicate

that growth is limited by the reaction rate at the catalyst surface,** “®

rather than by
diffusion of the precursor to the base of the forest or by decay of catalyst activity, as has
been suggested by curve fitting to the sub-linear kinetics curves. Likewise, it is important
to note that kinetic models of the CNT growth typically represent growth behavior of an
individual CNT, which does not necessarily capture the statistical distribution of CNTs
within a forest. To this end, we found that CNT number density within a forest decays
toward termination,’? and therefore the length kinetics presented here are a measure of
the “longest-living” CNTs in the forest. Further, all these models fail to capture the
abrupt nature of self-termination, which has been observed in our work and several other
StUdieS.Z' 18, 22, 57, 59-61

The next phase of this work is aimed at investigating the rate of CNT lengthening

under different reaction conditions as well as combining measurements of CNT length
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Figure 4.16 Corrected CNT lengthening kinetics as computed from in situ measurement of forest
height (Eqg. 4.5). Curve fitting demonstrates the transformation from a nonlinear to a linear
characteristic. A linear, rate-limited kinetics model best fits the length kinetics, which quadratic
decay and exponential decay best describe the steady growth regime of my height kinetics,
although they over-predict terminal forest height as in Figure 4.11.

with forest mass.! Such a comprehensive approach truly reveals the population dynamics
of CNT growth and hence determines how the growth rate and lifetime of individual
CNTs depend statistically on their diameter, the growth conditions, and other important
factors. We find that the mass-based kinetics of a CNT population are accurately
represented by the S-shaped Gompertz model of population growth, although the CNT

length kinetics are essentially linear.
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4.3 Conclusions

The morphology of CNT forests evolves dynamically and is intimately related to
the synthesis conditions. For instance, the initial self-organization of CNTSs correlates to
the average growth rate of the forest, suggesting that the formation of the aligned
morphology is a function of the lengthening rate of CNTs. Further, using in situ
measurements of forest height, | corroborate the onset of order in the forest with the start
of vertical growth. CNTs remain well aligned during steady growth after the initial
transient until order is lost upon self-termination of growth, which can be explained by
catalyst migration. In order to truly overcome limiting mechanisms of CNT growth, |
must understand how the lifetime of individual CNTSs is determined by their particular
multidimensional growth characteristics and by their collective interactions. Thus, the X-
ray methodology presented in this chapter, which could readily be integrated as an in situ
precision measurement system, could also advance our understanding of the fundamental

physics and chemistry of growth of other filamentary structures.

97



4.4

10.

11.

References

Bedewy, M.; Meshot, E. R.; Reinker, M. J.; Hart, A. J., Population growth
dynamics of carbon nanotubes. ACS Nano 2011, 5, 8974-89809.

Bedewy, M.; Meshot, E.; Guo, H.; Verploegen, E.; Lu, W.; Hart, A., Collective
mechanism for the evolution and self-termination of vertically aligned carbon
nanotube growth. Journal of Physical Chemistry C 2009, 113 (48), 20576-20582.

Lee, H. S.; Yun, C. H.; Kim, H. M.; Lee, C. J., Persistence length of multiwalled
carbon nanotubes with static bending. Journal of Physical Chemistry C 2007, 111
(51), 18882-18887.

De Volder, M.; Vidaud, D.; Meshot, E.; Tawfick, S.; Hart, A., Self-similar
organization of arrays of individual carbon nanotubes and carbon nanotube
micropillars. Microelectronic Engineering 2010, 1233-1238.

Han, J. H.; Graff, R. A.; Welch, B.; Marsh, C. P.; Franks, R.; Strano, M. S., A
mechanochemical model of growth termination in vertical carbon nanotube
forests. ACS Nano 2008, 2 (1), 53-60.

Esconjauregui, S.; Fouquet, M.; Bayer, B.; Ducati, C.; Smajda, R.; Hofmann, S.;
Robertson, J., Growth of ultrahigh density vertically aligned carbon nanotube
forests for interconnects. ACS Nano 2010, 4 (12), 7431-7436.

Hart, A.; Slocum, A., Force output, control of film structure, and microscale
shape transfer by carbon nanotube growth under mechanical pressure. Nano
Letters 2006, 6 (6), 1254-1260.

Akoshima, M.; Hata, K.; Futaba, D.; Mizuno, K.; Baba, T.; Yumura, M., Thermal
diffusivity of single-walled carbon nanotube forest measured by laser flash
method. Japanese Journal of Applied Physics 2009, -.

Ivanov, I.; Puretzky, A.; Eres, G.; Wang, H.; Pan, Z.; Cui, H.; Jin, R.; Howe, J.;
Geohegan, D. B., Fast and highly anisotropic thermal transport through vertically
aligned carbon nanotube arrays. Applied Physics Letters 2006, 89 (22), 223110-3.

Yang, D.; Zhang, Q.; Chen, G.; Yoon, S.; Ahn, J.; Wang, S.; Zhou, Q.; Wang, Q.;
Li, J., Thermal conductivity of multiwalled carbon nanotubes. Physical Review B
2002, -.

Panzer, M.; Zhang, G.; Mann, D.; Hu, X.; Pop, E.; Dai, H.; Goodson, K., Thermal

properties of metal-coated vertically aligned single-wall nanotube arrays. Journal
of Heat Transfer-Transactions of the Asme 2008.

98



12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Endo, M.; Hayashi, T.; Kim, Y.; Terrones, M.; Dresselhaus, M., Applications of
carbon nanotubes in the twenty-first century. Philosophical Transactions of the
Royal Society of London Series A-Mathematical Physical and Engineering
Sciences 2004, 362 (1823), 2223-2238.

Garcia, E. J.; Wardle, B. L.; Hart, A. J., Joining prepreg composite interfaces with
aligned carbon nanotubes. Composites Part A-Applied Science and
Manufacturing 2008, 39 (6), 1065-1070.

Tong, T.; Zhao, Y.; Delzeit, L.; Kashani, A.; Meyyappan, M.; Majumdar, A.,
Dense, vertically aligned multiwalled carbon nanotube arrays as thermal interface
materials. IEEE Transactions on Components and Packaging Technologies 2007,
30 (1), 92-100.

Baughman, R. H.; Zakhidov, A. A.; de Heer, W. A., Carbon nanotubes - the route
toward applications. Science 2002, 297 (5582), 787-792.

Wang, H.; Xu, Z.; Eres, G., Order in vertically aligned carbon nanotube arrays.
Applied Physics Letters 2006, 88 (21),.

Wang, B.; Bennett, R.; Verploegen, E.; Hart, A.; Cohen, R., Quantitative
characterization of the morphology of multiwall carbon nanotube films by small-
angle X-ray scattering. Journal of Physical Chemistry C 2007, 111 (16), 5859-
5865.

Meshot, E.; Hart, A., Abrupt self-termination of vertically aligned carbon
nanotube growth. Applied Physics Letters 2008, 92 (11), 113107.

Stadermann, M.; Sherlock, S. P.; In, J.-B.; Fornasiero, F.; Park, H. G.; Artyukhin,
A. B.; Wang, Y.; De Yoreo, J. J.; Grigoropoulos, C. P.; Bakajin, O.; Chernov, A.
A.; Noy, A., Mechanism and kinetics of growth termination in controlled
chemical vapor deposition growth of multiwall carbon nanotube arrays. Nano
Letters 2009, 9 (2), 738-744.

Shanov, V.; Mallik, N.; Chu, W.; Li, W.; Jayasinghe, C.; Yun, Y.; Schulz, M. J,;
Yarmolenko, S.; Salunke, P.; Li, G., Advances in synthesis and application of
carbon nanotube materials. Materials Science and Technology Conference,
Pittsburgh, Pennsylvania, 2008.

Puretzky, A. A.; Eres, G.; Rouleau, C. M.; Ivanov, I. N.; Geohegan, D. B., Real-
time imaging of vertically aligned carbon nanotube array growth kinetics.
Nanotechnology 2008, 19 (5).

Mattevi, C.; Wirth, C. T.; Hofmann, S.; Blume, R.; Cantoro, M.; Ducati, C.;

Cepek, C.; Knop-Gericke, A.; Milne, S.; Castellarin-Cudia, C.; Dolafi, S.;
Goldoni, A.; Schloegl, R.; Robertson, J., In-situ X-ray photoelectron spectroscopy

99



23.

24,

25.

26.

217.

28.

29.

30.

31.

32.

33.

study of catalyst-support interactions and growth of carbon nanotube forests.
Journal of Physical Chemistry C 2008, 112 (32), 12207-12213.

Patole, S. P.; Alegaonkar, P. S.; Lee, H. C.; Yoo, J. B., Optimization of water
assisted chemical vapor deposition parameters for super growth of carbon
nanotubes. Carbon 2008, 46 (14), 1987-1993.

Wu, J.; Huang, Q. W.; Ma, Y. F.; Huang, Y.; Liu, Z. F.; Yang, X. Y.; Chen, Y. S,;
Chen, D. P., Distortion of carbon nanotube array and its influence on carbon
nanotube growth and termination. Colloids and Surfaces a-Physicochemical and
Engineering Aspects 2008, 313, 13-17.

Hermans, P. H., Contribution to the physics of cellulose fibres; a study in
sorption, density, refractive power and orientation. Elsevier Pub. Co.:
Amsterdam, 1946.

Ghosh, S., A model for the orientational order in liquid crystals. Il Nuovo Cimento
D 1984, 4 (3), 229-244-244.

Wang, B. N.; Bennett, R. D.; Verploegen, E.; Hart, A. J.; Cohen, R. E.,
Characterizing the morphologies of mechanically manipulated multiwall carbon
nanotube films by small-angle X-ray scattering. Journal of Physical Chemistry C
2007, 111 (48), 17933-17940.

Alexander, L. E., X-ray diffraction methods in polymer science. Wiley-
Interscience: New York, 1969; p xv, 582 p.-xv, 582 p.

Fan, S. S.; Chapline, M. G.; Franklin, N. R.; Tombler, T. W.; Cassell, A. M.; Dai,
H. J., Self-oriented regular arrays of carbon nanotubes and their field emission
properties. Science 1999, 283 (5401), 512-514.

Esconjauregui, S.; Fouquet, M.; Bayer, B.; Robertson, J., Carbon nanotubes
growth: from entanglement to vertical alignment. Physica Status Solidi B-Basic
Solid State Physics 2010, 247 (11-12), 2656-2659.

Ural, A.; Li, Y.; Dai, H., Electric-field-aligned growth of single-walled carbon
nanotubes on surfaces. Applied Physics Letters 2002, 81 (18), 3464-3466.

Bennett, R. D.; Hart, A. J.; Cohen, R. E., Controlling the morphology of carbon
nanotnbe films by varying the areal density of catalyst nanoclusters using block-
copolymer micellar thin films. Advanced Materials 2006, 18 (17), 2274.

Haji-Akbari, A.; Engel, M.; Keys, A. S.; Zheng, X.; Petschek, R. G.; Palffy-

Muhoray, P.; Glotzer, S. C., Disordered, quasicrystalline and crystalline phases of
densely packed tetrahedra. Nature 2009, 462 (7274), 773-777.

100



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45,

Ulman, A., Formation and Structure of Self-Assembled Monolayers. Chemical
Reviews 1996, 96 (4), 1533-1554.

Frenkel, D.; Lekkerkerker, H. N. W.; Stroobants, A., Thermodynamic stability of
a smectic phase in a system of hard rods. Nature 1988, 332 (6167), 822-823.

Polson, J. M.; Frenkel, D., First-order nematic-smectic phase transition for hard
spherocylinders in the limit of infinite aspect ratio. Physical Review E 1997, 56
(6), R6260-R6263.

Zhang, L.; Li, Z.; Tan, Y.; Lolli, G.; Sakulchaicharoen, N.; Requejo, F.; Mun, B.;
Resasco, D., Influence of a top crust of entangled nanotubes on the structure of
vertically aligned forests of single-walled carbon nanotubes. Chemistry Of
Materials 2006, 18 (23), 5624-5629.

Levine, J. R.; Cohen, J. B.; Chung, Y. W.; Georgopoulos, P., Grazing-incidence
small-angle X-ray scattering: new tool for studying thin film growth. Journal of
Applied Crystallography 1989, 22 (6), 528-532.

Mane Mane, J.; Cojocaru, C. S.; Barbier, A.; Deville, J. P.; Thiodjio Sendja, B.;
Le Normand, F., GISAXS study of the alignment of oriented carbon nanotubes
grown on plain SiO,/Si(100) substrates by a catalytically enhanced CVD process.
Physica Status Solidi A 2007, 204 (12), 4209-4229.

Renaud, G.; Lazzari, R.; Leroy, F., Probing surface and interface morphology
with Grazing Incidence Small Angle X-Ray Scattering. Surface Science Reports
2009, 64 (8), 255-380.

Koerner, L. J.; et al., X-ray tests of a Pixel Array Detector for coherent x-ray
imaging at the Linac Coherent Light Source. Journal of Instrumentation 2009, 4
(03), P0O3001.

Plata, D.; Meshot, E.; Reddy, C.; Hart, A.; Gschwend, P., Multiple alkynes react
with ethylene to enhance carbon nanotube synthesis, suggesting a polymerization-
like formation mechanism. ACS Nano 2010, 4 (12), 7185-7192.

Zhu, L.; Xu, J.; Xiao, F.; Jiang, H.; Hess, D.; Wong, C., The growth of carbon
nanotube stacks in the kinetics-controlled regime. Carbon 2007, 45 (2), 344-348.

Louchev, O.; Laude, T.; Sato, Y.; Kanda, H., Diffusion-controlled kinetics of
carbon nanotube forest growth by chemical vapor deposition. Journal of
Chemical Physics 2003, 118 (16), 7622-7634.

Futaba, D.; Hata, K.; Yamada, T.; Mizuno, K.; Yumura, M.; lijima, S., Kinetics of

water-assisted single-walled carbon nanotube synthesis revealed by a time-
evolution analysis. Physical Review Letters 2005, 95 (5).

101



46.

47.

48.

49,

50.

o1,

52.

53.

54.

55.

Puretzky, A.; Geohegan, D.; Jesse, S.; Ivanov, I.; Eres, G., In situ measurements
and modeling of carbon nanotube array growth kinetics during chemical vapor
deposition. Applied Physics A-Materials Science & Processing 2005, 81 (2), 223-
240.

Wood, R. F.; Pannala, S.; Wells, J. C.; Puretzky, A. A.; Geohegan, D. B., Simple
model of the interrelation between single- and multiwall carbon nanotube growth
rates for the CVD process. Physical Review B 2007, 75 (23), 8.

Xiang, R.; Yang, Z.; Zhang, Q.; Luo, G.; Qian, W.; Wei, F.; Kadowaki, M.;
Einarsson, E.; Maruyama, S., Growth deceleration of vertically aligned carbon
nanotube arrays: Catalyst deactivation or feedstock diffusion controlled? Journal
of Physical Chemistry C 2008, 112 (13), 4892-4896.

Zhu, L.; Hess, D.; Wong, C., Monitoring carbon nanotube growth by formation of
nanotube stacks and investigation of the diffusion-controlled kinetics. Journal of
Physical Chemistry B 2006, 110 (11), 5445-5449.

Ding, F.; Bolton, K.; Rosén, A., Nucleation and growth of single-walled carbon
nanotubes: a molecular dynamics study. Journal of Physical Chemistry B 2004,
108 (45), 17369-17377.

Han, J.; Graff, R.; Welch, B.; Marsh, C.; Franks, R.; Strano, M., A
mechanochemical model of growth termination in vertical carbon nanotube
forests. ACS Nano 2008, 2 (1), 53-60.

Zhang, Q.; Zhou, W.; Qian, W.; Xiang, R.; Huang, J.; Wang, D.; Wei, F.,
Synchronous growth of vertically aligned carbon nanotubes with pristine stress in
the heterogeneous catalysis process. Journal of Physical Chemistry C 2007, 111
(40), 14638-14643.

Amama, P.; Pint, C.; Mclilton, L.; Kim, S.; Stach, E.; Murray, P.; Hauge, R.;
Maruyama, B., Role of water in super growth of single-walled carbon nanotube
carpets. Nano Letters 2009, 9 (1), 44-49.

Kim, S. M.; Pint, C. L.; Amama, P. B.; Zakharov, D. N.; Hauge, R. H.;
Maruyama, B.; Stach, E. A., Evolution in catalyst morphology leads to carbon
nanotube growth termination. Journal of Physical Chemistry Letters 2010, 1 (6),
918-922.

Meshot, E.; Bedewy, M.; Lyons, K.; Woll, A.; Juggernauth, K.; Tawfick, S.; Hart,

A., Measuring the lengthening kinetics of aligned nanostructures by
spatiotemporal correlation of height and orientation. Nanoscale 2010, 896-900.

102



56.

S7.

58.

59.

60.

61.

Lamb, J. S.; Cornaby, S.; Andresen, K.; Kwok, L.; Park, H. Y.; Qiu, X.; Smilgies,
D.-M.; Bilderback, D. H.; Pollack, L., Focusing capillary optics for use in solution
small-angle X-ray scattering. Journal of Applied Crystallography 2007, 40 (1),
193-195.

Puretzky, A.; Eres, G.; Rouleau, C.; Ivanov, I.; Geohegan, D., Real-time imaging
of vertically aligned carbon nanotube array growth kinetics. Nanotechnology
2008, 19 (5).

Hart, A. J.; van Laake, L.; Slocum, A. H., Desktop growth of carbon-nanotube
monoliths with in situ optical imaging. Small 2007, 3 (5), 772-777.

Shanov, V.; Mallik, N.; Chu, W.; Jayasinghe, C.; Yun, Y.; Schulz, M. J.;
Yarmolenko, S.; Salunke, P.; Li, G. In Advances in synthesis and application of
carbon nanotube materials., Materials Science and Technology Conference,
Pittsburgh, Pennsylvania, Pittsburgh, Pennsylvania, 2008.

Wu, J.; Huang, Q.; Ma, Y.; Huang, Y.; Liu, Z.; Yang, X.; Chen, Y.; Chen, D.,
Distortion of carbon nanotube array and its influence on carbon nanotube growth
and termination. Colloids And Surfaces A-Physicochemical and Engineering
Aspects 2008, 313, 13-17.

Patole, S. P.; Alegaonkar, P. S.; Lee, H.-C.; Yoo, J.-B., Optimization of water

assisted chemical vapor deposition parameters for super growth of carbon
nanotubes. Carbon 2008, 46 (14), 1987-1993.

103



Chapter 5
Engineering CNT forest growth by
decoupled thermal treatment of
precursor and catalyst

This chapter discusses the synthesis of vertically aligned carbon nanotube (CNT)
“forests” by a decoupled method that facilitates control of the mean diameter and
structural quality of the CNTs and enables tuning of the kinetics for efficient growth to
forest heights of several millimeters. The growth substrate temperature (Ts) primarily
determines the CNT diameter, whereas independent and rapid thermal treatment (T,) of
the C,H4/H, reactant mixture significantly changes the growth rate and terminal forest
height but does not change the CNT diameter. Synchrotron X-ray scattering is utilized
for precise, non-destructive measurement of CNT diameter in large numbers of samples,
which reveals that diameter increases with Ts, regardless of the value of T, tested in my
experiments. CNT structural quality monotonically increases with Ts yet decreases with
Tp, and forests grown by this decoupled method have significantly higher quality than
those grown using a conventional single-zone tube furnace. Chemical analysis reveals
that the thermal treatment generates a broad population of hydrocarbon species including
volatile organic compounds (VOCs) and polycyclic aromatic hydrocarbons (PAHs). A
non-monotonic relationship between catalyst lifetime and T, suggests that certain carbon
species either enhance or inhibit growth rate as well as crystallinity of CNTs. However,
the forest height Kinetics, as measured in real-time during growth, are self-similar thereby
indicating that a common mechanism of growth termination may be present over a wide
range of process conditions. The contents of this chapter originally appeared in various
journal publications (ACS Nano 2010, 4, 7185-7192; ACS Nano 2009, 3, 2477-2486;
Carbon 2011, 49, 804-810) and are reproduced here with permission from the respective
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publishers. The current presentation of the work herein represents my

contributions, principally, unless noted otherwise.

5.1 Introduction

Despite extensive study of CNT forest production,® including advances using
water and oxygen as additives to increase reaction yield and catalyst lifetime, the limiting
mechanisms of forest growth are not fully understood, and CNT forest heights are
typically limited to several millimeters.

As described in previous chapters, the process of CNT film growth by CVD
typically involves multiple stages: (1) the catalyst is prepared on a substrate, such as a
silicon wafer; (2) the catalyst is heated and treated chemically, such as by exposure to a
reducing atmosphere that causes a thin film to agglomerate into nanoparticles; (3) the
catalyst is exposed to a carbon-containing atmosphere, which causes formation and
“liftoff” of CNTs from the nanoparticles on the substrate; and (4) CNT growth continues
by competing pathways between accumulation of “good” (graphitic) and “bad”
(amorphous) carbon.’” To engineer the functional properties of CNT materials such as
forests, we must develop reaction processes that not only treat these stages independently,
but that are also accompanied by characterization techniques that enable mapping of the
forest characteristics for large sample sizes and populations.

| present a decoupled CVVD method that enables precise tuning of CNT diameter,
structural quality, and growth kinetics of vertically aligned CNT forests. While my study
is restricted to a single catalyst composition and thickness, it demonstrates the importance
of each process stage in determining the structural character of a CNT forest and the
practical versatility that can be achieved by treating these process variables
independently. Other methods of tuning CNT diameter include using porous templates
such as anodic alumina,*® *° building metal nanoparticles within micelles defined by
block copolymers,?®?® by high-resolution lithography,* or by changing the starting
thickness of the catalyst thin film.? % However, these approaches can be complicated
and costly in mass production. The critical role of thermal decomposition of the reactant
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Figure 5.1 Schematic representation of atmospheric-pressure, cold-wall CVD reactor with
decoupled thermal control over gaseous precursor and catalyst. Feedstock gases are delivered in
one of two modes: (1) with thermal treatment (T,= 900-1120 °C, C,H, and H, only) or (2) without
thermal treatment (C,H4 and H; and a test gas, “X”). The hydrocarbon precursors deposit at the
growth substrate, maintained at T,, CNT forest height is measured in real time by a laser
displacement sensor. The inset SEM illustrates that CNTs synthesized by this method are
vertically aligned. Reprinted with permission from ACS Nano 2010, 4, 7185-7192. Copyright ©
2010 American Chemical Society.

is typically manipulated by changing the reactant composition and flow rate®

27,31

or by
plasma-enhanced methods, and to my knowledge has not been addressed

systematically as in the present study.

5.1.1 Experimental methods

CNT forest growth is performed using a custom-built atmospheric-pressure CVD
reactor (SabreTube, Absolute Nano) shown schematically in Figure 5.1, wherein the
growth substrate rests on a resistively heated silicon platform, which is maintained at
temperature Ts.3? Due to its low thermal mass, the substrate heats at approximately 200
°C sec™ when maximum power is applied. The forest height is measured in real time
using a laser displacement sensor (Keyence LK-G152) mounted above the chamber. The
gas mixture enters the chamber through a heated quartz pipe (4 mm ID) that is

maintained at temperature T,. The residence time of the reactant mixture in the heated
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pipe is less than 0.1 sec, and the gas cools to ambient (room) temperature before entering
the reaction chamber and reaching the growth substrate, where the quartz tube wall does
not exceed 70 °C (as measured by surface-mounted thermocouples).

| explore CNT forest growth in a matrix of Ts and T, conditions as schematically
represented by the Ts-T, map in Figure 5.2, where the growth substrate was 1/10 nm
Fe/Al,O3, deposited by electron beam evaporation on a (100) silicon wafer coated with
100 nm thermally grown SiO,.*> All experiments are performed on 1 cm? catalyst
substrates taken from the same Si wafer. For each experiment, the chamber is first
flushed with He for 10 minutes, then flushed with 310/300 sccm Hy/He for 2 minutes.
Then, the substrate is rapidly heated to Ts for 2 minutes before the atmosphere is adjusted
to 120/310/180 sccm C,H4/H,/He and held throughout the duration of growth. These
flow rates are used throughout this chapter except in Section 5.2.4, where the use of trace
gas additives is discussed. Reactions are performed at atmospheric pressure. Online
quadrupole mass spectrometer residual gas analyzer (Pfeiffer OmniStar GSD 301) is
plumbed into the exhaust port of the reaction chamber with a stainless steel capillary.

A dedicated LabVIEW interface monitors and controls the process variables: (1) Ts
was measured using an infrared sensor (Exergen 2ACF-K-HIE) and controlled using a
high speed controller (RKC Instruments, model HA400, 40Hz sampling rate); (2) T, is
measured using a K-type thermocouple and controlled using a PID controller (Omega
CNi-series); (3) forest height is dynamically measured using a laser displacement sensor
(Keyence LK-G152), and (4) gas flow rates are measured and controlled using digital
mass flow controllers (Aalborg GFC 17, response time 2s). Experiments are fully
automated by preloading programmed recipes, thus increasing throughput and reducing
experimental error.

CNT diameters were measured non-destructively by transmission SAXS, which was
performed at the X27C beamline at the National Synchrotron Light Source (NSLS) at
Brookhaven National Laboratory. X-ray wavelength is 0.1371 nm with a spot size of
approximately 0.3 mm in diameter. As described previously,® the integrated I-q taken
from each SAXS image was fit using a form factor relationship for a lognormal
distribution of hollow cylinders (see Chapter 3). This provides a non-destructive

measurement of the mean CNT diameter and polydispersity within the X-ray beampath
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Figure 5.2 Schematic “map” spanning substrate and preheater temperatures (i.e., Ts and Tp),
where thermal decomposition and rearrangement is governed by Tp on the vertical axis, and
catalyst particle formation and CNT templating (i.e., diameter) are governed by Ts on the
horizontal axis. Short, disordered CNT films are achieved at low T and low Ty, and tall,
vertically aligned CNTSs at high T, and high T,, which is essentially the regime to which
conventional tube furnaces are restricted because their thermal controls are coupled. On the other
hand, it is interesting to access the other regimes by decoupling the thermal parameters for unique
engineering of CNT film growth.

through each forest and agrees with diameter measurements based on TEM images for
large numbers of individual CNTs. SEM (Philips XL30 FEG) and TEM (JEOL 3011
HREM) imaging was performed at the University of Michigan Electron Microbeam
Analysis Laboratory (EMAL). TEM images were processed and analyzed with Infinity
Analyze Version 4.5.

CNT structural quality is evaluated by Raman spectroscopy (Dimension P2, Lambda
Solutions, 4 =533 nm), and several spectra per sample are acquired along the midpoint of
the forest sidewall and subsequently averaged. For thermogravimetric analysis (TGA),
forests are delaminated from the growth substrate and heated from room temperature to
1000°C at 10°C/minute in 20 sccm air flow (Perkin-Elmer Pyris 1 TGA). From Table 1,
samples A, B, and C are synthesized by the decoupled method with specified Ts and Tp,
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while samples TF1 and TF2 are synthesized in a commercial single-zone tube furnace,
where the thermal conditions for gas decomposition are defined by the temperature
profile along the heated path preceding the growth substrate.

The PAH, alkene, and alkane quantity of reactant gas mixtures are determined as
described by Plata et al.* Briefly, polyurethane foam filters are used to concentrate
PAHSs over the entire course of the synthetic reaction. These filters are then extracted
with organic solvents (dichloromethane and methanol), concentrated by rotary
evaporation, and analyzed by gas chromatography- mass spectrometry (GC-MS). Gases
that survived transit through the foam filter are collected in a stainless steel canister,
cryogenically concentrated, and subsequently analyzed by GC-MS (hydrocarbon
identification), GC-flame ionization detection (hydrocarbon identification and
quantification), and GC-thermal conductivity detection (helium and hydrogen

quantification).

5.1.2 Decoupled thermal control of CNT synthesis

We employ a complementary set of characterization techniques to precisely
determine how these thermal conditions influence the key structural characteristics of
CNT forests. Millimeter-tall forests are achieved at high T/T,, which emulates single-
zone tube furnace systems where gas and catalyst thermal treatments are inherently
coupled. Low-temperature synthesis shows the limits of achieving tall forest growth as
well as the critical role of T, in making crystalline CNTs. By understanding the effects of
precursor gas chemistry on CNT synthesis, | access unique areas of the Ts-T, map for
specialized tuning of CNT growth. For instance, increasing T, at low T (toward CMOS
compatibility) enables synthesis of films of higher-quality CNTs.** Also, identification
and direct delivery of key hydrocarbon precursors to the reactor allow us to eliminate
preheating altogether and thus perform synthesis at high T with room temperature Tp.36

While gas-phase reactions occur both in the preheater and in proximity of the
substrate, Ty has a dominant effect in causing decomposition/rearrangement of CoHa/Ho,
whereas the effect of Ts is negligible. For instance, | analyze the gas composition flowing

out of the reactor during control experiments at three binary ON/OFF combinations
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Figure 5.3 Population of gas species present in the growth atmosphere. (a) Mass spectra are
collected in situ by a quadrupole mass spectrometer (MS) residual gas analyzer for thermal
treatment of C,H,/H, = 0.28/0.78 atm, and I present relative changes in the abundance of select
compounds where the ion current is normalized to the He signal. (b) The thermally treated gas
mixture C,H4/H, = 0.2/0.8 atm is analyzed ex situ by GC-MS and GC-FID, which shows a broad
range of compounds whose abundances vary by several orders of magnitude. The molecular
weight of each species (in amu) is displayed with the name on the bottom axis. The error bars
represent one standard deviation on triplicate analyses of the same sample. See Plata et al.*® for a
compound key and further details. 1,3-CPD = 1,3 cyclopentadiene; acenaphty.= acenaphthylene.
Reprinted with permission from ACS Nano 2009, 3, 2477-2486. Copyright © 2009 American
Chemical Society.
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where Ts and T, are set to typical values for this study. Figure 5.3a shows mass spectra
generated under these conditions obtained by an online quadrapole mass spectrometer (QMS)
that is plumbed into the reactor tube through the exhaust end cap (Supporting
Information). These measurements reveal that the reactor contains a highly polydisperse
atmosphere, and the composition is indifferent to Ts when the gas is thermally treated at
T, before entering the reactor.

Figure 5.3b displays the partial pressures of the compounds resulting from
thermal treatment of C,H./H, (0.2/0.8 atm) at approximately T, = 1020 °C, as collected
from the preheater output and analyzed ex situ by gas chromatography (GC)-MS and GC-
flame ionization detection (FID). These spectra show a multitude of products including
various alkanes, alkenes, and alkynes, as well as volatile organic compounds (VOCs) and
polycyclic aromatic hydrocarbons (PAHSs).** Incidentally, the untreated gas mixture
(Ts/T, = 25/25 °C) contains the expected compounds along with naphthalene and
acenaphylene, which are ambient pollutants and derive from typical combustion
processes. The variety of thermally generated products, as well as significant variations
in relative abundances, demonstrate the complexity of the CVD process and suggest that
one or more of the measured species is responsible for enhanced growth rates discussed
later. Identifying and relating mechanistic understanding of the individual compounds
that are responsible for enhanced growth is the focus of a study that followed this work®®
and exceeds the present scope of this chapter. However, identifying and quantifying the
contents of the polydisperse hydrocarbon atmosphere provides a qualitative for
interpreting the decoupled roles of Ts and T in determining CNT forest characteristics in

the present study.

5.2 Results and discussion

5.2.1 Control of CNT diameter by catalyst substrate temperature
The first step in the CNT growth process is the formation of catalyst particles

from the Fe thin film, which is natively an oxide when exposed to ambient air after
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Figure 5.4 SAXS analysis of CNT forests synthesized by various thermal conditions. Plots of
scattered intensity versus scattering vector (grey) taken at the vertical midpoint of forests and
corresponding fits (color) that give information about the CNT population (i.e., diameter, o,
number of walls) within the X-ray beampath. CNTSs synthesized under various thermal

conditions: (&) constant T, = 1070 °C and (b) constant T, =

825 °C. Grey circles denote SAXS

peak locations in q (~ 1/diameter) and thus qualitatively demonstrate (a) a trend with constant T,
variable Ts and (b) a lack thereof with constant Ts, variable T,. Adapted with permission from
ACS Nano 2009, 3, 2477-2486. Copyright © 2009 American Chemical Society.
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Figure 5.5 Summary of SAXS results from data fitting as in Figure 5.4: (a) CNT outer diameter,
(b) standard deviation of CNT diameter population, and (c) number of walls. Each data point
represents the mean value taken over a range of T, values.
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deposition but is reduced to its metallic state when heated in Hy/He.*> *" The process of
film dewetting and particle formation is discussed at length in Chapter 3. The
temperature of catalyst annealing by exposure to a reducing atmosphere before growth,
which is equal to Ts during growth, is a principle means of controlling the CNT diameter.
Conversely, the activity of the reactant mixture (determined by Tp) has a negligible effect
on CNT diameter, which is further discussed later. Upon heating, the Fe film
agglomerates almost instantaneously into well-defined nanoparticles, as verified by AFM
imaging and in situ X-ray scattering (Chapter 3). In accordance with my AFM results,
thin film theory predicts that the mean particle size will increase with higher Ts, so that
the free energy of the particles decreases;*®*° many previous studies have shown
correlations between particle size and resultant CNT diameter.***> Upon introduction of
C,H4, CNTs are formed at the catalyst nanoparticles, and after density surpasses a
critical threshold,? CNTs crowd and form a vertically aligned configuration that
accommaodates continued upward growth as carbon is added at the base.

As in Chapter 3, | map the CNT forests by transmission small-angle X-ray
scattering (SAXS)*® and fit the resultant intensity scans to a mathematical model of a
CNT forest as a population of hollow cylinders having a lognormal diameter distribution
(Figure 5.4). This analysis reveals that the mean CNT diameter (D), mean standard
deviation in diameter (¢D), and the mean number of walls (N) are all directly related to T
(Figure 5.5). TEM imaging verifies SAXS as a precise non-destructive measurement of
CNT diameter. Using TEM, | measured mean diameters of 8.0 nm (¢ = 1.1) and 10.5 nm
(o = 2.0) from approximately 60 CNTs grown at each set of thermal conditions T¢/T, =
675/1020 °C and T/T, = 875/1020 °C. In comparison, the SAXS analysis determines 8.6
nm (o =1.7) and 11.1 nm (o = 2.6) for the respective conditions; these values are within
10% of the TEM data. Note the skewed shape of the distributions in Figure 5.6, which
corroborate my selection of the lognormal probability density function in the SAXS
model. Further, while the diameter distribution broadens with increasing Ts, both SAXS
and TEM data demonstrate that bimodal populations* do not evolve in my system. The
explicit dependence of CNT diameter on T, which overlaps for a wide range of T,
demonstrates that the diameter is not strongly influenced by the gas-phase rearrangement

of C,H, but rather is driven by the thermal treatment of the catalyst.

114



a Ts/Tp, = 675/1020 °C

Frequency

5 6 7 8 9 10 11 12 13 14 15 16

CNT diameter [nm]

b TJ4T,=825/1020 °C

20 3 3 T 3 T 3 3 3 3 T

Frequency

5 6 7 8 9 10 11 12 13 14 15 16

CNT diameter [nm]

Figure 5.6 TEM analysis of CNT outer diameters for: (a) TJ/T, = 675/1020 °C with D = 8.0 nm,
o=11,N=68and (b) T{/T, = 825/1020 °C with D = 10.5 nm, ¢ = 2.0, N = 57. Inset TEMs show
representative CNTs for respective thermal conditions.
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5.2.2 Effects on structural quality of CNT forests

Next, | find that, while CNT diameter is independent of Ty, the CNT quality is
affected strongly by both Ts and T,. The Raman Ig/lp peak intensity ratio is an ordinal
measure of the amount of sp?-hybridized carbon versus the amount of disordered carbon
in the CNT material.** Accordingly, Raman spectra (Figure 5.7) demonstrate that the
relative CNT structural quality monotonically increases with Ts. In contrast, Ic/Ip
decreases with increasing Ty, suggesting that additional thermal rearrangement of the
carbon source leads to lower-quality CNTs. At T¢/T, = 825/900 °C I¢/lp = 2.3, and in
comparison, forests grown from the same catalyst composition in a single-zone tube
furnace at 775 °C have lIg/lp = 1.2. Further, Ig/lp decreases slightly from the base to the
top of the forest, verifying that amorphous carbon accumulates on the CNT walls after
prolonged exposure to the growth environment (for base-growth mechanism), which is
concurrent with other recent reports.* A previous study that synthesized CNTs from a
Cso precursor showed that accumulation of graphite-like deposits on the CNT walls can
result in a high 1/lp even though the CNT structure itself is poor; * however, TEM
images (Figure 5.6) confirm that my CNTSs are free of graphitic fragments.

However, Raman spectroscopy cannot quantitatively differentiate between
structural defects in CNTs and amorphous carbon deposited on the CNT sidewalls.
Thermogravimetric analysis (TGA) provides further insight into the independent roles of
gas decomposition and catalyst heating in determining CNT material quality.
Amorphous carbon accumulated on the CNT walls has a lower thermal stability than
graphitic CNT carbon, and therefore the relative amounts of amorphous and graphitic
carbon can be related by the relative mass losses at low (= 300 °C) and high (= 700 °C)
temperatures. TGA reveals that the proportion of amorphous carbon depends on Ts and
Tp, as well as on the growth time, which determines the amount of amorphous carbon
deposition on the already grown sidewalls (Figure 5.8). CNTs grown by the decoupled
method accumulate more amorphous carbon than those grown in a tube furnace;
however, the ability to increase the catalyst temperature using the decoupled method can
give CNTs with higher structural quality. This is inferred by the peak in mass loss rate at
about 710 °C for CNTs grown at Ts = 875 °C, as compared to 670 °C for Ts = 675 °C.
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Figure 5.7 Raman spectroscopy analysis of CNT forests. (a) The averaged, normalized Raman
spectra acquired for 5 CNT forests grown at different T, (constant T, = 1020 °C) show that Is/lp
monotonically increases with T, further emphasized in (b) with a linear fit. (c) The dependence
of Is/lp on Tpwith constant T, (825 °C) also illustrates that CNT material quality degrades as T,
increases. Ig/lp is calculated by both considering the peak heights (black triangles) and
integrating the intensity curves (grey squares). Reprinted with permission from ACS Nano 2009,
3, 2477-2486. Copyright © 2009 American Chemical Society.

5.2.3 Kinetics trends and tradeoffs in CNT forest growth

Kinetics of CNT forest growth in our process, as measured in real time, feature
three regimes (Figure 5.9a, b): (1) initial acceleration as the chamber reaches a steady-
state reactant composition; (2) a prolonged period of a nearly constant yet gradually
decreasing growth rate; and (3) abrupt termination when the growth rate rapidly drops to
zero.*® The decay of growth rate with time has previously been attributed to several

factors, which may not be mutually exclusive, including: diffusion-limitation, where
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Figure 5.8 TGA of CNT forests synthesized under various conditions and reactors. The curves
shows mass loss as a function of oxidation temperature, while the inset depicts normalized curves
of the rate of mass loss. Synthesis conditions are detailed in the table below the plot. Reprinted
with permission from ACS Nano 2009, 3, 2477-2486. Copyright © 2009 American Chemical
Society.

activate precursors are restricted from the metal catalysts by the increasing height of the
forest;> ° decaying catalytic activity as growth proceeds;® and/or carbon over-coating or
sooting on the surface of the metal catalyst from excessive gas-phase decomposition.” *°
Reaction-limited kinetics models have also been proposed to describe the growth, but

these fail to predict growth deceleration and suggest the rate remains linear indefinitely.®
° Although, our recent work in correcting the height kinetics for tortuosity within forests

suggests that reaction kinetics could be more linear (see Section 4.2.3).*” Growth rate,
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Figure 5.9 CNT forest height kinetics. (a) Height versus time for various T values (constant T,
= 1020 °C). The T;=825 °C curve terminates beyond 3.6 mm where the laser signal is lost, and
the Ts= 675 °C curve reaches a terminal height of 400 um after 20 minutes. (b) Height versus
time for various T, values (constant T;= 825 °C), and the T, = 1020 °C curve terminates beyond
3.6 mm. (c) Normalized kinetics from (a) and (b) with quadratic-decay and beta-decay fits of this
self-similar curve (fits shown in black and grey dashed curves). The inset emphasizes that the
catalyst decay and diffusion-limited models significantly overestimate the terminal CNT length.
Reprinted with permission from ACS Nano 2009, 3, 2477-2486. Copyright © 2009 American
Chemical Society.
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catalyst lifetime, and terminal forest height all vary with Ts and T,. However, when the
kinetics curves are normalized (Figure 5.9c¢), self-similarity is apparent, amid slight
deviations in the height measurements due to non-uniformities across the forest surface.

I non-dimensionalize the kinetics as height and time,

. h
h* = Eq.5.1
hterm
and
t—0.05ty;
t* = ( te) Eq. 5.2

o (0.95'tlife—0-05'tlife) ’

where hy,, is the terminal height of the forest for a given reaction and ¢;¢. is the

catalyst lifetime (defined as the elapsed time between 1% and 99% of h;.,,,). Although
forests reach various terminal heights at widely varying rates, growth terminates abruptly
in all cases. Both diffusion limitation®

h = 0.5VA% + 4Bt — 0.54 Eq. 5.3

and catalytic decay®
—t
h = BT, (1 —e /To) Eq. 5.4

models fit the steady regime of the observed kinetics, but these models far overestimate

the terminal forest height and fail to capture the abrupt termination event. In Eq. 5.3,
A=2D/ks;and B =4DC,/M, where D is the diffusion coefficient, k is the first-
order rate constant, is the C,H4 concentration at the top of the CNT forest, and M is the
number of molecules of incorporated into a unit volume of the resulting forest. In Eq.

5.4, (3 is the initial growth rate, and 7, is the catalyst lifetime. This suggests a
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Figure 5.10 Kinetics trends for CNT forest growth under various temperature conditions (3-D):
(a) average steady growth rate, (b) terminal forest height, and (c) lifetime of the catalyst.
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Figure 5.11 Kinetics trends for CNT forest growth under various temperature conditions (2-D):
(a) average steady growth rate, (b) terminal forest height, (c) lifetime of the catalyst, and (d)
Arrhenius plots with associated apparent activation energies (E;). Reprinted with permission
from ACS Nano 2009, 3, 2477-2486. Copyright © 2009 American Chemical Society.

sudden mechanism of CNT growth termination, which is not sufficiently described by

either diffusion-limited precursor delivery or catalyst decay. Our recent work indicates

that self-termination is a collective process, resulting from the accumulating termination

of individual CNTs.*®*® This manifests in a clear decay in CNT number density that

coincides with abrupt termination of forest height kinetics.

CNT forest growth kinetics are summarized for the test matrix in 3-D maps
(Figure 5.10) as well as in distilled 2-D plots of the same data (Figure 5.11). The CNT

forest growth rate during the steady period increases monotonically with both Tsand T,

(Figure 5.11a); however, there is a distinct exchange between steady growth rate and
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catalyst lifetime (Figure 5.11c). | define the steady growth rate r,,,, over the nearly

linear portion of each growth curve, extending from 25% to 75% of he-m, SUch that

T - (0.75'Rterm—0.25'Rterm)
avg (0.75'tlife—0-25'tlife) .

Eqg.5.5

Growth is fastest at both high Ts and Ty, but the catalyst lifetime is shortest under
these conditions: 75,4, = 18.5 pm sec™ at Ts/T, = 875/1120 °C. However, here the
terminal height is only 0.5 mm compared to nearly 4 mm at T¢/T, = 825/1020 °C (Figure
5.11b). Further, the slope of the relationship between 7,,,, and Ty, increases with Ts. This
is formally quantified by estimating the apparent activation energy E, of the synthesis

reaction using the Arrhenius relation,

Eq

hok=e Fs Eq. 5.6

Here, R is the universal gas constant, and | assume the growth rate &, which is
proportional to the reaction rate K, is approximately equal to 7,,,,. By plotting ln(ravg)
versus 1/Ts, | extract E, from the slope of the linear fits for various T, values (Figure
5.11d); my values of E, monotonically increase with T, and are comparable to values
previously reported for thermal CVD of CNTs.*>>! The dependence of E, on T,
indicates that gas decomposition is a rate-determining step in CNT forest growth.

Finally, the synergy between Ts and T, appears to only be activated at T = 775 °C and
above. This indicates a threshold beyond which interaction between the population of
thermally generated hydrocarbon precursors and catalyst conditions nonlinearly enhances
the rate of CNT growth from Fe on Al,Os.

The catalyst lifetime is primarily determined by the extent of thermal treatment of
the feedstock gas (Figure 5.11c), i.e., the preheater temperature T,. Our further gas
analysis, which is reported separately, shows that the relative abundance of certain
hydrocarbon species increases by orders of magnitude with marginal increases in Tp.34

While | show that varying T, can enhance the growth process (e.g., increased 7,,,, Or
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hterm), there is a corresponding drop in catalyst lifetime with higher T, for all values of
Ts. Further, while lowering T, generally prolongs catalytic activity, there is a limit to this
effect. That is, catalyst lifetime increases non-linearly as T, decreases and reaches a
maximum at T, = 950 °C, but below this temperature it drops severely again, leading to
relatively ineffective growth. This sharp transition suggests that some constituent parts
of the decomposed gas mixture may be absent at low T, (< 950 °C), whereas at high T,
select compounds present considerable obstacles to one or more aspects of the growth
process (e.g., carbon deposition on the catalyst). Decaying trends in Kinetic parameters
have been previously discussed,'® and while | show a persistent increase in growth rate
for the temperature ranges tested, | do observe decays in lifetime and height at high
temperatures.

Overall, to attain efficient growth of tall CNT forests, one must balance the
reaction rate and catalyst lifetime, which is practically achieved by moderate T, values.
Thermal control at the catalyst is also critical, as forest height increases with T (Figure
5.11b); however, optimum heights are realized at T, = 825 °C, not at the higher T; =875
°C as one might expect, which could be the result of compromised catalyst performance
due to excessive heating. Independent tuning of characteristics can be achieved in many
cases with the appropriate combination of thermal conditions, since diameter and lifetime

are governed by only one thermal parameter.

5.2.4 Correlation between growth performance and precursor chemistry
As indicated in 5.2.3, thermal treatment of the feedstock (Tp) plays a critical role
in determining the kinetics of the CNT synthesis process. For instance, measurements

34,36 show correlations between the

from our CVD apparatus, taken by Plata and Hart,
relative abundance of select hydrocarbons and the forest growth rate (Figure 5.12). This
corroborates our observations that there is a minimum value of Ty, above which forest
growth is effective, presumably because key precursors are generated at sufficient partial
pressures. Although growth rate monotonically increases for the partial pressures
reported here (generated by increasing Tp), there is a clear tradeoff in the lifetime of the
reaction (Figure 5.10c and Figure 5.11c). Therefore, | ascertain a window of critical T,

values for forest growth, with unique insight regarding the corresponding
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Figure 5.12 Thermally generated compounds correlate with CNT growth rate. Resultant
concentrations (atm) from four different T, (860, 920, 970, 1040 °C) are shown, and growth rate
increases with T,. The symbols are measured gas abundances just after the preheater tube and the
lines are the best-fit curves. The abundances of methane, benzene, and vinyl acetylene were
linearly related to the growth rate (all R? = 0.99, n =4). The relationship between methyl
acetylene and the CNT growth rate was fit by a hyperbola (R? = 0.99, n =4). In all experiments,
the gas flow during growth was C,H,/H,/He = 70/330/0 sccm and the catalyst substrate
temperature was 840 °C. Data collected and analyzed by Plata and Hart. Reprinted with
permission from ACS Nano 2010, 4, 7185-7192. Copyright © 2010 American Chemical Society.
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Figure 5.13 Effects of precursor chemistry on CNT growth kinetics. In all cases, standard
growth gases (C,H./ H, = 120/310 sccm) were delivered with preheater ON (T, = 1000 °C),
preheater OFF (T, = 25 °C), and preheater OFF with the addition of 1% C,H, (i.e., 6 sccm).
Extensive study on the effects of precursor chemical structure are in Ref. 36.

precursor partial pressures in this Ty, range.3* %2
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With these gas analyses as our guide, we select species to individually investigate
their role in CNT formation. These experiments were performed in collaboration with
Plata and colleagues.® In the absence of preheating, we deliver trace amounts of each
hydrocarbon with typical quantities of C,Ha/H,, per the schematic in Figure 5.1, thus
selectively simulating the growth atmosphere when C,H4/H, is thermally treated. Having
a cold-wall apparatus with local heating at the catalyst is vital for these experiments in
order to limit gas-phase reactions.

Briefly, we show that a particular class of alkynes (C,<4) are effective at
enhancing both the growth rate and conversion efficiency, while other compounds
previously thought to be important precursors (i.e., methane, benzene) do not enhance
growth. The fact that the abundances of methane and benzene track with forest growth
rate indicates that correlation does not imply causation, which highlights the importance
of our direct delivery method in determining which compounds are truly contributing to
CNT formation.

While others have shown that acetylene is an effective precursor for CNT

synthesis,>* >*

we establish generality in identifying that the triple-bonded structure in
small hydrocarbons is key to CNT formation. For instance, Figure 5.13 demonstrates the
growth enhancement achieved by adding a small amount (0.01 atm) of C,H, to the
reactor while T, =25 °C. Thus, as long as Ts is relatively high, we can achieve
millimeter-tall CNT forests with low T,, which enables energy saving and limits
environmental harm due to toxic exhaust that is typical of high-T, processes.>* This type
of enhancement is quantified for acetylene, methyl acetylene, ethyl acetylene, and vinyl
acetylene, and we also show that C,Hj, is still necessary to form our CNT product. Based
on these findings, Plata proposed a mechanism in Ref. 36, whereby C,H, acts in concert
with C,H, as a co-reactant at the catalyst’s surface.

In addition to small hydrocarbons, we also show that larger polycyclic aromatic
hydrocarbons (PAHS) are in the growth atmosphere. PAHSs are potentially interesting
because their structures typically resemble that of the aromatic lattice structure of CNTs,
yet they are also known to lead to the formation of soot,> which is poisonous to CVD of
CNTs. Preliminary direct delivery tests of a suite of PAHSs that are commonly present

during thermal CVD from C,H4/H; show that, unlike alkynes, PAHs do not enhance
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forest growth rate. For instance, we test the PAHs we identify from the exhaust of the
preheater Figure 5.3 and achieve only short CNT films. Further, removal of PAHs from
the thermally generated product of C,H4/H; by filtering with a polyurethane foam does
not affect forest height kinetics. These observations demonstrate that PAHs are not
necessarily vital in forest growth and that introducing PAHSs to bare catalysts may
actually inhibit forest growth. | attribute this to the propensity for these relatively stable
chemical structures to adsorb to surfaces without being particularly reactive. For
instance, PAHs may adhere to the surface of the catalyst and thus inhibit reaction with or

uptake of carbon from other active species.

5.2.5 Low-temperature synthesis of CNT films

Although CNTSs show great promise for future electronic applications,*® it is
challenging to synthesize high-quality CNTs on electrically conductive substrates at
temperatures compatible with complementary metal-oxide-semiconductor (CMQOS)
processing, which is typically limited to 450 °C.>"*® Low-temperature growth is
especially challenging because the decomposition temperature of most hydrocarbons
used for CNT growth exceeds 500 °C. To meet this need, plasma-enhanced CVD has
been used widely to achieve low-temperature CNT formation.>® ® However, plasma-
enhanced methods can often generate undesirable defects in the CNT structure,
particularly due to etching by ionized species.®* ©2

| have established that T, influences CNT growth kinetics, and understanding the
limits of this parameter space is crucial for integration with electronic applications such

63, 64 65.%6 and CNT-based memory devices.®” Further,

as vertical vias, interconnects
Figure 5.14 demonstrates the limits associated with CNT growth at low Ts without
preheating. Below Ts =525 °C, the CNTs do not form the self-aligned morphology
characteristic of a forest (Figure 5.15), which indicates that either CNT number density
is too low and/or CNTs are not long enough to form the self-supporting structure
necessary for vertical growth.*® % Chapter 4 describes the time evolution of the initial

tangled layer in CNT forest growth. Another critical temperature is Ts = 475 °C,
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Figure 5.14 Kinetics of low-temperature synthesis without preheating, which show the limits of
growing vertically aligned CNT forests (a). SEM images on the right-hand side are color coded
to correspond to kinetics curves in (a), namely (b) Ts =725 °C, (c) T; = 625 °C, and (d) T; = 525
°C. T, =25 "°C in all cases shown.

below which the CNT film is no longer continuous, but rather is comprised of non-
uniform bunches of CNTs with substantial areas of substrate exposed between them.
Another important characteristic in addition to the morphology of the CNT film is
the structural quality of the CNTs. | observe that the crystal structure of the CNTs
synthesized at low T is determined by the chemistry of the precursor gases.* For
instance, the proportion of crystalline CNTs increases with T,, as demonstrated by TEM
images of representative structures in Figure 5.16. This suggests that thermal generation
of precursor species is generally responsible for growth of crystalline CNTs at low Ts.
Structures grown without preheating (T, = 25 °C) have discontinuous walls and a poorly
defined core as compared to the T, = 1000 °C case, where the outer walls are continuous,
crystalline, and both the walls and core appear to be well-defined. At T, =900 °C, the

walls are discontinuous yet the core is more clearly defined, indicating a transition occurs
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Figure 5.15 Low-temperature limits to vertically alignment and organization of CNT films. (a)
Digital photograph of CNT films on Si substrates with labels corresponding to adjacent SEM
images. Aligned CNT morphologies are observed for (b-d) T = 725-525 °C, with a decreasing
trend in areal coverage and continuity for (d-f) T, = 525-425 °C. T, =25 °C in all cases shown.

as | change the precursor chemistry via tuning T,. This transition is also captured by
Raman spectroscopy of the same CNT films (Figure 5.17), which shows an increase in
structural quality for higher T,, as indicated by the increase in I¢/lp.

These results obtained using the decoupled cold-wall reactor are also corroborated
by low-temperature synthesis performed in a hot-wall system on conductive substrates,*
which supports the assertion that specifically critical gas compounds are generated within
certain temperature windows, and these compounds can be responsible for structural
transition in filamentous carbon nanostructures. Therefore, | suggest that the stated effect

of precursor chemistry may be universal, although the particular conditions (e.g.,
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Figure 5.16 Film morphology and crystal structure of CNTs synthesized at low temperature. (a-
¢) SEM and (d-f) TEM imaging. Trend toward crystalline walls with well-defined core as T, is
increased from 25 °C to 1000 °C. T, =525 °C in all cases shown. Adapted with permission from
Carbon 2011, 49, 804-810. Copyright © 2011 Elsevier.
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Figure 5.17 Raman spectroscopy for CNTs synthesized at low temperature (samples shown in
Figure 5.16). lg/lp =1.23, 1.34, 1.61 for T, = 25 °C, 900 °C, 1000 °C, respectively.
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Tp, T, flow rates) will be different based on the choices of the feedstock and catalyst and
the nature of gas-catalyst interactions.

Considering the plurality and diversity of species formed by thermal treatment, it
may be that a combination of gaseous precursor molecules is necessary to form
crystalline CNTs by CVD. These findings also suggest that future studies of CNT
growth mechanism must consider gas-catalyst interactions. In particular, the vapor-
liquid-solid (VLS) model,*® and/or models of carbon incorporation by surface or bulk

70,71

diffusion may require modification to consider the effect of multiple precursor

273 and ab initio molecular

structures, rather than a single precursor. Many studies
simulations’ support the role of both small and large hydrocarbon compounds in the
catalytic formation of carbon nanostructures. Further studies with other catalysts will
also be insightful, in light of recent findings that CNTs can be grown from noble metal

(e.g., Au) and oxide” nanoparticles.

5.3 Conclusions

Decoupling thermal treatment of the precursor and catalyst enables new
understanding of the mechanisms determining diameter, quality, and kinetics of CNT
growth in a vertically aligned forest. High temperatures (Ts Tp) enhance the growth rate,
yet terminal forest height, catalyst lifetime, and CNT quality suffer from excessive gas
decomposition and/or catalyst deactivation at these conditions. Self-similarity of CNT
forest growth kinetics suggests the existence of a universal and sudden termination
mechanism that may limit indefinite growth of CNTs. Further, the decoupled processing
method, supported by closed-loop automated control of the growth reactor, enables rapid
mapping of a broad parameter space. There is a minimum temperature necessary to
achieve vertical growth and make crystalline CNTs. This suggests the existence of
competing pathways between graphitic and amorphous carbon deposited during synthesis
and highlights a deficiency of CVD processes in which these thermal control parameters
are coupled. My approach and findings provide an opportunity to make more efficient
CVD methods by understanding how to deliver the right precursors without having to
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thermally generate the entire spectrum of species.®* To this extent, we demonstrate the
generation a broad population of PAHs and VOCs in the CVD atmosphere, suggesting a
role of select carbon species in either enhancing or inhibiting efficient and/or prolonged
forest growth.

The precise mechanism of CNT forest growth termination remains unclear;
however, it is reasonable to conclude that the large population of hydrocarbons resulting
from thermal decomposition introduces constituent species that promote efficient forest
growth, while others drive the catalyst into a state unfavorable for continuous deposition
of graphitic carbon. By exploiting the interplay between Ts and T, | enhance the
resultant I/lp to generate as-grown, high-quality forests without implementing post-

treatment purification steps,” "

which are often energy and time consumptive as well as
destructive to the aligned structure of a forest. Extension of this study to other catalyst
film thicknesses (e.g., thinner catalyst films, which would be expected to give smaller
diameter CNTs) and compositions could help establish application-oriented structure-

property maps for CNT forest manufacturing.
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Chapter 6
Photoconductive hybrid films via
directional self-assembly of
Ceo On aligned CNTs

While synthesis of indefinitely long CNTs remains a significant challenge, many
applications still benefit from ensembles of shorter CNTs. In this chapter, we explore an
application of aligned CNTs as a scaffold material for building microscale hybrid films.
Hybrid nanostructured systems capitalize on synergy between materials, enabling
improved properties beyond those of the constituent component. This allows decoupled
engineering of energy conversion and transport functions for instance. We demonstrate
that aligned CNT films direct the crystallization and orientation of Cgo rods from solution,
resulting in hybrid structures where the Cgo rods are oriented parallel to the direction of
the CNTs. Aligned rods are observed on the CNT film surface and through the film
thickness. High-resolution imaging shows that the crystals incorporate CNTs during
growth, yet grazing-incidence X-ray diffraction (GIXD) shows that the crystal structure
of the Cgo rods is not perturbed by the CNTs. Real-time video imaging reveals that rod
growth kinetics are enhanced 8-fold on CNTs compared to bare Si, emphasizing the
importance of the aligned, porous morphology of the CNT films. Finally, we show how
the hybrid sheets can be integrated electrically and employed as UV sensors having high
photoconductive gain with a responsivity as high as 10° A W™ at low biases (+ 0.5 V).
Our methods and findings may also have broader importance to the science and
applications of crystal growth of other materials such as aromatic hydrocarbons, synthetic
polymers, and biomolecules. This chapter originally appeared as a manuscript in
Advanced Functional Materials (in press at the time the chapter was written), and the

content is reprinted here with permission from the publisher (Copyright © 2011 John
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Wiley & Sons, Inc.). The current presentation of this work represents my contributions,

principally, unless noted otherwise.

6.1 Introduction

Fullerenes (Cgp) are a uniquely monodisperse nanoscale building block and can be
assembled into nano- and microscale crystals having diverse and controllable sizes and

shapes using evaporation of dispersions.’® Crystalline Cq is a direct-band gap

10,11

semiconductor,' an excellent electron acceptor, and calculations show that contacts

between Cgo molecules in a closely packed crystal have very low thermal conductance.™

These features make Cgo attractive for applications including diodes,** 2 field-effect

14,15 8,16

transistors, photoelectrics,® ® and thermoelectrics.*? Cgo crystals are generally made

in bulk or deposited randomly on substrates; however, directed placement, alignment, and

— CNTs
== Coeo
a
§
500 um §
CNT growth Rolling A \ E—

Wetting and

b / A
evaporation
°—>%

CNT growth Capillary folding

Figure 6.1 Fabrication of Cg-CNT hybrid films: (a) fabrication sequence involving rolling of
vertical CNTSs to produce laterally oriented (LO) films, followed by wetting and drying with Cg
dispersion in m-xylene; and (b) fabrication of radially oriented (RO) CNT films by capillary
folding, followed by synthesis of Cg, crystals on the CNTs. Inset SEM images show CNT films
before drop-casting of Cg, dispersion. Solid models originally provided by Sameh Tawfick.
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interconnection of Cg crystals is typically necessary for their utilization in devices.

We demonstrate that aligned carbon nanotube (CNT) films can spatially direct the
crystallization of Cgo from solution, therefore enabling integration of hybrid thin film
devices by combining standard photolithography and two-step capillary self-assembly
process. Uniquely, we find that Cg rods crystallize preferentially parallel to films of
horizontally-aligned CNTs, thus creating a self-organized directional assembly wherein
Cseo crystals are pierced and interconnected by CNT conduits. We find that kinetics of
crystallization are also significantly influenced in the presence of the CNT, with an
enhancement factor greater than 8 in crystal growth rate compared to crystallization on
bare silicon. The resultant hierarchical organization is advantageous for energy devices,
especially considering that Cgo crystals alone are poor electrical conductors. For instance,
we demonstrate that the Cgo-CNT hybrid films have high photoconductive gain under UV
irradiation with a responsivity as high as 10> A W™ at low biases (+ 0.5 V). Overall, the
rational design and fabrication of templates that induce ordered crystallization, and the
understanding of how nanostructured surfaces affect crystallization kinetics, are
important topics for applications including organic electronics,'” composite materials,

and protein science. %

6.2 Results and discussion

6.2.1 Synthesis of Cg-CNT hybrid films
Directed crystallization of Cgo on CNTSs is achieved as shown in Figure 6.1. First,

vertically aligned CNT “forests” are grown from lithographically patterned catalyst on

silicon wafers using a standard catalytic chemical vapor deposition (CVD) process.?* 2

The forests comprise multi-wall CNTs with a mean diameter of 11 + 2.8 nm.” Next, the

vertical CNTs are transformed to a horizontal orientation via capillary folding by

26-30

condensation of acetone onto the substrate. Because the direction of capillary

folding depends on the geometry of the CNT microstructures,?”

capillary folding
enables fabrication of not only unidirectional films (Figure 6.2) but also multi-directional

CNT patterns, such as radially oriented and adjacently perpendicular CNT films that
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overlap during capillary folding (Figure 6.3). This method results in uniform-thickness
CNT films with high packing fraction (= 0.2)?® and high in-plane anisotropy. Further, the
CNT films can be folded such that they bridge a set of pre-patterned electrodes (in this
case TiN). This provides a straight-forward and robust method for electrical integration
of the Ceo-CNT hybrids into sensors or other devices requiring electrical read-out. The in-
plane anisotropy of the folded CNT sheets was previously quantified by X-ray
scattering” and electrical resistance measurements. Finally, Cqo dispersed in m-xylene

(without surfactants)™ ®°

is deposited by drop-casting onto the CNT films. The solution
infiltrates the CNT film by capillary action and then is allowed to evaporate under
ambient conditions. Cg rods crystallize on and within the CNT film during wetting and

evaporation. Additional experimental details are in Section 6.3.

6.2.2 Characterization of alignment and structure

We observe that the major axis (length) of each Cgo rod is oriented along the
direction of CNTs within the film, in both unidirectional and multidirectional sheets.
This is shown in Figure 6.2 and Figure 6.3. In comparison, alignment is not observed in
a control experiment where Cg crystallization is performed on the polished side of a bare
(100) silicon wafer (Figure 6.2a). We quantify the average orientation of the Cgo rods by
the mean square cosine (cos?8), where 8 is the orientation angle of each rod relative to a
reference axis (red dashed line). This parameter has been used to quantify the order of
other anisotropic structures including polymer chains,* liquid crystals,* and CNTs.*
Note that {cos?8) = 1 corresponds to perfect parallel alignment of the rods with the
CNTs, while (cos?8) = 1/2 represents random order. The Cg rods are randomly
oriented when crystallized on bare silicon ({cos?8) = 0.54), while those crystallized on
CNTs are strongly correlated to the direction of CNT alignment ({cos?8) > 0.8). On
bare silicon, we occasionally observe areas where the solvent droplet becomes pinned to
the substrate during evaporation. This causes a locally higher density of rods to form in
arrangements that resemble drying rings, as in the “coffee stain” phenomenon (Figure
6.4).3* At these locations, the pinned meniscus does slightly influence local rod
orientation, resulting in (cos?6) < 0.7. This likely occurs due to capillary forces that

orient the rods as well as fluid flow and solute concentration gradients near the
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Figure 6.2 SEM images after synthesis of Cg, rods on bare silicon and unidirectional CNT film,

(a) and (b) respectively. Accompanying histograms are below each SEM, showing distribution of
rod orientation relative to axis indicated by red dashed lines.
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Figure 6.3 SEM images after synthesis of Cg, rods on multi-directional pattern (perpendicular
unidirectional films) and radially oriented (RO) CNT film, (a) and (b) respectively. Scale bar in

inset of (b) is 100 um. Accompanying histograms are below each SEM, showing distribution of
rod orientation relative to axis indicated by red dashed lines.
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Figure 6.4 Cg crystals grown by drop-casting Cso/m-Xxylene on bare Si. (a) SEM taken in a
region where the solvent pinned to the substrate during drying. Inset schematic shows the
location where the droplet pinned to the Si. The red dashed line represents the estimated radial
direction of this drying ring and serves as the axis from which we measure the orientation angle
of the Cgo rods. The results of these measurements are in the histogram (b).

meniscus,** % Thus, pinning of the meniscus on a flat substrate is not as uniformly
effective in aligning the rods as compared to the CNT templates, albeit by a different
mechanism.

Further investigation by electron microscopy shows that the Cg rods penetrate
beneath the surface of the CNT films and that CNTs pierce through the Cg crystals. A
magnified view of the hierarchical, aligned morphology of the CNTs and CNT bundles is
shown in Figure 6.5a and Figure 6.5b. The existence of rods both on top and beneath
the CNTs (Figure 6.5) suggests that Cgo rods can nucleate and grow on the surface of the
CNT film and/or within the film. In both cases the rod growth direction is influenced by
the CNTs. As seen here and in Figure 6.5d, the CNT are laced through the Cg rods,
forming a true hybrid material, where up to ~10* CNTs may be incorporated into a single
crystal (~1 um width), based on the packing density of the CNT film. TEM confirms that
individual CNTSs are connected to the side facet of the Cgo rod (Figure 6.5€) and that the
crystal structure of the rod is not disrupted by the CNTs (Figure 6.5f), which we later
substantiate by X-ray diffraction.

Characteristic Raman spectroscopy peaks of Cgo and CNTs allow for their
identification within the hybrid film. We profile a single Cgo rod that is partially
embedded in the CNT film, and has one end exposed (Figure 6.6a) with a focused beam
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diréction /-

Figure 6.5 High-resolution electron microscopy of Ce-CNT hybrid film. () SEM image of Cg
rods aligned to the CNTSs; (b) Higher magnification of area between Cg, crystals, showing aligned
CNTs and CNT bundles; (c) a single Cqrod that pierces through the CNT film, showing a
smooth transition between CNTs and the Cg, crystal and interconnection with further
magnification in (d). of (c), showing CNT bundles penetrating the side of the C¢orod. (e) TEM
of the interface between CNTs and Cg, crystal with higher magnification in (f) and inset selected-
area electron diffraction (SAED) image.

of less than 1 um at the sample. Initially at (1), where the Cgo rod is fully exposed, the
characteristic Cgo peak at ~1468 cm™* is strong and discernible in the presence of the
weaker CNT peaks near 1350 cm™ and 1580 cm™ (D- and G-bands, respectively).” The
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Figure 6.6 Structural characterization of a C¢o-CNT hybrid film. (a) Micro-Raman spectroscopy
(A =514 nm) profile of a Cgrod that is partially embedded in a CNT film is compared to a
spectrum taken from as-received Cg powder. The ratio of Is/lp = 1.2 observed here is typical for
multi-wall CNTs synthesized by our thermal CVD process. (b) GIXD data showing scattering
intensity as a function of scattering vector g (where q = 4z/4 sin y, and y is the scattering angle).
The Cq, crystals synthesized on CNTSs are indexed as hexagonal lattice (a = 22.4 A, ¢ = 10.3 A).
See Figure 6.7 for an example 2-D scattering image and further analysis.
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Figure 6.7 Representative 2-D GIXD image for Cg, crystals on laterally oriented CNTs (X-ray
beam parallel to CNT direction). The plots of intensity versus scattering vector g in Figure 6.6
were obtained by integrating the intensity in the (a) 2-D image above about the azimuthal angle ¢
[1°,179°]. (b) Azimuthally integrated intensity of the sector outlined in (a) showing the
diffraction peak from the CNT wall spacing (peak at 1.78 A™ corresponds to d-spacing of 3.53 A,
which agrees with the interplanar spacing of graphite 3.4 A). GIXD data collected by Eric
Verploegen at the Stanford Synchrotron Radiation Lightsource.
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intensity of the Cgo peak declines relative to the CNT G-band as the beam is scanned
along the length of the rod [(2),(3)], matching with the transition of the rod into the CNT
film. The peak position does not shift in frequency over the length of the rod, indicating
that no chemical modification of the Cgo molecules takes place before or during
crystallization (e.g., via polymerization®®). No spectroscopic features of the Cg are
observed away from the rod at (4), confirming that the synthesis process leaves Cgo
highly localized around the crystals.

We determine the crystal structure of the Cgo rods by grazing incidence X-ray
diffraction (GIXD) measurements (Figure 6.6b) using synchrotron radiation and a 2-D
area detector (Figure 6.7a). These measurements show the as-received Cgo powder has a
face-centered cubic (FCC) crystal structure with the lattice parameter a = 14.3 A %%
whereas the Cgo rods grown on bare silicon and on CNT films both have a hexagonal
structure (a = 23.4 A, ¢ = 10.3 A), which is consistent with previous studies of Cg
synthesized from m-xylene.> ®“° This change in packing from the higher-density FCC

6, 9, 40-42 where

phase is due to the incorporation of trace solvent molecules at interstices,
the Ceo:m-xylene composition is 3:2.* Solvent is incorporated with the crystal partially
due to the strong association between the its aromatic structure and the electron-rich
hexagonal faces of Cgo,*® as well as kinetics of the crystallization process, both of which
are discussed later. A large difference in the scattered X-ray intensity is observed when
the beam is aligned parallel versus perpendicular to the CNTs, emphasizing the
crystallographic anisotropy of the hybrid material. Cgo rods synthesized from m-xylene
are known to crystallize along the c-axis (001),> ° and the crystal lattice spacing we
measure from TEM (5.04 A) in Figure 6.5f is approximately half of ¢ because there are
two crystal planes per unit cell. The inset selected-area electron diffraction (SAED)

image also shows six-fold symmetry with a spacing near that measured in TEM (4.88 A).

6.2.3 Enhanced kinetics of Cg crystallization

Although the presence of CNTs does not alter the structure of the Cg crystals, Ceo
crystal growth on CNT films is significantly faster than on bare silicon. We use in situ
optical microscopy to measure rod length versus time shown in Figure 6.8. The

lengthening kinetics of Cgo rods on CNTs are 8.6 times faster than on bare silicon
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Figure 6.8 Lengthening kinetics of Cg rods on CNTs and bare silicon. (a) Snapshots of real-
time recording of the Cg crystal growth on a CNT film. (b) Measurements of rod length versus
time, comparing growth on CNTs (red circles) and on Si (black squares), with the length versus
time curve for growth on CNTSs is replicated in (c) with the x-axis rescaled to show similarity in
shape and emphasize the difference in timescales. Each point and error bar represent the mean
and standard deviation, respectively, for measurements taken from ten rods, while the inset plots

show the standard deviation alone versus time for each case. t = 0 corresponds to the time at
which a rod is first observed.
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(average rates ~ 1.8 and 0.2 pm sec™, respectively), and growth terminates when the
solvent fully evaporates from the substrate. After this occurs, the average length of the
crystals is nearly identical on both substrates (16.1 and 15.5 pum, respectively), yet the
standard deviation of length is smaller on CNTs (1.8 and 4.1 um, respectively). The
average width of the Cgorods in both cases is 1.3 + 0.4 um when growth terminates. The
length distribution broadens with time on Si, yet narrows with time on CNTSs, suggesting
that the CNT substrate also enables a more uniform delivery of Cg to the growth sites.
We also note that the rods do not move or rotate during observable stages of growth on
CNT films, yet they remain straight and predominantly follow the CNT direction as
growth proceeds.

Additional control experiments reinforce that both the physical and chemical
characteristics of CNTs influence the rapid, directed crystallization of Cgo. First, we
observe a very low density of rods on highly ordered pyrolytic graphite (HOPG), which
presents similar chemical compatibility to Cgp as CNTs. This is due to the smooth
surface of HOPG and the strong wetting of m-xylene on HOPG, which accelerate
evaporation and inhibit prolonged crystal growth. Therefore, the topography of the CNT
film is important for a high nucleation density. Second, to preserve the physical texture
and porosity of the CNT film while changing the surface chemistry, we conformally
coated CNTs with alumina by atomic-layer deposition (ALD). On alumina-coated CNT
films, rods form at low densities and are not aligned with the CNTs (Figure 6.9a). This
demonstrates that both the native surface chemistry and texture of the aligned CNT films
are needed for directional crystallization. Third, instead of crystallizing Cg directly on
CNTs, we alternatively prepared Ce rods in solution by liquid-liquid interface

precipitation (LLIP)**°

and then drop-cast these rods onto CNT films. Even though the
CNTs influence the motion of the meniscus during evaporation, the rods made by LLIP
are not oriented with the same fidelity as those crystallized directly on the CNT films
({cos?6) = 0.72 versus 0.93), and they do not penetrate into the CNT film (Figure 6.9b).
Therefore, in situ crystallization on CNT templates is necessary to direct the rod
orientation. This finding also emphasizes how the present work is different than previous

approaches to align pre-made nanostructures by directional wetting.® ¢ %7
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Figure 6.9 Control experiments for testing alignment mechanisms of Cg, rods on CNTs. (a) SEM
images of Cg crystals grown on RO- CNT films coated with =10 nm Al,O3 by atomic layer
deposition. Note the low density of Cg, rods and poor alignment to the coated CNTSs ( as
measured from panel d, N = 28). (b) Cq rods that are first synthesized by liquid-liquid interface
precipitation (LLIP) and then cast on RO-CNTSs show poor alignment with the CNTs. Inset
shows a rod on top of the CNTs rather than integrated. Accompanying histograms tabulate the
orientation angle of the rods shown in low-magnification views in (a) (N = 265) and (b). Red
dashed line represents the radial axis against which the rod angle is referenced.

We interpret these findings based on the anisotropic morphology of the CNT
films as well as the physical interactions and known compatibility of CNTs, Ceg, and the
solvent. The CNT film is porous and is strongly wet by m-xylene; therefore, the solvent
rapidly infiltrates the film upon drop-casting. Although the CNT packing fraction
increases by as much as a factor of two during evaporation of the solvent, the solvent
and Cg clusters can still penetrate the CNT film because the size of the Cgo clusters in
solution (14.1 + 2.9 nm, measured by dynamic light scattering, Figure 6.10) is less than
the mean CNT-CNT nearest-neighbor spacing (i.e., pore size), which is approximately 20
nm for a packing fraction of 0.2. Also, the carbon atoms in both CNTs and Cq are sp*
hybridized, although they differ in aromaticity due to the presence of pentagonal faces in
addition to hexagonal ones in Cg. Calculations show that the binding energy between a
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Figure 6.10 Dynamic light scattering (DLS) measurement of Cgo dispersed in m-xylene (1 mg
mL™) after 30 minutes of ultrasonication. The number of Cg in each cluster in solution is
calculated from the measured average cluster size and by assuming hexagonal packing with unit
cell dimensions that were measured by X-ray diffraction. The mean cluster diameter is equal to
14.1 £ 2.9 nm, representing ~ 300-1100 Cg, per cluster.

single Cgo molecule and the outer wall of a CNT (0.537 eV)*® *° exceeds that for either
Ceo-Ceo (0.277 eV)° or solvent-CNT interactions (0.232 eV);! therefore, Cg in solution
should be strongly attracted to the surface of CNTs.

Precedence in literature indicates that nanoscale roughness and porosity promote
nucleation of Cg crystals® as well as other materials.**?">*>* Thus, favorable
crystallization of Cgo on CNTSs is a specific case of a more general behavior whereby
nanostructured templates can assist crystallization via both fluidic and surface effects.
Considering the strong Co-CNT interaction, we hypothesize that rods nucleate when Cgg
clusters adhere to the CNTs while in solution, and then the crystal continues grows along
CNTs by precipitation of the solute in a similar templating fashion previously observed in
crystallization of polymers on CNTs.>>*® This may be aided by adsorption and migration
of Cgo clusters along the CNTs and the strong capillary action within the CNT film.>’
Surface defects are well known to act as favorable nucleation sites by restricting the
mobility of adsorbed precursors, such as in vapor-solid growth of nanowires,*®®°

including formation of oxide nanostructures on CNT forests.®™®  Thus, we expect the
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defect density of CNTSs influences Cg crystal nucleation, and experiments with CNTs of
different diameters (i.e., single-wall CNTs which can have fewer defects) will be
insightful. Likewise, the micro- and nanoscale surface texture of the CNT film
(determined by the waviness and bundling of the CNTSs) and the pore size (CNT spacing)
within the film depend on the diameters and packing configuration of the CNTs, so
controlling these characteristics may be a route to achieve enhanced control of selective
crystal growth. For instance, previous studies found that bundles of CNTs selectively
aid crystallization of organic molecules,'” which Pan et al. suggest is due at least in part

to favorable adsorption sites created by interstitial pores between CNT bundles.®®

6.2.4 Device integration and photocurrent measurements

Finally, we electrically integrate CNT films as two-terminal devices to
characterize the photoresponse of our material in the UV range. Our fabrication method
is scalable because it employs standard photolithography of TiN electrodes that are
compatible with high-temperature CVD of CNTs and because capillary folding and drop-
casting of Cg are straightforward solvent processes. Figure 6.11a demonstrates that the
photocurrent of the hybrid Cg-CNT device is substantially greater than either CNTs
alone or Cg rods alone. The linear 1-V characteristics indicate that the hybrid device is a
photoconductor, and for instance, the resistance at 400 nm decreases by more than 20
times after integrating Ceo rods with the CNT device. The responsivity of the hybrid
device is 10°-10° A W in the range of 400-200 nm irradiation (Figure 6.11b),
respectively. This exceeds recent benchmarks for nanostructured photodetectors (e.g.,
ZnO or PbS quantum dots),** while our bias remains relatively low (0.5V). Although the
CNT device has an appreciable responsivity in this wavelength range (likely due to heat-
induced changes in resistivity resulting from absorption of light® ), the addition of Ceo
enhances the responsivity by approximately an order of magnitude.

The high photoconductivity of the hybrid film is the result of the interplay
between the electronic structures of Cgo and CNTSs, as well as their hierarchical
organization. We expect Cgp crystals to generate excitons when illuminated by light with
energy greater than the band gap of solid Cgo, which is about 2.3 eV (540 nm).%" Others

have shown that individual Cgo crystals with®® or without® interstitial solvent molecules
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Figure 6.11 Photoresponse of CNT/Cg, hybrid film devices. (a) Photocurrent measurement
(applied bias £ 0.5 V) of device as shown in the inset SEM, where photocurrent is defined as the
change in current measured with UV illumination on and off. (b) Responsivity (photocurrent
divided by incident power) for range of UV wavelengths showing enhancement due to the
addition of Cg, to the CNT film. Each point represents the mean value taken from at least three
measurements of the same device. Device integration and UV measurements performed by
Michaél De Volder.

156



can generate photocurrent. The hierarchical structure of our hybrid film allows charge
carriers to be injected into the multi-wall CNTs, which are metallic, and charge
separation is also aided by Cgo’s strong tendency to accept electrons.'® ** Thus, holes are
likely the injected charge carrier and can pass through the circuit many times under the
influence of the applied electric field (bias) before recombining with trapped electrons.
While the absorption properties of Cgo/m-Xxylene crystals in the tested wavelength range is
relatively constant,®® multi-wall CNTs show increased absorption toward 200 nm,"”
which explains the upward trend in responsivity we observe in both the CNT and Cgo-
CNT devices. The large surface-area-to-volume ratio of the hybrid films also plays a role
in the large responsivity, increasing absorption and increasing the abundance of surfaces
and interfaces, which can trap charge carriers, delay recombination, and thus increase the
responsivity of the device.®* "™ " Recent studies have also demonstrated the advantages
of combining Cgo with CNTSs in various devices to enhance the performance of
photodetectors'! and photovoltaics.”*" While some of these examples also incorporate
other materials, such as effective electron donors, the addition of Cg to these complexes
is key, and our CNT template technology could be combined with these previously

studied materials to achieve new device architectures.

6.2.5 3-D hybrids architectures

In the future, more complex multi-directional CNT architectures’® may find use as
scaffolds for spatially programmable 3-D self-assembly, where the formation and
organization of crystals is predetermined by the nanoscale texture of the CNTs and their
microscale form factor. For instance, the architectures shown in Figure 6.12 demonstrate
the use of aligned CNTs to form composite structures that not only are perpendicular to
the substrate but may also have chirality, depending on the initial CNT microstructure.
The formation of these composites is governed by the same mechanisms described
herein, where the porous and aligned CNT ensemble acts as a scaffold to template and
direct the crystallization of Cg as the solvent evaporates.
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Figure 6.12 3-D hybrid architectures of Cg, crystals and CNTs. Cg, dispersion was drop-cast on
various, vertical CNT microstructures before the CNTs were densified, and the dispersion
infiltrated the microstructures, which enabled in situ crystallization of Cg, rods as the CNTs
densified. This produces vertical hybrid structures with rods aligning to the CNTs (a, b, ¢) and
even penetrating the top surface of a pillar, forming an array of rods integrated with a CNT pillar
(d, ). Whether the crystals grow along the surface of the CNT microstructure (a, b, c) or within
(d, e) depends of the volume in the porous CNT structure that is available for wicking and
infiltration of the dispersion.
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6.3 Conclusions

We show that CNT films promote rapid crystallization of Cgo from solution, and
we harness the strong influence of the CNT direction to create multidirectional. The Cgg
crystals are interconnected by CNTSs, where the CNTSs provide a conducting pathway to
the Cgo crystals, making a unique hybrid material, which shows utility and promise as an
organic UV photodetector with high responsivity. We assert that our methods and
findings have general importance to the science and applications of crystal growth of
other materials, including PAHSs, synthetic polymers, and biomolecules.

6.4 Detailed methods

6.4.1 Fabrication of Cg-CNT hybrid films

CNT growth was performed using both a horizontal quartz tube furnace (Thermo-
Fisher Mini-Mite, 22 mm inner diameter, 12 inch heated length). The catalyst substrate,
which comprises of a 10 nm Al,O3 underlayer and 1 nm Fe, is deposited on (100) silicon
wafers using e-beam evaporation and patterned by lithography and lift-off.?* For
lithography, we used SPR 220 - 3.0 photoresist. The lift-off was done by sonication in
acetone followed by rinsing in isopropanol and evaporation using dry N,. After installing
the substrate and purging the reactor, the substrate was heated to the growth temperature
in flowing Ho/He (100/400 sccm), and then C,H, (100 sccm) was added for the growth
duration. To prepare the laterally oriented (LO) CNTs, VA-CNTSs are grown from
parallel catalyst lines having 20 um width and 200 um spacing. The CNT line patterns
are then mechanically rolled using a 300 um diameter stainless steel roller in a custom-
built force-controlled rolling machine.? To prepare radially oriented (RO) CNTSs,
acetone vapor is generated by boiling acetone in a flask and condensing the vapor onto
vertically aligned CNT patterns (rings as shown in Fig. 1). The capillary forces exerted
by the acetone during condensation from the CNTs mechanically fold the CNTs into RO
CNT films.?® Optionally, atomic layer deposition (ALD) of Al,Oj is done in an Oxford
ALD system with trimethylaluminum (TMA) and water as precursors. A deposition
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temperature of 200°C for 100 cycles results in ~10 nm of conformal coating of Al,O3 on
the CNTs.

The Cgo dispersion was prepared using m-xylene and Cgo powder (99.5% purity;
MTR, Ltd.) with a concentration of 1 mg mL™, which is below the solubility limit of Cgo
in m-xylene. The mixture was sonicated for 30 minutes immediately after the addition of
the powder to the solvent. Droplets (<10 pL) of Cgo dispersion were placed on the
substrates using a micropipette. The solvent was allowed to completely evaporate from
the substrate under ambient conditions. Real-time videos were recorded with a 3.1
megapixel CMOS color camera (Lumenera Infinity 1-3C) at 15 frames per second, and

snapshots at specified time intervals were selected for processing and measurements.

6.4.2 Materials characterization

A Malvern Zetasizer Nanoseries was used to perform dynamic light scattering for
estimation of the Cgo cluster size in m-xylene. SEM was performed using a Philips
XL30-FEG and a FEI Nova Nanolab, and TEM was performed on a JEOL 3011 HREM.
Micro-Raman spectroscopy was performed using a Renishaw inVia Raman microscope
equipped with a Leica microscope, RenCam CCD detector, 514 nm He-Ne laser. The
spot size was <1 um. In Figure 4a, peaks in the Cgo powder spectrum at approximately
470 cm™ and 1468 cm™ represent the radial breathing and pentagonal-pinch vibrational
modes of Cgo, respectively.®® Characteristic peaks of multi-wall CNTs appear near 1350
cm™ and 1580 cm™,* corresponding to the D- and G-bands, respectively.

Grazing incidence X-ray diffraction (GIXD) measurements were performed at the
Stanford Synchrotron Radiation Lightsource (SSRL) using beamline 11-3 with a photon
wavelength of 0.09758 nm. The scattering intensity was detected on a 2-D image plate
(MAR-345) with a pixel size of 150 um (2300 x 2300 pixels) and analyzed using the
software package WxDiff, provided by Dr. Stefan Mannsfeld. The detector was located
at a distance of 400.9 mm from the sample center. The incidence angle was chosen in the
range of 0.10°-0.12° to optimize the signal to-background ratio. The beam size was 50
um x 150 pm, which resulted in a beam footprint on sample 150 um wide over the entire
length of the 5-10 mm long sample. The data were distortion-corrected (6-dependent

image distortion introduced by planar detector surface) before performing quantitative
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analysis on the images. The overall resolution in the GIXD experiments, dominated by
the sample size, was about 0.08 A%,

The samples are loaded into a probe station measuring the 1-V characteristics of
the material as it was illuminated at wavelengths ranging from 200 to 400 nm using a
Sutter Instruments Co. Lambda 10-2 source. We measure the difference in current in
dark conditions and during UV exposure for Cgo rods, CNT sheets and the Cgo-CNT
hybrids with an applied bias of + 0.5V at an illumination power range of 8.4-131 pW/cm?
for 200-400 nm, respectively. Normalizing the change in current (Iuv-lgark/ldark) ShOWS an
increase in current of 5% in the case Cgo-CNT hybrids, while this is more than 10 fold of

pure CNT sheets or pure Cg in our setup.
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Chapter 7
Contributions and outlook

To summarize the contributions of my dissertation work: | have developed a
complementary set of novel diagnostic tools for probing CNT synthesis, which has thus
enabled new understanding of the so-called “birth, life, and death” of CNT forest
growth.™® Importantly, the methodologies described herein can be adapted and employed
by others to continue improving upon CNT synthesis, as well as synthesis of other

nanomaterials.

7.1 Contributions

The major contributions are divided into three categories: (1) characterization
methods for nanomaterials; (2) chemical and physical insights into CNT forest growth;

and (3) advances in CNT materials processing.

7.1.1 Novel characterization methods

= Created custom AFM image processing that enables automatic particle
identification (even for clustered particles), thus accurately quantifying particle
height and spacing. This uniquely validated the use of a truncated-sphere form
factor model to describe X-ray scattering from Fe particles on Al,O3
support.Implemented in situ grazing-incidence small-angle X-ray scattering
(GISAXS) for non-destructive monitoring of the dewetting of thin films.

= Improved previously published SAXS form factor model to describe CNTs as a

log-normal distribution of core-shell cylinders as validated by TEM.®

169



7.1.2

Combined in situ SAXS technique with modeling to monitor and quantify
statistically significant populations of catalyst particles and CNTs (~10°) at
atmospheric pressure.

Co-developed (with Mostafa Bedewy) a spatiotemporal correlation technique for
measuring the lengthening kinetics of CNTs within a forest.* Here, we combined
SAXS mapping and real-time forest height measurements to correct height
kinetics for the inherent tortuosity of CNTSs.

Achieved X-ray beam spotsize < 20 um in collaboration with Mostafa Bedewy
and Arthur Woll (initially by using capillary focusing optics), which was an

important development in high-resolution spatial mapping of forests by SAXS.

Insights into CNT forest growth

Directly demonstrated that CNT forest growth by CVD is a multi-step process and
identified the relevant time scales of each step: catalyst film dewetting and
particle formation are rapid (~0.1-10 sec); coarsening of particles is slow (~100-
1000 sec); CNT nucleation is rapid (~0.1-1 sec); forest self-organization (~10 sec)
and the population of CNT diameters (~10-1000 sec) evolve slowly; and self-
termination is abrupt (~1-10 sec).

Used in situ and ex situ SAXS CNT alignment analysis to probe forest self-
organization, steady growth, and termination.

Showed that catalyst film dewetting and particle formation rates and
morphologies depend on annealing conditions (i.e., temperature ramp rate, hold
time, gas environment)

Elucidated the role of rapid heating of the catalyst in the growth gases. This
induces rapid formation of particles and instantaneous nucleation of small-
diameter CNTs.

Connected specific annealing conditions with the evolution of the resultant
population of CNTSs, with implications for termination (i.e., rapid heating in
growth gases gives rapid, short-lived growth).

Resolved the kinetics of self-organization in CNT forest growth and the limits of

making well aligned films as a function of annealing and temperature conditions.
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7.1.3

Discovered that the time required to established well aligned CNTs during self-
organization is coincident with the onset of vertical growth (i.e., liftoff).

Identified a potentially critical time regime in the in situ GISAXS image sequence
during which CNTs and Fe particles “co-exist”, signifying CNT nucleation.
Discovered that abrupt self-termination in forest height kinetics is concomitant
with loss of order at the end of growth.*

Revealed that CNT height kinetics are self-similar over a wide range of thermal
conditions, which suggests that governing mechanisms may be universal.?

Proved quantitatively that preheating the gaseous precursors is a rate-limiting step
in thermal CVD, demonstrating that decomposition and rearrangement of C,H4/H,
due to thermal treatment is vital for growth in our system.?

Confirmed that excessive heating of gaseous precursors decelerates CNT growth

and results in degraded structural quality in CNT forests.

Advances in CNT materials processing

Developed fully automated temperature and gas flow controls for the SabreTube
CVD reactor (with Sameh Tawfick), which was vital for parametric studies and in
situ X-ray and gas analysis investigations.

Advanced the decoupled CVD approach (first design by John Hart; SabreTube,
Absolute Nano, LLC)"*° by developing Ts-T, map of thermal parameters for
tunable CNT forest growth and properties.

Introduced novel method for templating dewetting of the catalyst film to form
ordered particles using porous anodic alumina (AAO).

Directly showed that CNT diameter within forests is dictated by particle size and
can be tuned from a single starting catalyst film thickness—CNT diameter is, to
first order, indifferent to changes in gas chemistry.* >

Co-developed direct delivery method for probing key gaseous precursors for CVD
of CNTs (increased efficiency of growth, reduced harmful emissions), which
resulted in filing a patent application as a co-inventor with Desirée Plata et al.

(“Alkyne-assisted nanostructure growth™).’
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= Developed templated synthesis technique for assembling Cgy on multidirectional
CNT microstructures for self-assembly of Cg-CNT hybrid high photoconductive
gain (responsivity of 10° A/W at 0.5 V bias).

7.2 Future directions

7.2.1 Next steps

This work has drawn many exciting conclusions and answered crucial questions
in terms of CNT forest growth. However, there remain several grand challenges in the
manufacture of CNTs (Chapter 2), and based on these challenges, I have listed the most

important next phases of this research:

= Further development of templated dewetting of catalyst films into ordered
particles via an AAO support (Section 3.2.5 of Chapter 3). To confirm the
mechanism by which the particles self-organize, it is crucial to verify whether or
not the particles are docking in the pores and also that catalyst material is not
being lost in the pores. It will be important to explore a matrix of Fe thicknesses
and AAO pore density to determine the limits of achieving predetermined particle
size and spacing. Testing long annealing times is relevant considering recent
results showing that catalyst evolution and migration is a governing factor in CNT
growth. Exploring other materials beyond Fe (i.e., Au, Pt, Pd, etc.) will make this
work more broadly appealing and potentially higher impact, such as for
fabrication of monodisperse catalyst nanoparticle arrays for other heterogenous
catalysis studies, and growth of highly ordered semiconductor nanowire arrays.

= Building on the library of in situ X-ray techniques will continue to provide new
insights into CNT growth. Continuing to foster collaborations at Cornell High-
Energy Synchrotron Source (CHESS) is a vital component of this work. To this
end, Sol Gruner and coworkers are currently developing the detector technology
to collect small-angle and wide-angle X-ray scattering (WAXS) simultaneously,

which would enable quantitative correlation of the number of CNT walls with the
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outer diameter. This essentially eliminates a variable from the “growth equation”,
so we can precisely quantify mass kinetics during CNT growth.

More immediately, ex situ WAXS mapping of CNT forests using synchrotron
radiation will itself be an important improvement upon recent work.** Building a
model of WAXS from CNT walls will complement experimental data and enable
important parameters to be extracted and compared across processing conditions.
Other break-through developments in our X-ray techniques will be in situ WAXS
of the catalyst in grazing incidence, which will give a time-resolved powder
diffraction pattern from which we decipher the crystal structure, and thus the
chemical state, of the catalyst. This is an advancement beyond state-of-the-art in
situ XPS and TEM techniques, which require low pressures and typically probe
fewer particles than is possible with X-ray scattering. Similarly, employing some
form of X-ray absorption spectroscopy (XAS) would give an indication of the
electronic (i.e., catalytic) behavior of the particles. Executing any of these
techniques during growth will prove to be an excellent engineering feat because
CNTs mask any signal from the catalyst by scattering the X-rays, but it will
answer many important questions regarding the state of the catalyst during “birth,
life, and death” (over a large sample population).

Elucidating the correlation between CNT alignment and packing fraction is
immediately possible, and it is crucial for understanding the interactions among
CNTs during growth as well as engineering forests of CNTs with low defect
density. This is particularly interesting in the early stages of self-organization.
The results presented herein are promising, but quantifying the number density
and length of CNTSs during self-organization will reveal what mechanisms drive
the transition from tangled films to vertically aligned growth. It will also be
insightful and help guide experiments to model the CNT ensemble as a population
of hard rods—much like models used to describe liquid crystal packing—but with
varying number of rods and/or varying length with time (i.e., aspect ratio — o0™).
Deeper investigations into the role of hydrocarbons and hydrogen as well as the
mechanisms of carbon inclusion at the growing lattice. It will be important to

continue collaborative projects with Desirée Plata and capitalize on our collective
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knowledge basis and investigative tools. Based on the results of our recent work,’
there are natural questions regarding the interplay of ethylene, the alkyne, and the
catalyst surface, especially how exactly the carbon-containing molecules
incorporate into the growing lattice. There is precedence for a carbon-dimer

13.1% and by combining isotope labeling and our direct

inclusion mechanism,
delivery method, we can feasibly answer the question of whether or not this
occurs during CNT synthesis. Other questions involving the role, or lack thereof,
of polycyclic aromatic hydrocarbons (PAHSs) should also be investigated.

Given the dramatic variations in alignment, density, and growth rates through the
forest, researchers have begun to converge on the notion that mechanical forces

are playing a significant role in forest growth,” *>*’

and | anticipate that the
number of publications that discuss forces in growth will increase dramatically
based on recent discussions at CNT workshops. Therefore, it will be of high
impact to not only further quantify how forces influence self-organization and
termination, but also how applied forces may be used to direct CNT growth and

alter CNT structure.
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