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ABSTRACT

Aligned carbon nanotubes (CNTs) have become well known due to their outstanding
properties. However, there remains a lack of understanding of the multivariate nature of CNT
synthesis, and particularly how to achieve consistent production of aligned CNTs on
industrially relevant substrates. This thesis presents a series of techniques for improved
manufacturing of CNT forests, including achievement of higher density CNT forests and
improved consistency of production.

First, decoupling of the catalyst annealing and CNT nucleation/growth steps is shown to
attenuate moisture transients in the CVD system, and results in improvement in average CNT
forest height by 21% and reduction of standard deviation by 76%.

Second, it is found that moisture improves the activation of catalyst particles at the beginning
of CNT growth. But during later stage of CNT growth a 28% slower growth rate of forest
height is led by a moisture level of 370ppm for 10 minute growth. Moreover, deposition of a
small amount of carbon onto the reactor wall improves the CNT forest density by a factor of
2~4. X-ray photoelectron spectroscopy and transmission electron microscopy show that the
carbon deposition causes the formation of a graphitic layer on catalyst particles, which helps
activate particles to achieve higher density CNT forests.

Then, these findings are translated to perform CNT synthesis on metal alloys. CNT forests
are synthesized on Haynes 556 alloy. It is shown that air oxidation at 825 €€ and H,/He
reduction at 775 <€ is required prior to hydrocarbon exposure in order to bring iron to surface
as catalyst, and the presence of moisture during growth is required to achieve aligned forest.
Finally, a hybrid filtration material is developed by synthesis of sparse tangled CNTs on
sintered porous stainless steel filters. The CNT growth density on the porous substrate is
tuned to give an increase in the particle capture efficiency of ~10° with a pressure drop of less
than 15 psi. An analytical model is established to predict the relationship between pressure
drop and flow rate, and rationalize the ideal CNT growth morphology on the filter.



CHAPTER 1
INTRODUCTION

1.1 Background and motivation

Carbon nanotubes (CNTSs) were first identified in the scientific literature more than 25 years
ago [1]; since then, CNTs have become one of the most important nanomaterials due to their
excellent mechanical [2-6], thermal [7-10], chemical [11, 12] and electronic [13-18]

properties.

Figure 1.1 Carbon nanotube and CNT forest: (a), schematic of single-walled and multi-walled
CNTs [19]. (b), SEM image of a CNT forest. (c), zoomed in SEM image showing individual
aligned CNTs from CNT forest.

Individual CNTs are hollow tubes made of carbon atoms based on graphitic hexagonal carbon
lattice [19]. As shown in Figure 1.1a, single-walled and multi-walled CNTs can be considered



as one or more layers of graphite that rolled up and formed a series of closed coaxial
cylinders. The assembly of CNTs can be controlled to have different orders of alignment,
such as random dispersion [20], horizontally aligned [21] or a collection of yarns [22]. In
particular, this dissertation focuses on macrostructures that are composed of vertically aligned
CNTs (CNT forests), shown in Figure 1.1b&c.

CNT forests attract researchers due to their instinct anisotropic structure — ordered 1-D
alignment. Existing publications have already demonstrated applications requiring
anisotropic properties, such as MEMS devices [23-25], unidirectional thermal conductor [26],

supercapacitors [27] and semiconductor devices [28-30].

PDMS Cap CNT Forest

Electrodes

Contacts SiO,/Si

Figure 1.2 Applications that require consistent production of CNT forests. (a), micro-griper
and cantilever that made of aligned forests [31]. (b), Supercapacitor that uses CNT forests as
electrodes [32].

These applications require consistent production of CNT forests at controlled height and
density. For example, the mechanical property of a micro cantilever device [31] composed by
CNT forest (Figure 1.2a) can be significantly affected by the density of CNT forest.
Fluctuation of forest density from batch to batch production will lead to inconsistent
performance of the micro cantilever device. Similarly, when the CNT forests are used to build
electrodes of a supercapacitor (Figure 1.2b) [32], the height of forests presents as one of the

direct factors that will determine the capacitance of the supercapacitor.

The aligned CNT forests are typically produced by chemical vapor deposition (CVD) process,
2



due to its versatility for producing high quality CNTs. As shown in Figure 1.3a, there are
three major stages in a typical CVD process. First the catalyst chip will be placed in a proper
spot inside heating unit, and the substrate will be heated up to certain temperature which is
suitable for catalyst annealing and CNT growth (usually about 700-850 <€). Inert gases such
as helium and argon can be used in this stage, and sometimes hydrogen is also included in
this stage. Then it comes to the catalyst annealing stage, in which the substrate will be held at
a constant temperature in reduced atmosphere, such as a mixture of helium and hydrogen.
The catalyst film will break down and form nano-particles during the annealing stage. Finally,
hydrocarbon gases such as ethylene or methane is introduced to the system. These
hydrocarbon gases will decompose and form precursors, and react with catalyst particles to

grown CNTs.

a Heat up Annealing Growth

Inert gas Reduced atm| Hydrocarbon

b Density

Termination
decay

Figure 1.3 CNT forest produced by a typical CVD process: (a), three main stages that for
forest production: substrate heat up, catalyst annealing and CNT growth. (b), four phases
during the growth stage: CNT nucleation and forest self-organization, steady stage growth,
density decay and termination of growth.

The CNT growth stage can be further divided into four phases. The collective mechanism of
CNT forest growth revealed by Bedewy et al [33] has demonstrated the evolution of CNT
alignment and density throughout the growth process, as shown in Figure 1.3b. CNT growth
stage starts with activation of catalyst, nucleation of CNTs on catalyst particles and the
self-organization of aligned forests. Then it comes to the steady growth phase, which the
majority of activated catalyst particles are still producing CNTs. After that, some of the
catalyst particles start to deactivate and stop from growing CNTSs, which leads to a decay of
forest density. Finally, the growth of CNT forest terminates after the density of remaining
activated catalyst particles is not enough to support aligned forest growth.



As a result of modeling and theoretical calculation, it has been proposed that performance of
carbon nanotube could be better than conventional materials. The Young’s modulus of an
individual CNT is expected to be in the terapascal (TPa) range [34], which is about one
magnitude greater than that of steel. The electrical current density over individual CNT has
been reported on the order of 10’ A/lcm? (2 magnitudes greater than typical materials), with

ballistic transportation and does not dissipate heat [35].

Ideally, CNT forests can be fashioned with high density [36] and a high degree [37] of
alignment. But in reality researchers have found the density of CNT forest obtained by CVD
process to be less than 5% of the theoretical value, further to this it is common to find a
significant degree of entanglement among the CNTs within the forest. The low density forests
obtained from CVD process is due to the low activation rate of catalyst particles. Only a
small portion of catalyst particles are activated during the CNT nucleation phase of the
growth process. The lack of activation leads to empty space around each growing CNT, and
further allows the CNTSs to grow up with a high entanglement orientation. The causes of low
activation rate of catalyst particles have not be fully understood yet, but previous research has

shown one of the reasons could be deactivation caused by carbon coating [38].

Also, especially at the lab scale there are issues with batch-to-batch consistency [39]. Height
and volumetric density of CNT forests produced in a long term study showed lack of
consistency. Although a lot of details during the CNT forest synthesis are still not clearly
understood yet, the collective mechanism of CNT forest growth [33] has indicated that
properties of the catalyst, precursors, and substrates, and reaction conditions can greatly
influence the product outcome [37, 38, 40-42].

Typical CVD process requires catalyst substrate remains in a fixed spot in the furnace
throughout the heating, annealing and growth stages. With such a configuration, the inputs
during different stages are coupled. Since it always takes time to reach steady state when
adjusting inputs such as temperature, gas flow rate and moisture level, etc, researchers either
have to stand with constant input throughout the entire CVD process, or to endure the transit
caused by changing the input parameters. Such limitation of coupled effect brings difficulties
to understand exact role of factors during different stages in CVD process. An alternative
CVD process that can provide physical decoupling of each stage is required, in order to study

the causes of inconsistency and low density in CNT forest production.
4



1.2 Scope and outline of this thesis

The goal of this dissertation is to understand the causes of variation in CNT forest growth,
and discover techniques that can help improve consistency and density of CNT forest. Then,
the applicability of CNT growth to industrially relevant substrates is studied, such as silicon

wafer, high temperature alloy and stainless steel alloy.

Each of these topics, along with the results of CNT synthesis and property characterization, is

presented in the following chapters:

Chapter 2 presents the design of a sample loading system that allows the physical decoupling
of catalyst annealing and CNT growth steps. Then, the entire CVD system used for this

dissertation, including moisture supply/record and vacuum control is described.

Chapter 3 presents a novel synthesis method that can improve the consistency of vertically
aligned CNT forest growth by decoupling catalyst annealing and CNT nucleation/growth
steps. A comparison to a reference CVD process where the sample sits in the furnace
throughout the entire synthesis is performed, showing that decoupled process leads to taller
CNT forests and reduces run-to-run variation. The approach in this chapter enables consistent
lab-scale fabrication of CNTs for development of applications, and identifies key principles

for translating batch-style CVD to continuous manufacturing.

Chapter 4 builds upon the decoupled synthesis process to determine how to increase the
nucleation density of CNTs from the population of catalyst particles. Delivery of a small
amount of carbon during catalyst annealing and supply of moisture during CNT growth is
shown to enable this. With the help of the transfer arm assisted CVD system, detailed role of
moisture at each phase during the CNT nucleation/growth process is elucidated. Furthermore,
comprehensive characterization is carried out to study the impact of carbon preload during
catalyst annealing. Fragments of single layer graphitic structure is observed on surface of
catalyst particles after annealing with carbon supply, which indicates the carbon preload helps
activate catalyst particles during annealing, and then lead to an initial greater
nucleation/growth rate of CNTSs at the starting phase of growth.



Chapter 5 demonstrates the direct growth of aligned CNT forests on the native surface of
Haynes 556 super alloy, which is an industrial grade metal alloy. Heat treatments including
oxidation in air and reduction in helium/hydrogen are applied on Haynes 556 alloy prior to
hydrocarbon exposure, in order to bring catalytic and support elements such as iron and
chrome to surface of sample for CNT growth. Supply of moisture during growth stage is also

found to be an essential input to guarantee aligned CNT forest growth.

Chapter 6 presents the application of the growth techniques to the fabrication of
CNT-enhanced porous stainless steel filters. An improvement of particle capture efficiency
about 4-6 magnitudes after enhanced by CNTs is demonstrated. And an analytical model is
established in order to elucidate the relationship between CNT packing ratio, pressure drop
across enhanced device and particle capture efficiency.

Chapter 7 presents a summary of contribution of this thesis. Key questions with respect of
consistent production of CNT forests are presented, along with proposed future directions
that may be able to answer these questions.



CHAPTER 2
TUBE FURNACE SYSTEM FOR DECOUPLED,
MOISTURE-CONTROLLED CHEMICAL VAPOR DEPOSITION

This chapter describes the CVD system that is designed and constructed for CNT growth in
this thesis. First, the entire CVD system with associated modules is described. Then, each of
the modules is introduced with further details and it is explained how this CVD system helps

improve the control over catalyst annealing and CNT growth.

2.1 Background and motivation

During the past two decades of research on fabrication and application of vertically aligned
CNT forests, many chemical and mechanical aspects of CNT nucleation and self-organization
are revealed [33, 43-47]. As a result, many recipes have been developed for catalyst
preparation and chemical vapor deposition to achieve control of the key attributes such as
CNT diameter and areal density [48-51].

As introduced in Chapter 1, the entire synthesis process can be divided into several different
stages, such as substrate heat up, catalyst film annealing, CNT nucleation and growth, etc. In
nearly all published CVD processes for CNT growth, the catalyst substrate is loaded at a
stationary point inside the furnace and remains there during the consecutive introductions of
the annealing and growth gas mixtures. Limited by such sample loading mechanism, input
factors during these different stages are “coupled” together: First, the input from an earlier
stage will unavoidably be passed to and affect the following stage. Second, the change of one

input will lead to the change of another input.

For example, if researchers would like to study the CNT growth at different temperatures,
one of the two ways they could choose is to keep an identical temperature input throughout
both annealing and growth stages. In such case the temperature for these two stages are

coupled, and it becomes hard to distinguish if the difference in growth results is induced in



annealing, or growth, or both stages. Furthermore, the change of temperature during
annealing will also change the decomposing temperature of hydrocarbon, which coupled
three factors together: catalyst annealing temperature, hydrocarbon decompose temperature
and CNT growth temperature.

The other choice is to hold temperature at one stage as a constant, while changing the input
for the other stage. But since most of the CVD systems are heated by resistor coils, it is going
to take time to switch from one temperature to another. Since the catalyst chip sits at a
stationary spot during all these stages, this chip has to suffer the transit of temperature. The
responding time of temperature transit will depend on the difference of temperature between
two adjacent stages, which means the impact of temperature from the previous stage will be
passed to the following stage and brings additional variables into the study.

The coupled effect can happen on factors like moisture concentration and gas composition. In
a typical tube furnace CVD system, the flow rates of gases are controlled to furnace by digital
mass flow controllers (MFC). Similarly, the control of moisture level is achieved by adjusting
the ratio between moisture-rich gases and gases that have lower moisture levels. The different
gases are delivered by stainless steel or PTFE tubing, and the reactor chamber is continuously
purges with these gases. Since the total flow rate during CVD process is about 500-1000
sccm while the internal volume of gas delivery lines and reaction chamber in the CVD
system is about 0.5 Liters, it takes time to reach steady state when switching from one
composition to another. With traditional CVD system, it becomes almost impossible to
achieve non-crosstalk study with different inputs from catalyst preparation and CNT growth,
since the change of inputs as temperature, gas flow, moisture concentration and other factors
need to take time to respond. Furthermore, with such a CVD system it is also not convenient
to apply techniques like fast heating and fast cooling, which could be necessary in certain
research purposes. For example, fast cooling allows to “frozen” catalyst chip right after the
end of catalyst annealing and study the size and density distribution of catalyst particles right
before CNT growth.

Other researchers have also noticed similar disadvantages of existing typical CVD systems.
For example, Sakurai et al [40] has established a CVD system using an infrared lamp furnace
in order to enable rapid heating and cooling. But with such design, the transition caused by

the change of gas flow is still not avoided. On the other hand, Liu et al [52] transfers the
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entire quartz tube during the CNT synthesis process, in order to selectively expose substrate
to different gas mixtures Liu’s work is able to avoid the transition caused by change of gas
composition, but it will take much longer time to heat up the substrate before it reaches
growth temperature.

There are also alternative designs of CVD reactor called “cold-wall” systems [42, 45, 53-55].
In such designs only the substrate will be heat up, while leaving the rest of the reactor
(especially the reactor wall) remains in lower temperature. One of the advantages of the cold
wall system is similar to the infrared lamp furnace: rapid heating and cooling for substrate.
But since the substrate still stays in the reactor and contact with the gas atmosphere, the cold

wall system still can not fully avoid the coupled effect.

In order to enable improved control over the catalyst annealing and CNT nucleation stages, it
is necessary to decouple the exposure steps to the respective gas atmospheres. | then come up
with the idea of constructing a substrate delivery system attached to the CVD system.
Substrate samples are going to be loaded on a piece of quartz boat, and this quartz boat is
further connected with a transfer arm. The transfer arm can be operated anytime during the
CNT synthesis process, so the substrates can be transferred inside and outside of the furnace,

at any spot that assigned due to research purposes.

2.2 Integrated CVD growth system

The entire CVD growth system is shown in Figure 2.1a. The whole system is composed of a
few sub-modules such as CNT synthesis module, sample loading module, moisture control
module and vacuum module. A detailed schematic of the entire CVD system labeled with gas

flow directions is shown in Figure 2.1b.

The gases are supplied from compressed tanks, controlled by digital MFCs and delivered
through 1/4” stainless steel tubing. One of the MFCs drives a branch of helium flow through
the water bubbler at very low flow rate (less than 29 sccm) to bring moisturized helium gas to
the system, and then joined the rest of the flow with a T-connector. The mixed flow of gases
is then driven through a hygrometer in order to measure the moisture concentration of the

stream before it enters the tube furnace.



The sample loading module is attached on the exhaustion end of the furnace, and allows
catalyst chips to be transferred into the tube furnace by a quartz boat holder. There are two

outlets from the sample loading module. Both of them are connected to the exhaust vent.

Between one of the outlets and the exhaust vent, there is the vacuum module, which allows
the CVD system to be pumped down below 1 Torr. Further details of each module are going

to be introduced in the following part of this chapter.

1" tube furnace [

He MFC-I 0-1000 sccm
He MFC-Il 0-29 sccm v A
H, MFC 0-1000 sccm 5] Vacuum Y N
C,Hs MFC 0-200 sccm pump
Water
C,H, MFC 0-50 sccm N bubbler » EXhal.:st
CO, MFC 0-50 sccm » ven
[ AIrMFC 0-100 scom 59— 3 |—>» » Hygrometer »
| B | Ball valve | 3 | Three way valve | Cc | Check valve | T | T-conector |

Figure 2.1 Tube furnace system for decoupled moisture-controlled chemical vapor deposition.
(@), photo of the entire system labeled with sub-modules. (b), schematic of the system labeled
with flow directions.

2.2.1  CNT synthesis module

The CNT synthesis module is composed by two major parts: digital MFC group and 1” tube
furnace. Seven digital MFCs are used to provide quantitative control of the gases: helium
(main stream, dry), helium (through water bubbler), hydrogen, ethylene, carbon dioxide,
acetylene, and air. There is a three-way valve installed between the air MFC and other MFCs,
so the oxidizer (air) will not be able to deliver together with flammable gases (H,, C,H, and
COy) in order to prevent explosion caused by careless operation. The horizontal tube furnace

(Thermo Scientific Lindberg/Blue M Mini-Mite, FT55035 COMA-1) is fitted with a quartz
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tube (25 mm OD, 22 mm ID). The flows and temperature were controlled and recorded using
a LabVIEW program.

Figure 2.2 Schematic of sample loading module. (a), entire transfer arm sample loading
system, supported by aluminum alloy stands. (b), quartz boat installed on the magnetic
coupled transfer arm. The inset is a photo of catalyst chip held by quartz boat. (c), a photo
showing sample loading module connected with tube furnace. (d), cross section view of the
transfer arm system.

2.2.2  Sample loading module (transfer arm)

The schematic of the entire sample loading module is shown in Figure 2.2a. The key part of
the module is a vacuum compatible transfer arm (VF-1695-18, Huntington Mechanical
Laboratories), which has a stainless steel shaft that is magnetically coupled to a handheld
movement ring located outside of the sealed chamber. This transfer arm needs to be operated

at a temperature no greater than 200 <€, in order to prevent demagnetization at high
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temperature. The end of the transfer arm is fitted with a custom quartz boat (18 x 75 mm),
which holds the catalyst-coated sample, as shown in Figure 2.1b. The inset of Figure 2.1b is a
photo image showing a piece of catalyst chip sits inside the furnace which is held by the
quartz boat. From the schematic it can be observed that the front of the quartz boat (brown
color) is a few inches further away from the tip of the stainless steel shaft (green color). This
design guarantees that when the quartz boat is sitting at the growth spot inside tube furnace,
the stainless steel shaft can still stay outside the heat region and remain close to room
temperature. A photo of the sample loading module connected with the 1” tube furnace is
shown in Figure 2.3c. It shows that quartz boat is staying inside the furnace, while the

stainless steel shaft is away from furnace and not shown up in this photo.

The cross section view of the transfer arm system is shown in Figure 2.2d. The whole system
is placed at the downstream side of the tube furnace. From right to left, the numbers in white
circles indicate the important parts in the transfer arm system: (1), 1” quick connector that
connects with the exhaust end of the 1” quartz tube. (2), KF-40 t-connector, with a gas outlet.
(3), pneumatic gate valve. (4), KF-40 6-way cross, which can be installed with gas analysis
instruments, view port, thermal couple, vacuum pump and other devices according to
requirements. (5), another gas outlet. Part (2) and (4) can be replaced by any other types of
KF-40 connector with the same length, according to specific requirements of the researcher
and tube furnace that is to be used. The region labeled with the orange dashed line is the
load-lock chamber, and this load-lock chamber, gate valve (3) and KF-40 t-connector (2) are
always staying at room temperature. On the other hand, the space inside the tube furnace is
called the reactor chamber. The temperature of reactor chamber can vary from room
temperature to 1000 <. The sample loading module can help improve the control over

catalyst annealing and CNT growth stages in the following way:

Step 1, substrate is loaded on the quartz boat and positioned to any preferred spot in reaction
chamber. The outlet (2) is closed and outlet (5) is open. Gas stream for annealing can purge
through the reaction chamber and load-lock chamber and remain consistent in these two

chambers.

Step 2, after catalyst annealing is finished, the substrate chip is carried back to the load-lock
chamber by the transfer arm. Qutlet (2) is open and gate valve (3) is closed. Now the

substrate can cool down in the load-lock chamber with the same atmosphere as it was
12



annealed.

Step 3, now the gas composition, temperature and moisture concentration can be adjusted.
Since gate valve (3) is closed and the load-lock chamber is at room temperature, the transit

process happening in the reactor chamber is insulated from the substrate.

Step 4, open gate valve (3) and close outlet (2) after the input conditions in reactor chamber
reaches the steady state, transfer substrate to the same spot (or a different spot) in the reactor

chamber for CNT growth.

The sequence of operations listed above enables non-crosstalk control of inputs during
catalyst annealing and CNT growth stages. Now, the exposure steps are decoupled to the

respective gas atmospheres.

2.2.3  Moisture control module

Schematic of the moisture control module is illustrated in Figure 2.3a, and a photo of the
water bubbler is shown in Figure 2.3b. To control the moisture level in the system, a small
branch of Helium flow is delivered by a low flow rate (0-29 sccm) Helium MFC through a
gas washing bottle (CG-1114-14, Chemglass). This split Helium flow is later joining the main
stream moisturizes the gas mixture for CVD process. Deionized water is filled in the gas
washing bottle as the source of water vapor supplied for growth. There is a pair of ball valve
and check valve installed both before and after the water bubbler. The ball valves are used to
shut off the bubbler and prevent the moisture diffuse from the bubbler to main flow of gas
stream, when the dry condition (<10 ppm) is required. The check valves are installed to
prevent potential back flow that may drive the water inside bubbler to the low flow rate He
MFC. The mixture of gases passes through a hygrometer (Khan Cermet-Il, Fluid Energy)

before entering the tube furnace, so the moisture level of the gas stream can be monitored.

By keeping the total flow rate added from both Helium MFCs as constant, this moisture
supply system can adjust the water vapor concentration in the growth system from 10 ppm to
over 900 ppm without changing the composition of gas supply for CVD growth, as shown in
Figure 2.3c. The flow rate labeled on the plot indicated the amount of Helium flowed through
the water bubbler, and the total flow rate of the entire gas stream was always kept at 600

sccm, which is the standard flow rate during the CNT growth stage.
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Figure 2.3 Moisture control module. (a), schematic of the moisture control module. BV
stands for ball valve and CV stands for check valve. (b), photo of the water bubbler and flow
stream through it. (c), concentration of moisture can be adjusted from 10 ppm to about 900
ppm by the moisture control module while keeping the total flow rate constant at 600 sccm.

The hygrometer has a ceramic moisture sensor with 80u sintered metal guard, and the
recommended flow rate is 1-5 L/min. The hydrometer can be operated with a pressure from
vacuum to 5000 psig, and in the range of temperature from -40 € to 60 €. The temperature
in the lab and pressure in the growth system fit into the operating conditions of the
hygrometer, but the typical flow rate applied in this research is about 0.5-0.6 L/min, which is
about a half of the lower limit of the recommended flow rate. The low flow rate used in the
research may lead to a lag of reading on the hygrometer. As a result, it takes time for the
hygrometer to reach a steady state reading of the moisture concentration in the CVD system.
The waiting time to reach a steady state reading will be longer if the difference between the

initial moisture level and the steady state level is smaller.

2.24  Vacuum Module
A vacuum pump (DS 302, Varian) is connected to one of the outlet from the transfer arm
system. A pressure transducer and reading unit (RVC 300, Pfeiffer) is attached with the pump

to provide in-situ reading of pressure inside the growth system.
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According to the specific goals of the studies described in the foregoing chapters, the various

modules are used individually or in combination.
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CHAPTER 3
HIGHLY CONSISTENT ATMOSPHERIC PRESSURE SYNTHESIS OF
CARBON NANOTUBE FORESTS BY REDUCTION OF
HYDROCARBON AND MOISTURE TRANSIENTS

This chapter is in large part reproduced from publication in preparation: Jinjing Li, Mostafa
Bedewy, Alvin Orbaek White, Erik S. Polsen, Sameh Tawfick, and A. John Hart, Highly
consistent atmospheric pressure synthesis of carbon nanotube forests by dynamic decoupling

of catalyst annealing and hydrocarbon exposure.

This chapter describes a synthesis method that can improve the consistency of vertically
aligned CNT forest growth by decoupling the catalyst annealing and carbon exposure steps.
The decoupling is achieved using the sample loading module introduced in the previous
chapter, which can move the substrate rapidly into and out of the CVD tube furnace. For the
decoupled recipe, catalyst substrates are taken out of the furnace after annealing, while the
atmosphere inside tube furnace is switched to CNT growth condition. The substrates are sent
back to furnace a few minutes later after the gas composition inside the furnace reaches the
steady state. Compared to a reference CVD process where the sample sits in the furnace
throughout the process, the decoupled method improved the forest height by 21% and
reduced the run-to-run variance of height by 76%. Furthermore, by studying the growth
performance at controlled moisture levels (5-8 ppm and 15-30 ppm) using the decoupled
process and the reference process, it is elucidated that the improvement in consistency is due
to the stable moisture level during growth. As quantified by X-ray scattering, CNT forests
grown by the decoupled method also have significantly greater alignment. The approach in
this chapter enables consistent lab-scale fabrication of CNTs for development of applications,
and identifies key principles for translating batch-style CVD to continuous manufacturing.

3.1 Background and introduction

Consistent synthesis and precise control of key properties such as height, density, diameter,
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alignment of CNT forests are essential to their translation from lab-scale experimentation to
are required when transferring laboratory scale technique to industrial applications such as
thermal interfaces [56, 57], CNT forest embedded MEMS [31, 58], and high strength yarns
and thin sheets [22, 59]. It is expected that high density CNT forests will have outstanding
bulk properties compare to conventional materials. Unfortunately, researchers found that in
reality, the density of CNT forests obtained by chemical vapor deposition (CVD) process is
usually less than 5% of the ideal value, and this is limited by the nucleation density of the
CNTs (i.e., the catalyst activity) as well as the density of catalyst particles on the substrate.
Addition to the low density of CNT forest, a significant degree of entanglement among the

CNTs within the forest is also observed.

Even with the disadvantages described above, CVD is the mainstream method of CNT forest
synthesis, and atmospheric pressure synthesis is most attractive due to its simplicity and
scalability. As introduced in Chapter 1, CNT forests produced by a typical CVD recipe will
experience three main stages: substrate heat up, catalyst annealing and CNT growth. The gas
atmosphere is going to be switched from one stage to the next. Due to the nature of the gas
delivery system, it needs to take time to reach a new steady state when switching the gases,
and such limitation makes the input factors coupled together during these stages (introduced
in Chapter 2). Previous research has also shown huge variation of CNT forest growth can
happen with this typical CVD process [39]. The sources that caused this variation has not
been fully understood yet, but they could be moisture concentration in the growth system,

residue carbon on reactor wall, impurities diffused into growth system from ambient, etc.

Moisture is known to influence CNT growth in the range thousands of ppm [60], hundreds of
ppm [61], less than ppm levels [62], and even less than ppb levels [63]. For example, Noda et
al [61] studied the impact of moisture on growth of SWNT forest in the range of a few tens to
hundreds of ppm. They reported increased moisture content (from 0-300 ppm) would lead to
a decrease of forest height when catalyst film is thin (<0.5 nm) but moisture is crucial to
obtain millimeter-scale SWNT forest when supply of hydrocarbon was increased from 0.10
vol% to 0.6 vol%. They also found the termination of growth could be due to two
mechanisms, catalyst deactivation and catalyst coarsening, and due to these two termination
mechanisms millimeter scale forest could be achieved from either slow growth with low
temperature and low hydrocarbon pressure or short growth with high temperature and high

concentration of hydrocarbon [64]. As a conclusion, they suggested water prolongs catalyst
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lifetime under excess C,H, supply, but deactivates small catalyst particles and degrades the
quality of CNTSs.

On the other hand, Noy et al [62] focused on the impact of trace amount of oxygen containing
species (ppm level, moisture and other impurities from supplied gases) can significantly
modify Kinetics of aligned CNT forest growth, and they suggest purification of reaction gas
composition is essential to obtain reliable forest growth at atmospheric CVD conditions.
Lulevich et al [63] also demonstrated that the absence of moisture (sub-ppb level) will cause

catalyst layers to turn into micrometer scale particles that didn’t lead to CNT forest growth.

Addition to moisture, the introduction of the hydrocarbon source can also affect forest
production and consistency. In typical synthesis procedure, substrates are first annealed in a
hydrogen-containing atmosphere then followed by addition of the carbon source. Due to the
intrinsic response rate of the electronic mass flow controller (MFC), it takes several seconds
to reach the set point when one or more of the partial flow rate is changed. And furthermore,
the transient of chemical composition of the mixed gases from anneal condition to growth
condition persists over several tens of seconds due to the flow rate (500-600 sccm) relative to
the volume of quartz tube (about 200-300 cm?® in furnace). This results in even longer
transient in the chemistry of the atmosphere, and in particular the composition of thermally
generated hydrocarbons that are known to influence CNT growth. Therefore, it can be
imagined that the rate of change between exposure conditions for the annealing and growth
steps would influence the outcome of the CVD process, such as by governing the rate at
which CNTs consecutively nucleate from the catalyst particle population on the substrate. My
hypothesis was that establishing a stable gas composition and moisture level inside the tube
furnace prior to inserting the sample would lead to significantly improved consistency of

CNT forest height and density via atmospheric pressure CVD.

This chapter studies the influence of the transient between the annealing and growth stages on
the consistency of CNT forest synthesis by atmospheric pressure CVD, and on metrics of the
synthesis process. In the following part of this chapter, it is demonstrated that decoupling the
annealing and growth stages improved the mean height of forests by 21.0% and reduced
run-to-run variation in height by 75.7%. The small angle x-ray scattering (SAXS) data also
showed the alignment [33] of the CNT forest produced by decoupled recipe is improved

(Herman’s factor 0.62-0.68) compared to forests obtained from a reference typical CVD
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process (0.44-0.50).

3.2 Methods and experiments

3.2.1  Substrate preparation

Supported catalyst thin films are deposited by sputtering (Lab18, Kurt Lesker) of Al,O3 (10
nm) followed by Fe (1 nm) on thermally oxidized (100) silicon wafers [47]. The silicon
wafers coated with the catalyst are then cut into rectangular pieces (4x8 mm) using an
automatic dicing saw (ADT-Dicing, Model 7100). The wafer pieces are sonicated in a beaker
containing acetone, for 8 minutes (Crest Ultrasonics Model 1100D, power setting 6), after
which the acetone is discarded and replaced with fresh acetone, and then sonication was
repeated for 8 minutes at the same setting. The sonication procedure is repeated once again
using methanol, and then 2-propanol, and then the substrate is removed using tweezers and

dried in a gentle nitrogen stream.

3.2.2  CNT synthesis

CNT forests are produced using the tube furnace system with sample loading module
(transfer arm) as introduced in Chapter 2. As shown in Figure 3.1a, the transfer arm is
installed downstream to the tube furnace so the substrate chips are transferred into the furnace
through the exhaust end of tube furnace. The temperature of the sample holder attached to the
transfer arm is measured by affixing a thermocouple (Omega, XCIB-J-2-6-3) connected to a

data acquisition card (National Instruments, USB-TCO01).

CNT synthesis according to the ‘decoupled recipe’ is performed as follows (Figure 3.1b):
Step 1: The catalyst-coated substrate is placed onto the quartz boat attached to the transfer
arm, the system is sealed, and the arm is used to place the leading edge of the sample at the
desired location (unless otherwise noted, 7 cm downstream from the furnace control
thermocouple).

Step 2: The system is purged with He (100 sccm, 99.999% Cryogenic Gases) and H; (400
sccm, 99.998%, Cryogenic Gases), and C,H4 (150 sccm, 99.5%, Cryogenic Gases) to remove
any residual oxygen from the gas lines, for 5 minutes at room temperature. Next, the flow is
switched solely to He (1000 sccm) for 5 minutes.

Step 3: Prior to heating of the furnace, the flow is switched to H, (400 sccm) and He (100
sccm) and held for 10 minutes at room temperature.

Step 4: The furnace is then heated to 775 € over 10 minutes. Upon reaching the set point
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temperature the flow is held for a further 10 min. During this stage, the catalyst film is
chemically reduced and dewets into nanoparticles.

Step 5: The transfer arm is then used to move the sample from of the heated area of the
furnace into the load lock area, at which point the gate valve is closed immediately; allowing
the sample to cool in the same atmosphere in which it was annealed while flow is maintained
in the furnace tube. As the study was carried out, we noticed that there is no significant
difference on growth results no matter the gate valve is open or closed during this step. In
order to reduce the complexity of the recipe and avoid potential mistakes from operation, the
gate vale was then kept open during the entire CVVD process. Some of the experiments awere
carried out with the gate valve closed in this step, while the rest were carried out with the gate
valve kept open. The operation of the gate valve for each group of experiments will be
specified in the next section.

Step 6: Two minutes after the gate valve is closed, the flow into the furnace is changed to H,
(100 sccm) and He (400 sccm). One minute after that, Co,H, (100 sccm) is added. This flow is
maintained for a further 7 minutes before proceeding to the nest step.

Step 7: The gate valve is opened and the transfer arm is used to insert the sample (to 7 cm
downstream from the control thermocouple). This configuration is maintained for the desired
growth duration (from 10 seconds to 30 minutes).

Step 8: Upon completion of the growth duration, the furnace cover is lifted quickly, and the
transfer arm is used to move the sample into the load lock position, outside the heated region
of furnace. This ensures the sample cools rapidly, while the same gas flow is maintained for
an additional 5 minutes.

Step 9: The flow is switched to He only (1000 sccm); the load-lock is opened and the sample
is removed after it has cooled to below 100 <€.

After repeated synthesis experiments a dark residue of carbonaceous material is found within
the quartz tube. To prevent accumulated contamination this carbon material is removed
between each experiment. This is carried out via oxidation at 875 <€ for 30 minutes by

flowing air through the tube (100 sccm, extra dry air, Cryogenic Gases).

Control experiments were also performed using a reference CVD method, wherein the
samples are not removed from the hot zone of the furnace between anneal and growth stages.
Specifically this procedure matches step 1-3 and the first 19 minutes of step 4 of the

decoupled procedure. However for the last minute of step 4, gas flow is changed to He (400
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sccm) and H; (100 sccm), then one minute later of C,H,4 (100 scem) is added to the stream for
10 minutes. Upon completion of CNT growth the furnace cover is quickly lifted while sample
remains at the growth spot. The same gas flow is maintained for another 5 minutes and then
changed to He (1000 sccm) for a further 5 minutes until such time that the sample is removed

for analysis.
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Figure 3.1 System and method for decoupled CNT synthesis: (a), system with magnetically
coupled transfer arm downstream of the tube furnace. (b), schematic sequence of process
steps. The transfer arm moves inward from left to right and is isolated from the furnace by a
gate valve.

3.2.3.  Control of transient moisture level
Experiments are also performed with varies of moisture levels in the CVD system. Four
conditions are referred in this study: (1) humid condition, (II) dry condition, (IlI)
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H,0-assisted dry condition and (V) bubbler controlled condition. The gate valve is closed
during step 5 and then opened in step 7 for case I, while the gate valve is always kept open
during the entire CVD process for case Il, Il and IV. Under the humid condition, the
moisture level entering the CVD system was found to range from 50-250 ppm and was
established following the routine outlined in Section 3.2.2, with a hydrogen tank that had an
average moisture level about 300-400 ppm. The dry condition (5-8 ppm, variation throughout
a typical experiment) is achieved by the additional step of an overnight purge of He (100
sccm) through the furnace system prior to carrying out the routine outlined in Section 3.2.2,
and results from these reactions are denoted as groups C and D. The H,O assisted dry
condition was achieved by replacing the normal He gas tank by calibrated He/H,O source
(A31 100 ppm H,0 in Helium, certified mixture, Cryogenic Gases). Results from this set are
denoted as groups E and F, which hold a moisture concentration of 15-30 ppm during growth

stage (step 7. Section 3.2.2).

Because these experiments were carried out with 500-600 sccm total gas flow, compared to
the 1000-5000 sccm operation condition for the hygrometer, the response of moisture reading
may be slower than the actual evolution of moisture content in the reaction (As mentioned in
Chapter 2). The moisture record during growth is 23-30 ppm, but | suggest the actual
moisture concentration during growth could be greater. The steady state moisture
concentration was settled to 60-70 ppm after 90 minutes of continuous purging at growth

condition.

In order to provide better control of moisture concentration during the CVD process, a water
bubbler assisted moisture control module is integrated to the CVD system at the end of this
study (introduced in Chapter 2). With the help of the moisture control module, the
concentration of moisture inside the CVD system can be adjusted from a few tens of ppm to
about 900 ppm. Under the bubbler controlled condition, step 3 is take off from the decoupled
recipe (Section 3.2.2), and moisture is added to the CVD system after the third minute of step
6 of the decoupled recipe. Instead of maintaining the flow for a further 7 minutes, the flow is

maintained for a further 17 minutes.

3.2.4. Characterization
Mass of CNT forests are measured by a micro balance (Ohaus Discovery DV215CD).

Substrate is measure before and after the CNT growth, and difference between these two
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measurements is the mass of CNT forest. For each measurement the substrate is measured for
three repeats, and the mass of the substrate is the average of the three repeats. There is usually
only 0.01~0.02 pg difference among the three repeats. Scanning Electron Microscopy (SEM)
images of the CNT forests are taken by using a Philips XL30 FEG SEM with a working
distance of 10 mm and electron beam voltage of 10 kV. Transmission Electron Microscopy
(TEM) images were taken using a JEOL 3011 at 300 kV and 113 mA. Atomic Force
Microscopy (AFM) imaging is performed using a Bruker Dimension Icon in tapping mode.
Small angle X-ray scattering is performed at the Cornell High Energy Synchrotron Source
(CHESS, G1 line, wavelength 0.13nm) with a beam size of 100 jm in height to quantitatively
map the alignment and diameter of CNTs with the CNT forests, as described in previous
publications of our lab [55, 65-67].

3.3 Kinetics of decoupled CNT growth

The overarching goal of this study was to understand how the consistency of CNT forest
growth was influenced by the stability of the moisture level in the CVD system, and to enable
precise and repeatable control of the forest height using the rapid sample insertion. Using the
transfer arm, the sample is manually inserted or withdrawn from the furnace within a duration

of approximately 15-20 seconds.

In order to study the kinetics of CNT growth using the decoupled recipe, samples are
produced using an identical annealing sequence (steps 1-6, Figure 3.1b), but with growth
times ranging from 10 seconds up to 30 minutes. The starting time growth time (t = 0) is
defined when the sample reaches the growth position and the motion of the transfer arm is

stopped.

As shown in Figure 3.2, a CNT forest is first observed at 15 seconds (Figure 3.2a inset). The
height of forest then increases nonlinearly with time during the first 60 seconds, and then the
height kinetics become approximately linear until 20 minutes. Termination (i.e., cessation of
height increase) occurs between 20 and 30 minutes, and the average forest height is 1.93 mm

after 30 minutes growth.
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Figure 3.2 Helght kinetics of CNT forest grovvth by rapid insertion to the stable hydrocarbon
atmosphere after the decoupled catalyst annealing step. (a), Forest height versus time
showing quasi-linear kinetics and abrupt termination at 20-30 minutes;
nonlinear kinetics within the first minute of hydrocarbon exposure. (b), Temperature rises as
the sample is inserted to the heated furnace, measured by attaching a thermocouple to the
quartz boat. (c)-(f), SEM images of samples exposed to the hydrocarbon atmosphere for the
durations noted. (g), TEM image of an individual CNT isolated from a CNT forest sample
grown by decoupled recipe for 10 minutes. (h), AFM image obtained from surface of as
annealed catalyst chip. (i), mass loss of a decouple recipe produced forest in air flow as

temperature rises, generated by TGA.
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| suggest the initial nonlinear CNT height Kinetics is caused by the heating of the substrate
during insertion to the furnace, as measured by a thermocouple attached to the quartz boat
(Figure 3.2b). CNT growth begins while the substrate temperature is still increasing, yet after
it has reached a minimum temperature for CNT nucleation. During the transfer (15-20
seconds), the sample temperature increases from 50 € to 550 <€. It takes a further 100
seconds for the boat temperature to reach 775 €€ which is the set-point temperature of growth.
Upon reaching threshold temperature (about 650~700 €€) CNT nucleation occurs, at such
time that a critical density of CNTs forms then a process of self organization of the CNTs
ensues, thus leading to the onset of forest growth (Figure 3.2c&d). There is a gradual increase
of alignment and density observed from Figure 3.2d to Figure 3.2e, which indicates the
activation of catalyst particles may continue for a few seconds. The CNT forest starts to lift
off as soon as the density of activated catalyst particles reaches the lower limit for aligned
forest growth [33], and after this the density continues to increase thus causing further

improved alignment.

TEM analysis of a typical decoupled sample gave an average CNT diameter of 8.140.5 nm
(Figure 3.2g), which is comparable to the average height of catalyst particles determined by
AFM (9.48+1.23 nm, Figure 3.2h). The AFM observation of well-formed catalyst particles
after the annealing step also suggests that the annealing step, prior to withdrawal of the
sample from the furnace (step 6 in Section 3.2.2), achieves complete reduction and
de-wetting of the catalyst film. Thermo gravimetric analysis (TGA) of the samples produced
by decoupled recipe suggests that 96% of the mass was lost between 600 € and 735 €
(Figure 3.2i). Because an oxidation temperature greater than 500 <€ is always associated with
purer, less defective CNT samples [68, 69], the 96% of mass loss above 600 <€ indicates that
CNT forests obtained from decoupled recipe are high purity CNTSs.

A detailed record of temperature evolution during the entire CVD process with decoupled
recipe is shown on Figure 3.3. Figure 3.3a shows the temperature measured at the substrate
and at the center of the furnace along with the setting temperature, and it is clear that the
temperature on the substrate is cooled down while the center of the furnace still remains at
775 <. Figure 3.3b shows the temperature of the substrate right after the anneal stage. It
takes about 4-5 minutes for the substrate to cool down to room temperature. Figure 3.3c
shows the temperature of the substrate right after the end of the growth stage. It drops down

below 400 <€ in less than 15 seconds after taken out from the heated region, which implies
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the reaction is quenched rapidly, and the growth of forest is quickly halted. The termination

of the reaction can be precisely controlled by the sample loading module.
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Figure 3.3 Evolution of temperature during the entire CVD process. Catalyst chip was placed
at 7 cm downstream from the center of furnace during anneal and growth stages. (a), records
of temperature evolution through the entire CVD process. (b), temperature of the substrate
after annealing. (c), temperature of the substrate after growth.
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Figure 3.4 Alignment of CNT forest grown for 30 minutes by decouple recipe. (a), evolution
of CNT diameter and forest alignment according to height. (b), schematic of forest alignment
from top to bottom. (c)-(f), high resolution SEM images taken from the 30 minutes growth
forest at different spots indicated in (b).

X-ray scattering is used to perform a quantitative analysis of the CNT alignment. The
Hermans orientation parameter is calculated based on a mathematical model fitted to the
scattering data from SAXS images taken at regular vertical positions from bottom to top of
the forest [33, 65, 66, 70, 71]. This orientation factor (f) quantifies the average orientation of
the ensemble of individual CNTs within the X-ray beam path, in relation to a reference
direction [70]. So, f is a measure for the mean square cosine of the angle between the CNT

direction and the reference direction (perpendicular to beam direction):
f = > (3(cos?p) — 1)

And the mean square cosine of the angle can be calculated from the integration of the

(Equation 3.1)

corresponding intensity distribution 1(¢) of the X-ray scattering data about the beam’s axis:

JZ(1(¢)singcos?p)de
JZU(@)sing)de

(cos?¢p) = (Equation 3.2)
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Data is acquired at specific height intervals and the Herman factor plotted accordingly and
shown in Figure 3.4a. The Herman factor can be seen to decrease steadily from top to bottom
of the forest, suggesting CNTSs are losing alignment as the growth going on. As a result, the
part of the CNTSs that formed at the end of the growth are less aligned, and more tangled, as
compared to those that are formed during an earlier stage of growth. It is noticed that the
crust has low Hermans factor (0.15), which agreed with the SEM image of tangled crust
shown in Figure 3.4c. However, precise quantification of that is not possible because the top
of the forest is not perfectly flat, and the crust is much thinner than the beam spot height.
Figure 3.4b shows a schematic of the evolution of forest alignment across the full height of
the 30 minute grown sample (not including the top crust), and the decline of CNT alignment
with continued growth is also be proven by the SEM images in Figure 3.4c-f. Similar as
described in the collective mechanism of CNT forest growth [33], | suggest the lost of
alignment observed from forest produced by decoupled recipe can also be caused by

deactivation of catalyst particles and density decrease as growth going on.

3.4 Run-to-run consistency and forest alignment improved by decouple recipe

To assess the consistency of repeated CNT growth experiments using the decoupled recipe,
several samples are produced under identical conditions and compares to a control group
obtained by a reference process (Section 3.2.2). 10 samples are produced using decoupled
recipe and 6 samples are using reference process under identical conditions with 10 minutes
of growth, and SEM is used to measure the height of forests. Results are shown as box plots
in Figure 3.5a. Forest heights obtained from decoupled recipe reach an average of 1.02 mm
which is 21% greater compared to forests obtained with reference process (0.85 mm) for the
same growth time. The standard deviation of height for the decoupled recipe is 0.04 mm,
which is 76% less than the standard deviation for reference process (0.17 mm). The
coefficient of variance (standard deviation divided by average height) is only 4.0% with

decoupled recipe, compared to 20% for reference forests.

X-ray scattering is also used to compare the CNT alignment between samples produced by
the decoupled recipe and reference process. As shown in Figure 3.5b, all 8 samples are grown
for 10 minutes and their alignment factor follow the same trend: the alignment first increased
at the top of the forest, then decreased approaching the bottom. The maximum orientation
factor is always greater for decoupled recipe samples, and the rate of decay is lower. At the

bottom of reference forests, alignment factor of two out of the four samples decreased below
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0.1, which indicates growth of forest had self-terminated [33]. On the other hand, Herman’s
factors for decoupled samples are still above 0.45, which indicated the growth from
decoupled recipe had not self-terminated yet at the end of the 10 minutes. This agrees with

the kinetics we show in Figure 3.2a.
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Figure 3.5 Comparison of height consistency and alignment variation between decoupled and
reference recipe produced CNT forests. (a), Comparison of height variation two sample
groups. All samples shown in this figure were exposed to the hydrocarbon atmosphere for 10
minutes. (b), spatial mapping of alignment (Hermans orientation factor) within CNT forests
produced by decoupled process, compared to reference growth process.

Because the substrates from both decoupled recipe and reference recipe experienced the exact
same anneal process, it is reasonable to consider the catalyst particle size and distribution are
also the same. As a result, the status of substrate before hydrocarbon exposure is the same for
both recipes. The lifetime of catalyst particles is improved from 10 minutes to about 20-30

minutes by only adding the decoupled step into the CVD process
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3.5 Influence of moisture on growth consistency

To elucidate the reason for improved run-to-run consistency along with the greater alignment
of CNTs using the decoupled recipe, the moisture content of the CVD system at each stage of
the CVD process is measured and shown in Figure 3.6a (black curve). As introduced in
Chapter 2, a hygrometer is installed in the CVD system and records the moisture
concentration of gas stream before entering the tube furnace. A variation of moisture from 50
ppm to 250 ppm was observed during the entire synthesis process. This fluctuation was
caused by a few reasons: first, moisture level from each gas tank (Helium, Hydrogen and
Ethylene) could be different. It is used to happen in our lab that a Hydrogen tank that
contained moisture level greater than 300ppm was used during this part of study; second,
moisture residue in different gas delivery lines would also be different due to their own daily
use rate. As a result from these two facts, it takes time to reach steady state when all gases are
mixed. This record of moisture variation shows that the water vapor content during anneal
stage (step 4) is very stable due to the 30 minute purge prior to the anneal (Figure 3.6b). But
then when C,H, is added to the reactor, there is a significant change of moisture content from
about 220 ppm to 100 ppm during the decoupled step (step 5&6). By withdrawing the sample
and allowing the moisture transient to settle, the moisture level is much more stable during
CNT growth (80-95 ppm). Figure 3.6¢ also shows the much larger fluctuation of moisture

during a particular growth stage for the reference process compared with decoupled recipe.

From the findings above, it can be concluded that decoupling the annealing and growth stages
by removal of the substrate from the CVD chamber during atmospheric pressure synthesis
introduces two important improvements to forest synthesis: (1), quick introduction of
substrate to hydrocarbon rich and chemically stable atmosphere. (2), skipping of the
transience caused by switching atmosphere from anneal to growth. From the previous study
in Section 3.4, the influences from these two improvements are coupled. | next performed a
comparison study to understand the effect from moisture content and the decoupled step
separately. From previous work [39] of my colleges, continuous purging of system under a
small flow of inert gas while at rest is suggested in order to reduce the variability in CNT
growth. Furthermore, monitored and recorded by the hygrometer, gas streams come from He,
H, and C,H, tanks are confirmed to have baseline moisture concentrations all below 10 ppm.
With 100 sccm of He continuously purging in the system, it’s now able to maintain a
moisture level within growth system to be always below 10 ppm during the entire synthesis

process. From this baseline, with the help of a calibrated Helium tank that holds 100 ppm
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moisture, a series of experiments is carried out which is listed as “Control of transient

moisture level” in Section 3.2.3.
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Figure 3.6 Moisture transients measured within the CVD system. (a), Moisture levels versus
process time, measured at the inlet of the tube furnace, for the conditions noted and described
in the text. The numbers correspond to the stages of the decoupled recipe, referring to the
sample placement, as in Fig. 3.1. (b), Close view of the stable moisture level between 30-40
minutes, at which time the annealing step (step 4, Figure 3.1) is performed by the decoupled
process. (c), Comparison of moisture transients during the CNT growth step (hydrocarbon
exposure, step 7).

A detailed list of proposed experiments is shown on Table 3.1, along previous completed

experiments discussed in Section 3.4. The moisture condition described in Section 3.4 is
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denoted as the humid condition (Case 1), and the groups of experiments obtained by the
decoupled recipe and reference process to be group A and group B, respectively. Then
experiments are proposed to be carried out in dry condition, which the fluctuation of moisture
during a typical experiment is only from 5 to 8 ppm (Case Il). In case Il there is also a group
for decoupled recipe (Group C) and a group for reference recipe (Group D). By comparing
the CNT forest height and consistency between Case | and Case I, it should be able to
distinguish the contribution from quick introduction of substrate and less fluctuation of
moisture during growth stage.

In order to understand the importance of controlled amount of moisture during decoupled
synthesis, Case Il the H,O assisted dry condition is also added to the study. In this study the
regular Helium source (pre-purified Helium, less then10ppm H,0) is replaced by a calibrated
He-H,0 tank (100ppm H,0). According to the recipe, the calibrated He-H,O tank provides
moisture reading of 23-30 ppm during growth stage for decoupled recipe (Group E) and
15-22 ppm for reference recipe (Group F). The results are listed in Table 3.2.

Table 3.1 Experiment design: study of CNT forest growth with decoupled recipe and

reference recipe at different moisture levels

Moisture (anneal/

Case Group Recipe growth) [ppm] Purpose
I: A Decoupled 200-220 / 80-95 Initial results with huge fluctuation
Humid condition B Reference 200-220 / 100-220 of moisture during CVD process
Il: C Decoupled 5-8/5-8 Study effect of the decoupled step
Dry condition D Reference 5-8/5-8 with low and consistent humidity
I1I: H,0 assisted E Decoupled 17-22 / 23-30 Study the effect of controlled
dry condition F Reference 17-22 / 15-22 moisture input on decoupled recipe

Table 3.2 Height, mass and volumetric density of forests produced by decoupled and

reference process under different moisture conditions

Group l\/(l;i;tmu;e Recipe Height(um) cv Mass(ug) cv (Ege/r:;:]yg) cv
Al 80-95 Decoupled 1.02*10° 0.04 - - - -
B (I) 100-220 Reference 0.84*10° 0.20 - - - -
C (I 5-8 Decoupled 7.9%10° 0.06 402 0.07 15.9 0.10
D (Il) 5-8 Reference 5.9%10° 0.05 243 0.07 12.9 0.09
E (111) 23-30 Decoupled 1.04*10° 0.05 633 0.06 19.0 0.04
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F (1) 15-22 Reference 0.64*10° 0.11 345 0.15 16.9 0.11

Height, mass and density of the CNT forests obtained from decoupled recipe and reference
process are presented in Figure 3.7, and from this figure the great advantage of decoupled
recipe can be observed compares to reference process. In Figure 3.7a, the height of CNT
forests from all the six groups are plotted. It's clear that for each pair of decoupled recipe and
reference process under the same moisture level, the decoupled recipe would provide an
overall taller CNT forest. A similar trend can also be found for mass and density of forests:
samples obtained by decoupled recipe are always greater than reference recipe under the

same humidity conditions.

For Case I, although the height, mass and density from decoupled recipe are all greater than
reference recipe, the coefficient of variance stays the same for both Group C and Group D.
This result suggests that once a consistent control of moisture at low level (<10 ppm) is
guaranteed, the consistency between decoupled recipe and reference recipe are almost the
same. Since there is still improvement of all these three properties by decoupled recipe, |
conclude this improvement should be contributed by the rapid introduction of substrate to

stable hydrocarbon atmosphere.

Furthermore, besides Case I, Case Il also states the improvement of consistency is due to
less fluctuation of moisture during the growth stage achieved by the decoupled step. Although
the reading of hygrometer showed similar degree of moisture fluctuation of moisture during
growth for decoupled recipe (23-30 ppm) and reference recipe (15-22 ppm), the actual
fluctuation inside the furnace may not be the same. As mentioned in Section 3.2.3, due to the
intrinsic property of Cermet-1l hydrometer, the reading of moisture may respond slower than
the actual trend of moisture evolution in furnace. And since the reference recipe missed the
decoupled step, the substrates processed with decoupled recipe should experience less transit

of moisture during growth stage, compared to reference recipe.
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3.6 Influence of moisture during growth stage

Study from previous sections has elucidated the influence of moisture on growth consistency
and growth kinetics, but the method used to generate moisture concentrations was limited. It
could only prepare moisture concentration at very few non-adjustable levels, but not were
able to provide a quantitative control of moisture levels within a certain range. In order to
give better control of moisture concentration during the CVD process, a water bubbler
assisted moisture control module is established and integrated to the CVD system (section
2.2.3). A series of growth are carried out at different moisture levels, and the results are
shown on Figure 3.8. Figure 3.8a shows evolution of moisture level during the entire CVD
process. All samples carried out in this section are annealed for 10 minutes with a moisture
concentration less than 15 ppm, while they are grown at four different moisture levels: less
than 15 ppm, at 40 ppm, at 120 ppm and at 450 ppm (and the growth time varied from 3
minutes to 40 minutes as shown on Figure 3.8b). The group generated with moisture level
less than 15 ppm is the same condition as the “baseline” (dry condition) described in section
3.2.3. Due to the batch to batch fluctuation of moisture concentration from the gas tanks, the
baseline moisture level can vary from 5~15 ppm. The record of moisture demonstrates that
quantitative and decoupled control of moisture concentration between annealing stage and

growth stage can be achieved by the new CVD system we designed.

Since all samples are annealed at the exactly same condition, the difference on growth results
can be all contributed to growth stage. The kinetics of forest height shown on Figure 3.8b
states there are two distinguished groups of results: forests produced with dry condition (<15
ppm) and forest produced with moisture assisted condition (40, 120 and 450 ppm). Growths
from both groups are terminated at about 20 minutes, but the growth rates of forest height are
different. Linear regression of forest height from 3 minutes to 20 minutes shows the growth
rate is 52.3 um/min for dry condition, and it is 67.8 um/min, 73.6 um/min and 77.7 pm/min
for 40, 120 and 450 ppm, respectively. A 29.6% improvement of growth rate is observed
from baseline condition to 40 ppm, but the improvements from 40 to 120 ppm and 120 to 450
ppm are only 8.6% and 5.6%, respectively.

The results claims that the improvement of CNT production due to the presence of moisture
during growth stage is much more significant when moisture concentration is increased from
a few ppm to a few tens of ppm, rather than increasing the moisture level from a few tens of

ppm to hundreds of ppm. This results is different from previous study reported by Futaba et
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al [72], which provided the same moisture concentration during the entire CVD process.
Futaba et al stated the forest production can be improved when increasing moisture level
from 25 ppm to 150 ppm, while the growth of forests will be worse if the moisture level is
further increased from 200 ppm to 300 ppm. Combined with study from Oliver et al [39] that
reported a decrease of catalyst particle density caused by increased moisture concentration
during anneal stage, | suggest the conflict between our result and Futaba’s result is due to the

different moisture input during anneal stage.
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Figure 3.8 Forest obtained from decoupled recipe with different moisture input during growth
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3.7 Discussion

Operationally, when the sample is treated in a decoupled fashion, it is exposed to a more
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stable atmosphere during the critical stage of CNT nucleation.

From Case | through Case Ill, decoupled recipe always shows greater height and mass
compare to reference recipe in the same case regardless of moisture input in the system. The
common feature among forests produced by decoupled recipe in all three cases is the sudden
exposure of substrate hydrocarbon atmosphere. Substrate processed with reference recipe has
to stay in furnace and experience the concentration of hydrocarbon and hydrocarbon
precursor to rise up from zero to steady state concentration, while decoupled recipe suddenly
introduces substrate to the rich and stable atmosphere of hydrocarbon precursor. As
mentioned in Section 3.4, Herman’s factor shows a better alignment is achieved by decoupled
recipe at the beginning of growth compare to reference recipe in Case I. The better alignment
at the beginning of growth suggests more CNTs are grown compared to reference recipe. And
calculated from Case &I, which height and mass are recorded for all samples, the density
of the CNT forest produced by the decoupled recipe is always greater compare to reference
recipe. Since the anneal process for decoupled recipe and reference recipe is identical, the
greater number density of CNTs from decoupled recipe clarifies higher activation rate of
catalyst particles. So | can conclude that the sudden exposure of substrate to hydrocarbon-rich
atmosphere can lead to greater activation rate of catalyst particles which increases the

alignment of the CNTSs within the forest.

On the other hand, moisture is also critical for forest synthesis. Previous research from
Stadermann et al [60] showed that water concentration greater than 2500 ppm leads to a
decrease of CNT growth rate, and they suggest this decrease is due to the etching of graphitic
carbon by water. Their optimal result was obtained at 1/330 for the water/ethylene ratio, and
height of forest was about 300-400 um after 10 minutes growth. Futaba et al [72] had also
reported the influence of moisture concentration on forest height, but they suggest an optimal
water/ethylene ratio of 1/1000 for their SWNT forests (800 um for 10 minutes growth), while
moisture input was constant during the whole CVD process. Wyss et al. [63] integrated gas
purifiers to their growth system and eliminated impurities such as moisture, acetone and O,.
When removing moisture to the sub-ppb level, they showed that high mobility and coarsening
of Fe catalyst particles caused no growth. In my study, the tallest and most consistent results
were achieved by introduce a small amount of moisture compare to the dry baseline growth,
representing a water/ethylene ratio less than 0.06/1000. With the present of He-H,O tank, a

water/ethylene ratio about 0.2/1000 was obtained according to the reading from hygrometer
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during growth. Due to the slow response of hygrometer (mentioned in 3.2.3) | suggest the

actual water/ethylene ratio during my best condition could be as high as 0.4/1000.

The consistency of forest production is also improved by decoupled recipe when there is
fluctuation of moisture during growth stage. Looking at the forest height from all six groups,
decoupled recipe always keeps the coefficient of variance of height around 0.05 (0.04, 0.06,
and 0.05 for group A, C, and E), while corresponding data for group B,D,F are 0.20, 0.05 and
0.11. Decoupled recipe holds at the same level of variance regardless of moisture conditions,
which suggests influence of inconsistency caused by fluctuation of moisture from anneal to
growth is almost eliminated by decoupled recipe. The remaining 5% of variance in height
from decoupled recipe could due to several reasons: the consistency of manual furnace
operation of the transfer arm (i.e., sample placement, insertion rate), systematic error from the
MFC, difference of catalyst thickness (which is about 5% from center to edge for typical 4”
wafer used in this study), etc. | also noticed there is visible carbon black gradually deposited
and cumulated on the inner wall of load lock chamber in the transfer arm system after several
tens of experiments, and this effect could also be a potential source causes fluctuation in
future growth.

Therefore, the decoupled recipe could be further improved with fully automatic operating
process, as demonstrated by my college Ryan Oliver [73].0ne other source of the
inconsistency could be the trace amount of oxygen-containing species introduced from the
batches of gas tanks, surrounding atmosphere introduced by samples loading between
experiments, remaining air captured in the load lock chamber and also hollow body of quartz
arm (Chapter 2, Section 2.2).

3.8 Conclusion

In this chapter, it is first demonstrated that the CNT forests produced by decoupled recipe
have better alignment (Herman's factor: 0.62-0.68) compares to forests produced by reference
process (Herman factor 0.44-0.50) when grown using water vapor in the range 50-250 ppm
throughout the whole synthesis process. Furthermore, by studying the growth performance at
controlled moisture levels (5-8 ppm and 15-30 ppm) by decoupled recipe and reference
recipe, the improvement in consistency is stated to be attributed to the stable moisture level
during growth, whereas the improvement in CNT forest height is attributed to the presence of
a richer and stable hydrocarbon precursor atmosphere upon the introduction of catalyst.
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The decoupled recipe not only provides improved production of CNT forest, but also enables
more freedom to study the growth mechanisms. Physical separation of anneal and growth
stages would allow researcher to study impact of certain input on each stage individually
without interaction with the other one. With the moisture control module integrated into the
CVD system, we first studied the influence of moisture during growth stage excluding its
influence from anneal stage, and showed the improvement of CNT production due moisture
during growth stage is shown to be much more significant at a few tens of ppm, compares to

hundreds of ppm.
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CHAPTER 4
IMPROVEMENT OF CNT FOREST DENSITY BY CARBON-ASSISTED
CNT NUCLEATION AND MOISTURE-CONTROLLED CNT GROWTH

This chapter describes a novel synthesis method for high density CNT forests by increased
activation of catalyst particles. First, a study of the role of moisture during different phases of
hydrocarbon exposure is presented, and the importance of moisture at the onset of
hydrocarbon exposure is revealed. Then, it is shown that exposure of the catalyst to a small
amount of carbon (‘preloading’) prior to introduction of the nominal hydrocarbon source for
CNT growth significantly increases the nucleation density of CNTs from the catalyst
population. In turn, this enables CNT forest synthesis with density up to 212 pg/mm?®. The
density of CNT forest produced with preloading of carbon is always 3~4 times as much as
that for the forests produced without preloading of carbon. Finally, a series of
characterization is carried out to demonstrate the preloading of carbon formed a layer of
graphitic structure on catalyst particles before growth started, which may help activate

catalyst particles to achieve higher density CNT forests.

4.1 Impact of moisture during growth stage

4.1.1  Benchmark of previous work

Many studies have reported that synthesis of CNT forests is very sensitive to the presence of
moisture during hydrocarbon exposure (i.e., the ‘growth stage’). Hata et al [41] reported
using H,O as a weak oxidizer in order to selectively remove amorphous carbon without
damaging the SWNTs at growth temperature, and as a result the water enhanced lifetime of
the catalyst and made SWNTs grow easily from lithographically patterned catalyst islands.
Later on, the same group ( led by Futaba et al) [72] published how the kinetics of water
assisted aligned forest growth at atmosphere pressure with moisture concentration of 50-290
ppm, and found the best performance was obtained at 140 ppm. They reported the maximum
height of forest were obtained with a water/ethylene ratio around 1/1000. Then Yamada et al

[38] characterized the chemistry on catalyst surface using elemental mapping and suggested
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the presence of water helped remove carbon coating and revive catalyst activity.

Moreover, Stadermann et al [60] surveyed how CNT growth was influenced by water
concentration up to 6000 ppm and reaction pressure from 100 to 1000 Torr. They stated the
tallest CNT forest obtained within the stated range was observed at approximately 750 Torr.
Whereas, growth rate decreases if water concentration exceeds 2500 ppm. Stadermann
realized their optimal moisture concentration for forest height is about 1/330, which is about
three times as high as reported by Futaba et al. Hasegawa et al [61, 64] also reported
millimeter-tall CNT forests achieved with and without presence of water, and suggested that
water prolonged the lifetime of the catalyst, but at the same time it also deactivated small
catalyst particles and degraded the quality of SWNTSs. Then Wyss et al [63] turned to seek the
importance of moisture when the synthesis environment was desiccated down to ppb level of
moisture/Oxygen. They stated the extinction of water in synthesis environment would leave
the surface of catalyst particles in a metallic state (as opposed to as metal oxide), this
increased the mobility of catalyst particles and caused coarsening during annealing at high
temperature, and finally resulted in no CNT growth.

Previous studies had studied the impact of moisture on CNT growth from different aspects,
but the reported results were different from researcher to researcher, some of the conclusions
were even contradicting of each other. For example, the optimal moisture concentration for
forest height was reported as 1/1000 by Futaba et al [72], while Stadermann et al [60]
suggested it was 1/330. Optimal lifetime of catalyst was achieved with a moisture
concentration of 140 ppm by Futaba [72], while In et al [62] reported a decay of catalyst
lifetime for moisture concentration greater than 10 ppm. Most of the literatures listed above
[38, 41, 60-62, 64, 72] didn’t specify whether the impact of water was contributed from
catalyst annealing stage or CNT growth stage. But Oliver et al [39] reported increased
concentration of moisture from a few tens of ppm up to one thousand ppm would lead to a
density decay of catalyst particles during anneal. The contradictions from all previous works
indicated that the role of moisture during the entire CVD process could be very complicated,
and the final impact of moisture may be an integration of individual effects from each stage.
Furthermore, Bedewy et al [33] showed that CNT forest growth during hydrocarbon exposure
can be divided into four phases: 1) nucleation and self-assembly, 2) steady growth, 3) density
decay, and 4) termination. Thus, it is necessary to develop a decoupled understanding of

impact of moisture on each different phase during the growth process. The motivation of
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research in Section 4.1 is to reveal the specific function of water during different growth
phases. Utilizing the moisture control module from the integrated CVD system (Section
2.2.3), the moisture level can be varied and the sample can be introduced to this stable
moisture level. The moisture concentration can also be varied during different phases in
growth stage without changing the ratio of growth gases (He, H, and C,H,), so that the role

of moisture during different phases can also be studied.

4.1.2  Method: moisture assisted recipe

All samples produced in Section 4.1 follow the same recipe called “Moisture Assisted Recipe”
(Figure 4.1):

Step 1: The catalyst coated substrate is placed onto the quartz boat and transferred to the load
lock chamber in transfer arm system. Then the whole system is sealed and pumped down
with a vacuum pump (DS 302, Varian). Pump is turned off after reading of pressure in the
system is below 1 Torr, and the system is filled with Helium (99.999% Cryogenic Gases).
The pump-fill is repeated for two more cycles.

Step 2: The furnace is then heated to 775 <€ over 10 minutes with He (100 sccm, 99.999%
Cryogenic Gases) and H, (400 sccm, 99.99%, Cryogenic Gases).

Step 3: The flow is held the same as described in step 2 for another 5 minutes to avoid
overshoot of temperature after ramping up.

Step 4: The transfer arm is used to send the sample from the load lock chamber to the sweet
spot of the furnace (7 cm from center of furnace, downstream). The flow is still held the same
as described in the previous step for 10 minutes. During this stage, the catalyst film is
chemically reduced and dewets into nanoparticles.

Step 5: The transfer arm is again used to move the sample from the sweet spot of the furnace
to the load lock chamber. The same flow from step 4 is held for another 2 minutes in order to
let the hot sample cool down in the same atmosphere as it was annealed.

Step 6: The flow is then switched to 500 sccm He and 100 sccm H; for 16 minutes. After that,
flow of He is decreased to 400 sccm and another 100 sccm of C,H, (150 scecm, 99.5%,
Cryogenic Gases) is introduced into system and held for an additional 7 minutes. From the
beginning of this step, if the growth is designed to start with moisture assisted condition, 14
sccm out of the total He flow will be driven through the water bubbler and provide
approximately 370 ppm moisture to the system.

Step 7: Sample is sent to the reaction spot again by the transfer arm. The flow is held the

same as in step 6 for 3 minutes. This step covers the activation/self organization phase of
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growth, and also the beginning of steady growth.

Step 8: The same flow is held for another 2 to 17 minutes, according to the desired recipe.
Also, the 14 sccm out of the total He flow can be again routed through water bubbler, or not,
at the beginning of this step. Step 8 covers growth phases including steady state, density
decay and termination.

Step 9: Upon completion of the growth duration, the furnace cover is lifted quickly, and the
transfer arm is used to move the sample out of the furnace. This ensures the sample cools
rapidly, while the same gas flow is maintained for an additional 5 minutes. Flow through the
water bubbler will be turned off at the beginning of this step if there were any.

Step 10: The flow is switched to He only (1000 sccm). The system is unsealed and the sample

is removed after it has cooled below 100 <.

[ I | Steps 1’2’3
L

— He = He/H,

I E— _

Figure 4.1 Schematic sequences of moisture assisted recipe. The transfer arm moves inward
from left to right and is sitting at the downstream direction of furnace.

As mentioned above in step 6 and 7, according to the requirement of study, some samples are
produced without the presence of moisture during these two steps. For the convenience of
discussion, I call this modified recipe the “Baseline recipe”.

As mentioned in Chapter 3, to prevent contamination from batch to batch, oxidation is carried
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out at elevated temperature (875 <€) in the presence air flow (100 sccm, extra dry air,

Cryogenic Gases), for a period of 30 minutes.

Catalyst samples used in Chapter 4 are prepared with the same recipe as introduced in
Chapter 3.

4.1.3  Impact of moisture during activation/self organization phase

A series of experiments is designed to study the impact of moisture during different phases in
growth stage, and the supply of moisture is shown in Table 4.1. For all the 4 samples in this
section, step 8 is chosen to be 7 minutes, so the duration of the entire growth stage was 10

minutes.

Table 4.1 Experiment design: revealing the role of moisture during different phases of growth

stage.

Sample
Supply of moisture
A B C D
7 No No Yes Yes
Step
No Yes No Yes

In Figure 4.2a a typical record of moisture evolution during the entire synthesis process is
shown. This is a record for sample D, which is annealed with no moisture supply (step 4,
15-25 minutes, shown in Figure 4.2b) and grown with about 375 ppm of moisture from the
start to the end of hydrocarbon exposure (step 7 and 8, 50-60 minutes, shown in Figure 4.2c).
As mentioned in Chapter 3, due to the way of controlling moisture supply and the delay from
hygrometer reading, it takes time for moisture concentration to rise up or drop down during
the experiment. For all of these 4 samples compared in this section, the inputs of moisture
during anneal are similar, as shown in Figure 4.2b. There is a few ppm of run-to-run
difference during this stage, and | suggest this is due to the lag of reading from hygrometer,
which can be affected by the final state from the previous run. For the moisture levels during
growth stage (Figure 4.2c), significant change of moisture concentration can be observed
from sample B and C a few seconds after the 53™ minute, which is the starting of step 8. It

takes about 5 seconds for the digital MFCs to reach the new input levels, and then the
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hygrometer would detect the change of moisture in the system. Again, due to the lag of
reading from hygrometer, the actual moisture level in growth environment may change faster

than as shown here.
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Figure 4.2 Record of moisture: (a), variation of moisture during the entire synthesis process
of sample D. Annealing happened during 15-25 minutes and growth took place during 50-60
minutes. (b), moisture level during annealing stages. (c), moisture level during growth stages.

SEM images of the corresponding CNT growth results can be found in Figure 4.3. The left
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column of images are obtained by growths start with no moisture input (baseline recipe,
sample A and B), and they only show tangled CNTs on substrate. The right column ones are
prepared with approximately 370 ppm moisture at the beginning of hydrocarbon exposure
(moisture assisted recipe, sample C and D), aligned CNT forests are observed. Such
distinguished result suggests that the presence of moisture is essential to the activation of
catalyst particles at the beginning of CNT forest growth. After the nucleation and initiation of
CNT growth, the addition of moisture in the growth system is not sufficient to help achieve
aligned CNT forest.

q‘,/(, X &5~ ?

Y . 2 -
Figure 4.3 SEM images of CNT growth results generated from different moisture supply
conditions. Images a, b, ¢ and d correspond to samples A, B, C and D listed on Table 4.1.

Furthermore, there is an interesting difference between sample C and D. Both these samples
had a moisture supply of approximately 370 ppm at the beginning of growth. According to
the SEM images, the height of sample D is about 800 um, which is about 300 um shorter than
sample C. The only difference between these two samples is that moisture supply of sample
C is cut off after the initial three minutes of growth. This result suggests that the presence of
moisture after the nucleation/self organization phase reduces the subsequent CNT growth rate
and/or the lifetime of the catalyst population. In order to verify this hypothesis, another series
of experiments are carried out to study the kinetics of moisture assisted CNT growth.
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4.1.4  Influence of moisture during steady state and density decay phases

Two groups of experiments with different growth times are carried out for the study of this
section: one group follows the recipe for sample C, in which the supply of moisture is cut off
after the first 3 minutes of growth (Group 0-3 min). The other group follows the recipe for
sample D, which the supply of moisture is held constant from the beginning to the end of
growth stage (Group 0-end). Growth times of 3, 5, 7, 10, 15 and 20 minutes are carried out
for each group. Noticing the difference of moisture supply starts from the 4™ minute between
these two groups, there is only one run of experiment carried out for 3 minutes of growth.

The height, mass and volumetric density versus time, measured and calculated from the series
of samples is plotted in Figure 4.4, and the numerical data are listed on Table 4.2. The
difference of height is apparent from samples that produced with 5 minutes of growth, which
suggests the moisture had a sustained influence on the kinetics of forest growth during the
entire growth stage. As shown in Figure 4,4a, regardless of whether moisture is cut off after
the first 3 minutes or not, the forest height increases with time for the first 10 minutes of
hydrocarbon exposure. After that, there is a decay of forest height for both groups. Similar
trend can be also observed from the mass evolution according to growth time, as shown in
Figure 4.4b. From the evolution of forest height and mass shown in Figure 4.4, the catalyst
lifetime is similar for both groups. This result suggests the change of moisture supply after
the nucleation/self organization phase doesn’t lead to a substantial difference in the lifetime

of catalyst particles based on macroscopic observation.

Table 4.2 Height, mass and volumetric density of forests produced by moisture assisted
recipe.

Growth time [min] 3 5 7 10 15 20
Height [um] - 576 763 1150 1092 875
0-3 minutes Mass [ug] - 270 310 460 430 350

Moisture Density [pg/mm?] - 14.65 12.69 12.50 12.31 12.49
supply Height [um] 326 545 654 829 691 571
0-end Mass [ug] 180 210 290 440 390 210

Density [ug/mm’]  17.27 12.04 13.85 16.58 17.64 11.49

The “shrink™ of forest after termination is very sensitive to the purity of gases delivered to
CNT manufacturing environment. It can be only observed with pump down of CVD system
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at the beginning of the synthesis process (Section 4.1.2), and addition to regular pump down
and refill gas deliver lines, which was one of the techniques reported by Oliver et al [39] to
help achieve better consistency of forest fabrication. If the CVD system was left alone
without running any experiments for more than one week, this shrinkage of forest will no
longer appear until a thorough pump down and refill for all gas lines used for CVD process. It
is possible that the shrink of forest was caused by the elimination of residue oxygen in the
CVD system.

Furthermore, a forest obtained with moisture supply only for 0-3 minutes growth is always
taller than forest obtained with moisture supply during the entire growth stage for the same
growth time. And this difference in forest height between Group 0-3 min and Group 0-end is
becomes greater as growth time increases before the termination. The control of moisture
supply during growth stage was a gradual change as shown in Figure 4.2c, and the difference
of moisture concentration between Group 0-3 min and Group 0-end would become greater
and greater as growth time increases. Comparing with the height difference of forest between
these two groups, which was also getting bigger and bigger as growth time increases, it is
clear that the presence of moisture after nucleation/initiation phase led to a slower growth rate

of forests.

The mechanism that causes this slower growth rate is not totally clear yet, and needs further
research to reveal. The absence of moisture after the nucleation phase might lead to change
on kinetics of hydrocarbon decomposition, and/or catalytic behavior, and this topic can be a

future direction of research.
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Figure 4.4 Kinetics of forests produced by moisture assisted recipe with different control of
water supply. (a), forest height versus growth time. (b), forest mass versus growth time. (c),
volumetric density calculated from height and mass.
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4.2 Carbon preloaded catalyst film annealing

4.2.1 Background and Introduction

Hydrocarbon gases used in the CVD process will decompose and be deposited on the wall of
the reactor during CNT growth. And for the CVD system used in this study, the reactor wall
means the inside wall of the 1” quartz tube. Presence of carbon deposits on reactor wall had
been noticed to have significant impact to CNT growth results since a few years ago. Liu et al
[52] had reported a solid characterization on the carbon deposits on reactor wall, and
suggested that these deposits would release hydrocarbon species (possibly CH;) and further
facilitate the formation of catalyst particles and benefit CNT growth. My colleges Bedewy et
al also noticed the improvement of CNT growth due to carbon deposits on reactor wall also
[67]. Oshima et al [74] studied the evolution of Fe catalyst during CNT synthesis , and ex-situ
conversion electron Mdssbauer spectroscopy indicated there was small amount of Fes;C
formed during heat up process due to residual hydrocarbon in the reactor tube, and the
amount of FesC would increase as CNT growth continues. Furthermore, studied by Wirth et
al [75], the main active phase of catalyst could be different due to the crystal structure of Fe:
for a-rich Fe particles, FesC is the dominant component that constitutes CNT growth, while
for y-rich iron particles, the metallic iron is the main catalyst phase. But even for the case that
iron carbide takes an important role for the catalytic process, it’s not always the case that the
rich carbon phase is better. Mazzucco et al [76] studied the phase transition of catalyst
particles during CNT synthesis process, and reported the more carbon rich phase FesC; is less
active for CNT formation compared to the less carbon rich phase Fe;C. The improvement of
CNT growth caused by carbon deposition on reactor wall can be quantitatively controlled by
using the sample loading module. Substrate can be held in the load-lock chamber while the
reactor chamber is heated with controlled amount of hydrocarbon, and then the system is
purged with reduced gas atmosphere (He, Hy) used for catalyst anneal. The substrate is then
inserted to reactor chamber after the purging, and is annealed in the reactor that has carbon
deposited on its inner wall. This process is defined as ‘carbon preload’. Combined with the
moisture control module, the integrated CVD system is able to take advantage from both
carbon preload and moisture assisted growth together. Research indicates these two
activations improved CNT growth from different aspects, and they can be integrated together

for CNT forest production without disturbing each other.

4.2.2  Method: carbon preload recipe and combined recipe

To study the effect of carbon exposure prior to CNT growth, there are two groups of samples
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produced in Section 4.2: forest produced by carbon preload annealing, and forest produced by

a combination of carbon preload annealing and water assisted growth.

Carbon Preload Recipe:

Step 1: The catalyst coated substrate is placed onto the quartz boat and transferred to the load
lock chamber in the transfer arm system. Then the whole system is sealed and pumped down
with a vacuum pump (DS 302, Varian). The pump is turned off after the reading of pressure
in the system is below 1 Torr, and the system is filled with Helium (99.999% Cryogenic
Gases). The pump-fill is repeated for two more cycles.

Step 2: The furnace is then heated to 775 €€ over 10 minutes with He (100 sccm, 99.999%
Cryogenic Gases) and H, (400 sccm, 99.99%, Cryogenic Gases).

Step 3: 100 sccm of C,H,4 (150 scem, 99.5%, Cryogenic Gases) is then added to the flow for
3 minutes. After those 3 minutes, the C,H, flow is shut off, and the total flow returns to 100
sccm of He and 400 sccm of Hy for another 7 minutes. A visible opaque layer of carbon
deposits is formed on the wall of quartz tube, as shown in Figure 4.5a. There is photo of clean
quartz tube without carbon preload shown in Figure 4.5b.

Step 4: The transfer arm is used to send the sample from load lock chamber to reaction spot
of the furnace (7 cm from center of furnace, downstream). The flow is still held the same as
described in the previous step for 10 minutes. During this stage, it is expected that the catalyst
film is chemically reduced and dewets into nanoparticles.

Step 5: The transfer arm is again used to move the sample from the reaction spot of the
furnace to load lock chamber. The same flow from step 4 is held for another 2 minutes in
order to let the hot sample to cool down in the same atmosphere as it was annealed.

Step 6: The flow is then switched to 400 sccm He and 100 sccm H; for 1 minute. After that,
another 100 sccm of C,H, is introduced into system and held for an additional 7 minutes.
Step 7: Sample is sent to the reaction spot again by the transfer arm. The flow is held the
same as in step 6 for 10 minutes. This is the growth step and the duration of this step can be
adjusted according to experiment design.

Step 8: Upon completion of the growth duration, the furnace cover is lifted quickly, and the
transfer arm is used to move the sample out of the furnace. This ensures the sample cools
rapidly, while the same gas flow is maintained for an additional 5 minutes.

Step 9: The flow is switched to He only (1000 sccm). System is unsealed and the sample is

removed after it has cooled below 100 <.
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"“7: Wt a3 R
Figure 4.5 Reactor wall with and without carbon deposition. (a), Quartz tube after carbon
preload. (b), ‘cleaned’ quartz tube after air baking, as a comparison.

Combined recipe with carbon preload annealing and moisture assisted growth:

This recipe starts with steps 1-4 from carbon preload recipe, and then followed by step 5-10

from moisture assisted recipe.

Again, in order to prevent contamination from batch to batch, oxidation is carried out at
elevated temperature (875 <€) in the presence air flow (100 sccm, extra dry air, Cryogenic

Gases), for a period of 30 minutes.

4.2.3 Kinetics: Improvement from carbon preload and assistance of moisture

First, a series of CNT growth experiments is performed where growth time is gradually
increased until the termination of forest height and mass is observed. A group of 6 samples
are produced by carbon preload recipe, with hydrocarbon exposure of 5, 7, 10, 15, 20 and 30
minutes. Similarly, another series of samples is produced by the combined recipe, with
growth time of 5, 10, 15, 20, 30 and 40 minutes. Later, to gain further information on how the
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density evolution happened, another set of experiments with shorter growth time (20, 40, 60
seconds and 2, 3, 4 minutes) is also carried out with the carbon preload recipe and combined

recipe.

In Figure 4.6, the relationship between CNT forest height, mass, volumetric density and
growth time is shown for forests obtained from moisture assisted recipe (series 1, Group 0-3
min from Section 4.1), carbon preload recipe (series 2) and the combined recipe (series 3).

The data from these plots are listed on Table 4.3.

Table 4.3 Height, mass and volumetric density of forests produced by carbon preload recipe
and combined recipe, compared with moisture assisted recipe (0-3 minutes).

Moisture assisted Carbon preload Combined
Grpwth Height Mass Density Height Mass Density Height Mass Density
time 3 3 3
min] | (MMl (ugl  [pg/mm7 | [um] (ugl  [ng/mm | [um] (ug]  [pg/mm’]
1/3 2.39 3
2/3 11.8 80 212 18 80 137
1 25.7 130 158 55 210 119
2 97.4 300 96.3 142 360 79.0
3 326 180 17.3 182 450 77.3 264 590 70.0
4 287 570 62.1 408 830 63.6
5 576 270 14.6 401 680 52.9 542 900 51.9
7 763 310 12.7 614 850 43.3
10 1150 460 12.5 931 920 30.9 1205 1340 34.8
15 1092 430 12.3 1257 920 22.9 1696 1500 27.6
20 875 350 12.5 1372 990 22.6 2070 1560 23.6
30 1362 990 22.7 2289 1740 23.8
40 2265 1820 25.1

Figure 4.6a shows the kinetics of forest height versus time for all the 3 series. Series 1 shows
a faster growth rate of forest height compare to series 2, but the height of series 1 terminates
at about 1200 um after 10 minutes of growth, which is shorter and terminated faster than that
for series 2 (about 1350 um, 20 minutes of growth). On the other hand, series 1 and series 3
show very similar growth rate of height from 3 to 10 min of growth time. The growth rates of
height from 3 to 10 minutes for both series are also similar to the growth rate from 10 to 20
min of series 3. So the moisture assisted growth can still improve the growth kinetics of

height when carbon preload annealing is applied to the CVD process.
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Figure 4.6 Kinetics of forests produced by carbon preload recipe and combined recipe. Data
from moisture assisted recipe (0-3 minutes) is also listed for comparison. (a), forests height
versus growth time. (b), forest mass versus growth time. (c), volumetric density versus
calculated from height and mass. The inset in (c) is a TEM image of CNT produced by the
combined recipe.

The kinetics of mass for all 3 series is shown in Figure 4.6b, and series 2 always has a greater
mass compare to series 1 at the same growth time. The kinetic of forest mass for series 3,
which is the combined recipe, shows the greatest mass among all three series. Combined the
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kinetics of forest height and mass versus time for series 1 and 2, it is reasonable to consider
that moisture assisted growth can lead to a faster growth rate of forest height, while carbon

preload anneal can lead to a greater density of forest growth.

Furthermore, the volumetric density of forests calculated from height and mass is shown on
Figure 4.6¢. The initial density of forest obtained from carbon preload recipe (series 2) is
even greater than the combined recipe (series 3) for growth time from 40 seconds to 3
minutes, but as growth goes on the density of forest obtained from series 2 and 3 are very
similar (3~30 minutes). The forests produced by combined recipe and carbon preload recipe
showed a very high density at the beginning of growth. Recorded in Table 4.3, the volumetric
density during the first minute is approximately 100-150 pg/mm? for combined recipe and
160~210 pg/mm?® for carbon preload recipe. But even during the first 3 minutes of growth,
combined recipe always produced CNT forest with taller height and greater mass compare to
carbon preload recipe. This data of density states that the improvement of growth rate of
forest height in series 3 led by moisture assisted growth was achieved while still maintaining
the high density forest led by the carbon preload anneal. These two techniques that improve

the yield of CNT forest can be used in sequence with the integrated CVD system.

The density data at 20 seconds of growth is not very reliable due to the limit of electronic
balance: it was measured at 0.01 mg mass increase after growth compared to raw catalyst (for
both carbon preload recipe and combined recipe), but this 0.01 mg is within the accuracy
limit of the measurement device. So in Table 4.3 and Figure 4.6 | only reported the height of
forests grown for 20 seconds, but didn’t include data of mass and density for this growth

time.

Measurement from TEM provides the outer diameter of CNTs produced by the combined
recipe is 7.941.1 nm. A TEM image of an individual CNT obtained from the combined recipe
is shown in the inset image of Figure 4.6c. The average number of walls for the CNTs
counted from TEM images is 4.941.1. The area density of forest can be then calculated by the

method provided by Esconjauregui et al [77]:

Assume all the CNTs from a forest have identical mass (m) and the same height (I). The mass
of the forest (M) can be assumed as:

M =mN (Equation 4.1)
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Here N is the number of CNTs in the forest. Assuming all the CNTs are vertically aligned

over the substrate with area A, the area density can be calculated as:

% = “fnL/All (Equation 4.2)
Here N/A is the area density, M/Al is the mass density, and m/l is the weight gain per unit
length of one CNT. This weight gain m/| is derived from the average nanotube diameter (d)
and number of walls (n). SWNTSs are rolled tubes of graphene, whose area per unit mass is

1315 m?/g [78], so m/I can be expressed as:

m nd .
T T (Equation 4.3)

When calculating MWNTSs, all walls contribute to m/l. The diameters of the inner walls (d;)
can be given by the following equation assuming the spacing between the walls is 0.34 nm
[79].
di=d—-0.68(i—1) (Equation 4.4)
Then the aggregate diameter (D) of all n walls with units in nm [80] is found as:
D= Y,,[d—0.68(n—1)] = [nd = 0.34n(n —1)]  (Equation 4.5)
So the weight gain for MWNTSs can be calculated as:

m

T =mD/(1315 x 10'?) (Equation 4.6)

Here the unit of m/l is g/nm when D is in nm. Since the area density of forest is changing
during the growth, a series of area densities is calculated using samples with different growth
times from 40 seconds to 20 minutes. It is assumed that all forests produced with different
growth times have exactly the same and repeatable kinetics. (N/A); stands for the average
area density of the forest from time t.; to time t;, as well as the average area density of the
forest between height I;; to I;:

N (M;-M;—1)/A0i-1i-1) : .
(Di = :n/l( Lo, for i>1 (Equation 4.7)
N M1)/A(4) .
G =" (Equation 4.8)

And the result is shown in Figure 4.7. The highest area density obtained at 40 seconds of
growth is 1.8x10*/cm? The decay of area density versus growth time looks roughly linear on
the logarithm plot, and the reason of the imperfectness is the kinetics of growth can not be
repeated exactly the same from run to run. The decay of area density versus growth time

suggests the deactivation rate of forest growth is exponential to growth time.

The best volumetric density from series 3 (137 pg/mm?®) is about one magnitude lower

compare to the ultrahigh density growth from Sugime et al [81], which is the highest density
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reported so far and obtained by using Mo-Co co-catalyst. But forests produced from in
Sugime’s study were in the height of less than 1 um, while the forest produced by my recipe
is 18 um. Furthermore, techniques used to improve the forest growth are different. Sugime’s
ultrahigh density growths were achieved by engineering the composition of catalyst and
enhancing the interaction between catalyst particles and support substrate, while my recipe
improved the yield of CNT forest by better activating catalyst particles using carbon preload

annealing and moisture assisted growth.
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Figure 4.7 Area density of CNT versus growth time. The area density of CNT decreases
exponentially as growth time increases.

Although density of forests still decreases with time, forest produced by combined recipe is 4
times as great as the density obtained from moisture assisted growth at even 3 minutes. When
the growth time increased to 10 minutes, the combined recipe is still 2.8 times as good as

moisture assisted recipe.

A series of characterizations was then carried out on the catalyst particles prepared by the

combined recipe to provide an explanation of possible mechanisms caused by carbon preload.

4.3 Impact of carbon preload on Catalyst film

Because the substrate is heated to 775 <€ during annealing, and this is the same as the
temperature for growth, it’s reasonable to consider if any CNTs formed during the carbon
preload annealing. Carbon preload catalyst chips are prepared following step 1-4 from carbon
preload recipe as described in Section 4.2.2, and then rapidly removed from heated zone, then

cooled down to room temperature in same atmosphere as applied for annealing step. Regular
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annealed catalyst chips are also prepared following step 1-4 from moisture assisted recipe,
then also quickly pulled out of the heated zone and cooled to room temperature in the same
atmosphere as applied for the annealing step. The major difference between these two
procedures is there is controlled input of carbon preload step for regular annealed catalyst.
Although trace amount of carbon can still exist in the CVD system due to the random
contamination from the surrounding environment, the amount of carbon supply during

regular anneal is much less than that during carbon preload anneal.

4.3.1  Surface morphology characterization

High resolution SEM images are taken from regular annealed catalyst and carbon preload
annealed catalyst by FEI Nova 200 Nanolab SEM, and there is no difference detected
between these two samples. Figure 4.8a shows SEM image taken from carbon preload chip,
while Figure 4.8b shows the SEM image taken from regular annealed chip. Unlike the
extended time period for carbon preload and annealing from Liu et al [52], 3 minutes of
carbon preload, followed by 10 minutes of annealing doesn’t lead to any detectable features
under high resolution SEM. Furthermore, measurement of chip mass before and after anneal

also indicates there is no detectable change of weight during this annealing process.

The carbon preload chip and regular annealed chip are then taken to AFM, scanned by a
Bruker Dimension Icon in Scan Assist mode. AFM images of carbon preload chip and regular
annealed chip are shown as Figure 8c&8d, respectively. The AFM results suggest number
density of catalyst particles is 3.02x10™ per cm?on carbon preload substrate, which is a 29.74%
improvement compared to 2.33x10™ per cm? from regular annealed substrate. Increase of
catalyst particle density due to addition of carbon source during annealing process was also
reported by Chen et al [82], while they were using small flow rate of hydrocarbon during
annealing instead of pre-exposure of the quartz tube to a brief flow of hydrocarbon prior to

insertion of the sample for annealing.
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catalyst. Image a and ¢ are SEM and AFM images from carbon preload catalyst chip, and
image b and d are SEM and AFM images from regular annealed catalyst chip.

4.3.2  XPS study of surface chemistry

The 30% improvement of particle density from regular anneal (used for moisture assisted
growth) to carbon preload anneal (carbon preload recipe and combined recipe) is not enough
to explain a four times difference in forest density between moisture assisted growth and
carbon preload/ combination growth. In order to further reveal the activation mechanism for
carbon preload treatment, X-ray photoelectron spectroscopy (XPS) analysis is performed.
The XPS study is performed by a Kratos Axis Ultra XPS with Al mono source. In order to get
a comprehensive understanding of composition and chemistry on the catalyst chips, depth
profile is generated by Argon plasma. Both broad survey scan that generates elemental
composition and core scan of Carbon 1s and Fe 2p peaks are applied to samples before the
plasma etch and after 20, 40 and 60 seconds of plasma etch. Scans are calibrated according to
Au 4f 7/2 peak at 84.0 eV.
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The major components on surface of these two catalyst chips are Al, C, Fe, O, and Si. The
detailed compositions of these elements are listed on Table 4.4. The concentration of Al, Fe
and O are similar for regular annealed catalyst and carbon preload catalyst with the same
duration of plasma etch, so I only show a plot with composition of C and Si on Figure 4.9a. It
is interesting that there is no Si signal detected from the surface of carbon preload annealed
catalyst chip before plasma etching. According to the nature of XPS, signal of elemental
composition are usually detected from a depth within 10 nm below the solid surface [83, 84].
The thickness of Al,O3 support layer is also about 10 nm, and there could be pores formed
during annealing on this support layer. It could be that the deposition of carbon layer obtained
from carbon preload annealing is thick enough to shield on top of the catalyst and support
layer to prevent collecting signal from Si, or the deposition of carbon blocked the pores in the

Al,O3 layer that could enable receiving scattering from Si.

Table 4.4 Elemental composition at surface of catalyst chips with different plasma etching
time. Numbers in table stand for percentage of atomic composition.

Element Al 2p C1s Fe 2p O1s Si 2p

Os 23.78 14.51 5.79 39.69 15.29

Regular 20s 32.66 1.02 9.64 41.84 14.61

annealed 40s 34.29 0.94 9.48 41.68 13.61
60s 35.85 0.96 8.49 41.24 13.46

(03 24.34 32.57 5.23 37.86 0.00

Carbon 20s 29.13 11.00 9.40 35.83 14.31

preload 40s 31.45 6.55 10.08 38.07 13.85

60s 34.10 4.57 9.20 39.64 12.50

The evolution of composition along plasma etching suggests the carbon signal from regular
annealed catalyst is random contamination from surrounding environment, and this fact is
then further stated by results from core scans, which will be discussed in later paragraph.
Prior to the plasma etching, there is about 15% of carbon on regular annealed sample, but
after even 20 seconds of etching, the composition of carbon is decreased to about 1% (loss of
93.3%). This remaining one percent is almost constant during the rest of etching, and I
suggest such signal of carbon residue is due to the roughness of substrate surface. The
hemispherical catalyst particles with uneven heights will lead to incompletion of carbon
etching on the surface, as shown on Figure 4.9b. On the other hand, 33.8% of carbon still
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remains on carbon preload sample after 20 seconds of plasma etching (total composition
decreased from 32.6% to 11.0%).

Core scan of carbon 1s peak also indicates the majority of carbon signal from regular
annealed substrate is just random contamination from surrounding environment as shown on
Figure 4.9c. The C-C, C-O and C=0 peaks shown on the figure stand for very typical random
carbon contaminations and/or graphene like carbon [85, 86]. The C-C peak is a mixture of
sp2 and sp3 carbon. The reason is that after 20 seconds of plasma etching, both C-O and C=0
peaks are removed, leaving a much weaker C-C peak that is also shifted 0.24 eV towards
higher binding energy. Combined with the 93.3% of loss in elemental composition shown in
Figure 4.9a, it is clear that the 20 seconds plasma etching removed the majority of random
carbon contamination that contains more reactive bonds such as C=0 and C-O, and only

remaining peak is the C-C peak.

Carbon 1s peak from carbon preload annealed catalyst are also analyzed. The peak before
plasma etching is plotted on Figure 4.9d (red), along with the peak after plasma etching for
20 seconds (green) and peak before etching from regular annealed substrate (black). The C-O
and C=0 peaks from carbon preload sample before etching has a similar height compare to
regular annealed sample, which indicates the adventitious contamination is obtained due to
the same source: contamination from environment during sample storage and transportation.
Again, the peaks of C-O and C=0 bonds disappeared after plasma etching, and only left one
peak for C-C bonds. But the signal of C-C peak from carbon preload substrate after 20
seconds of plasma etching was much stronger than that for regular annealed catalyst. It’s
reasonable to consider there are two sources of carbon signal contribution to the carbon
preload sample: 1), random carbon contamination from the environment, 2), carbon features
formed on or with Fe catalyst particles during annealing step. Since all the carbon related
peaks here are all much greater than 283 eV, there can’t be any iron carbide formed on
catalyst prepared by carbon preload recipe, nor regular annealed recipe. Plot of core scans for
Fe 2p peaks shown on Figure 4.9e also suggested the chemistry of Fe on the substrate is not
iron carbide. Fe 2p 3/2 peaks from both samples are about 711eV, which could be Fe,O3 [83,
87] or Fe;04 [87, 88]. The catalyst particles didn’t experience the transformation process to
cementite (Fe3C) as mentioned by Mazzucco et al [76] at least during the carbon preload
annealing stage. In this case, the carbon 1s peak in Figure 4.7d looks more like a mixture of

CNT and/or graphene fragments, formed during annealing due to the released CHy species
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from carbon deposits on reactor wall. In order to confirm this feature, further

characterizations are carried out in the next section.
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Figure 4.9 XPS analysis on as annealed catalyst chips. (a), evolution of atomic composition
of C and Si elements. (b), schematic of incomplete plasma etching on carbon due to
roughness of catalyst surface. (c), adventitious carbon contamination observed on surface of
regular annealed chip. “Carbon 1s peak” stands for signal generated before plasma etching,
and the fittings are modeled based on this non-etched signal. The “Plasma etch” curve is the
signal of carbon 1s peak after 20 seconds of plasma etching. (d), Carbon 1s peak from carbon
preload and regular annealed substrate. (e), Fe 2p peak from carbon preload and regular
annealed substrate.
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4.3.3  Graphene formed on top of catalyst particle

Raman spectroscopy is performed on both catalyst substrates using a WITec alpha 500
system (532nm laser) and the results are shown in Figure 4.10a. Spectra from both substrates
are collected using an integration of 10 scans, and each scan was 0.5 seconds. It is very clear
that there is no peak shown from regular annealed sample in the range of 1100 to 3500 cm™,
while G, D and 2D peaks are observed from the carbon preload sample. The peaks from
carbon preload annealed catalyst suggest there should be graphene layer or caps of CNTs on

the catalyst particles.

In order to investigate the form of carbon that is introduced by the preload step, TEM
samples are prepared from carbon preload annealed chip. Glass microscope slides are used to
scratch on the surface of catalyst chip, so that nano particles can be taken off from the
catalyst chip. Then the Glass slides are rinsed with alcohol and the particles are transferred to
TEM grids. TEM image shown in Figure 4.10b demonstrate fragments of single layer
graphene coated on catalyst particles, and the ring pattern of diffraction from the graphene

layer is shown in Figure 4.10c.

Based on all characterizations described above, | suggest a pre-activation mechanism on
catalyst particles caused by carbon preload. The schematic of this mechanism is shown on
Figure 4.11. During catalyst film dewetting process, the CHy species released from carbon
deposits on quartz tube will react with catalyst particles, and form fragments of graphene
structure, which may later turn to cap of CNTs during growth. It is also possible that the
catalyst particle becomes saturated with carbon and then the graphene structure is formed.
The effect of carbon preload here is brining nucleation of CNTs from the beginning of growth
stage to the annealing stage. Since the amount of carbon released during the annealing
process from reactor wall is much less comparing to the carbon supply during CNT growth,
the catalyst particles can react with carbon at a much slower rate and would not be poisoned.
The nucleated particles will be “frozen” after annealing stage, taken out of the reactor and

waiting until the moisture-rich growth environment is ready.
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Figure 4.10 Conformation of graphene layer on catalyst particle by Raman and TEM
characterization. (a), D and G peaks observed by Raman on carbon preload chip. (b), high
resolution TEM image shows the single layer of graphene covers on top of catalyst particle.
(c), diffraction pattern of graphene.
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Figure 4.11 Schematic of catalyst particles activated by carbon preload. Carbon deposits
preloaded to reactor wall will release CHy species during anneal step. These hydrocarbon
species will react with catalyst and start to form caps of CNTSs. In this way the catalysts are

“pre-activated” before the formal hydrocarbon exposure (growth step).

4.4 Conclusion and future directions

In this chapter, the different role of moisture during nucleation/self-organization phases and
steady-state phase of growth is revealed, and it is demonstrated the activation of catalyst
particles due to moisture is only valid at the beginning of growth (nucleation/self

organization phase). Then with carbon preload integrated to CNT forest manufacturing
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process, the volumetric density of forest achieved as high as 137 ug/mm?® whiling give better
kinetics of height and mass compared to carbon preload recipe and moisture assisted recipe.
The presence of moisture from combined recipe helps increase the growth rate of forest
compared to carbon preload only recipe, while maintaining the same level of volumetric
density for CNT growth greater than 3 minutes. Finally, a series of characterization are
carried out to reveal the mechanism of carbon preload activation and the “pre-activation”

mechanism is discussed.

Although a lot of evidences had been shown in this study to support the pre-activation
mechanism, the conversion from graphene fragments to CNTSs is still not clearly understood
and observed yet. Further study is still needed to understand the details of nucleation of
carbon nanotubes, in order to better optimize the process of catalyst particle activation and

improve the lifetime of catalyst.
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CHAPTER 5
GROWTH OF ALIGNED CARBON NANOTUBES FROM THE NATIVE
SURFACE OF HAYNES556 ALLOY

This chapter reports the synthesis of aligned CNTs on the native surface of Haynes556 alloy.
This project was motivated by collaboration with Pall Corporation, who had interest in CNTs
grown on Haynes 556 for filtration applications. First, characterization of the surface
chemistry is carried out to show the feasibility of growing CNTs on the native surface of
Haynes556 alloy, and then direct growth of CNT forests is achieved when composition of Fe
on the surface is increased to 5.94% by heat treatments. After that, a discussion of
consistency of forest growth reveals that the presence of moisture during growth stage is
necessary for aligned CNT growth. Finally, it is shown that forests can be regrown after

removal, along with a short discussion about the impact of heat treatment before growth.

5.1 Background and introduction

Growth of CNTs on bulk metals attracts researchers’ interests due to the less expensive cost
compares to traditional methods studied over the past two decades [43-47]. Furthermore,
growth of CNTs on metal substrates is also important for the applications requires direct and
firm contact between CNTSs and substrates, such as MEMS devices, thermal conductors and
probes [24, 26, 29, 89]. Enhanced by microwave hot-filament deposition in a low pressure
environment, Miao et al [90] were able to achieve various sizes and shapes of CNTs on
20-30nm thick layer of nickel/iron alloy. They deposited the nickel/iron alloy on a silicon
substrate by thermal evaporation, and demonstrated a different base growth mechanism on
transition metals. After that, Parthangal et al [91] achieved aligned forests growth on various
of metal substrate such as SS foil, titanium nitride, and aluminium, etc. Similar to Miao et al,
they deposited these alloys on top of a silicon dioxide wafer. And addition to the metal
substrates, another layer of iron based catalyst was prepared from aqueous solution. Lepro et
al [92] obtained aligned forest on type 321 stainless steel foil without extra catalyst, but their
technique required electron beam deposited Al,O3 as a buffer layer. Similar results were also

achieved by other groups: Kim et al [93] achieved aligned forests growth on stainless steel
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304 substrate with additional support layer, while Pal et al [94] required external catalyst
source such as xylene-ferrocene. On the other hand, Cole et al [95] and Shin et al [96] chose
no additional catalyst but surface treatment prior to growth, and Cole et al obtained vertically
aligned carbon fibers while Shin et al obtained tangled CNT growth.

Our group had a collaboration with Pall Company which focused on the direct growth of
carbon nanotubes on the native surface of different metal and metal alloys. As one of those
projects, Pall requested that we attempt to grow aligned CNT forests on the native surface of
micro fiber meshes made of Haynes556 alloy. Among all the previous studies, Pal et al [94]
demonstrated aligned forest could be obtained from some of the Inconel™ and Haynes™
superalloys with floating catalyst CVD process, and also demonstrate the formation of Cr,03
layer in these superalloys would help to form suitable catalyst and then improve growth
results. But in their studies, Haynes 556 showed low density and non-aligned CNT growth
even with help from external catalyst sources. A thick layer of crust (about 100 pm) was
observed on top of substrate surface, while low density and non-aligned CNTs were grown
among the crust.

5.2 Methods and experiments

5.2.1  Substrate treatment and forest synthesis

Large pieces of Haynes 556 fiber mesh (fiber diameter: 20-30 um) is obtained from Pall
Company, and then cut into 5mm by 5mm small pieces by hard duty scissors. Flat Haynes
556 alloy sheet (0.12-0.13 by 12.00 by 12.00 inches) is obtained from Haynes International
and then cut into 5mm by 5mm squares (still 0.12-0.13 inches thick) using an abrasive
waterjet machine (OMAX). After cutting, these substrates are rinsed by 2-propanol
(IPA, >99.7%, Sigma-Aldrich) and dries by a gentle flow of dry air.

All growths are carried out with the sample loading module as described in Chapter 2. The

growth recipes are described below.

Standard Haynes recipe

Step 1 (oxidation): Haynes 556 substrates are loaded 7cm downstream from the center of
furnace. Substrates are oxidized in air (100 sccm, extra dry air, Cryogenic Gases) at 825 €

over 60 minutes, and then the flow is switch to He (1000 sccm, 99.999% Cryogenic Gases)
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for 1 minute.

Step 2 (reduction): The substrate is reduced in He (400 sccm) and H, (100 sccm, 99.99%,
Cryogenic Gases) for another 70 minutes at 775 €.

Step 3 (growth): C,H,4 (100 sccm, 99.5%, Cryogenic Gases) is introduced to the tube furnace
for 15 minutes for CNT growth.

Step 4 (cool down): At the end of growth, heat is shut off and the furnace cover was opened.
The substrate is then transferred out of the heated region. The same flow as in the growth
stage is kept for another 5 minutes, and then switched to 1000 sccm of He until the sample is

cooled down.

He/H,0 tank assisted Haynes recipe

This recipe follows exactly the same procedure as the standard Haynes recipe; the only
difference is that the He flow for this recipe is supplied from a calibrated He/H,O tank (A31
100 ppm H,0 in Helium, certified mixture, CGA 580 top pressure 500 psi, CryogenicGases).

Decoupled Haynes recipe

Step 1 (oxidation): Haynes 556 substrates are loaded at 7cm downstream from the center of
the furnace. Substrates are oxidized in air (100 sccm, extra dry air, Cryogenic Gases) at 825
<€ over 60 minutes, and then the flow was switch to He (1000 sccm, 99.999% Cryogenic
Gases) for 1 minute.

Step 2 (reduction): The substrate is reduced in He (400 sccm) and H, (100 sccm, 99.99%,
Cryogenic Gases) for another 30 minutes at 775 <€.

Step 3 (decouple): At the end of the reduction stage, substrate is transferred out of the heated
region, and then same flow as during the reduced stage is kept for another 2 minutes.

Step 4 (preparation): C,H, (100 sccm, 99.5%, Cryogenic Gases) is introduced to the tube
furnace for 18 minutes.

Step 5 (growth): The substrate is again transferred back to the same spot as it was oxidized
and reduced. The same flow is kept over another 10 minutes for growth.

Step 6: At the end of growth, heat is shut off and the cover of furnace is opened. Substrate is
then transferred out of the heated region. The same flow as in the growth stage is kept for

another 5 minutes, and then switched to 1000 sccm of He until the sample is cooled down.

Moisture can be added during anytime of the entire synthesis process depends on the

requirement of study. If moisture is present during both reduction and growth stages (Step
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2-5), the recipe is called moisture assisted Haynes recipe, and similarly, if moisture is only

present during reduction stage (Step 2), it is Haynes recipe with moisture assisted reduction;

if moisture is only present during the hydrocarbon exposure stages (Step 4-5), it is Haynes
recipe with moisture assisted growth.

Again, as mentioned in Chapter 3, to prevent contamination from batch to batch oxidation is
carried out at elevated temperature (875 <€) in the presence air flow, for a period of 30

minutes.

5.2.2  Material characterization

Scanning Electron Microscopy (SEM) images of the CNT forests are taken by using a Philips
XL30 FEG SEM with a working distance of 10 mm and electron beam voltage of 10 kV, and
FEI Nova 200 Nanolab SEM with a working distance of 5 mm and electron beam voltage of
10 kV. Transmission Electron Microscopy (TEM) images are taken using a JEOL 3011 at 300
kV and 113 mA. X-ray photoelectron spectroscopy (XPS) study is performed by a Kratos
Axis Ultra XPS with Al mono source with current of 8 mA and voltage of 14 kV. The data
generated from XPS are processed by CasaXPS software, which allows calculating the

atomic concentration of elements from the surface of sample substrate.

5.3 Feasibility of grown CNTs on native Haynes556 surface

From the bulk composition provided by Haynes International, it seems that the Haynes 556
alloy itself should be sufficient to support CNT growth, even if not aligned. As listed in Table
5.1, Haynes 556 alloy comprises Fe, Ni, Co and Cr, which are known catalytic elements (Fe,
Ni and Co) and support layer elements (Cr) for CNT growth. However, as characterized by
XPS, the elemental composition on the surface of as arrived Haynes 556 alloy reports the
majority of the surface is composed of carbon (72.5%) and oxygen (26.7). These results
indicate the surface of Haynes556 alloy is not only oxidized, but also heavily contaminated
by carbon. This may be attributed to the transportation and storage process prior to XPS
analysis, and the spectra generated from XPS only penetrated about 10 nm from the surface

of substrate [83, 84], . This result is also illustrated in Figure 5.1a.
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Table 5.1 Elemental composition of Haynes 556 alloy

C Co Cr Fe Mn Ni (0]
Bulk
< 0.49 1801 2495  32.73 1.07 2010  0.00
composition
Surface 72.45 0.22 0.29 0.30 0.00 0.0 26.74
composition

Numbers are in percentage (%). Bulk composition obtained from official data sheet of
Haynes International. Surface composition stands for the as arrived status.
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Figure 5.1: Elemental composition of Haynes 556 alloy. (a), bulk composition of Haynes 556
provided by Haynes International shows this alloy is rich in catalytic and support elements
for CNT growth, while surface composition of as arrived Haynes 556 alloy suggests the
majority of elements on surface is not suitable for CNT growth. (b), elemental composition
on surface treated by air oxidation and He/H; reduction. Treatment of oxidation and reduction
provides a surface more suitable for CNT growth. (c), (d) and (e), High resolution SEM
images of as arrived, air oxidized and He/H, reduced Haynes 556 substrate surfaces.

In order to make the surface suitable for CNT growth, substrates are taken to a furnace and
processed through air oxidation and He/H, reduction, as described in Section 5.2.1
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(Decoupled Haynes recipe Step 1 and 2). XPS characterization is also performed on air
oxidized and air oxidized plus He/H, reduced substrates. The results are plotted on Figure
5.1b. Compares to the untreated substrate, once oxidized by air, a significant increase in Fe
concentration (from 0.30% to 9.89%) is observed from the XPS analysis. At the same time,
due to the continuous hour of oxidation, the presence of oxygen is also increased by a factor
of 2.3. Furthermore, with an additional 30 minutes of reduction by He and H,, there is loss of
concentration in Fe but another gain of Cr, which is an important element that can form
support layer and enhance CNT growth [94]. Detailed compositions of all elements are
shown in Table 5.2. It is interesting that the major metal elements on the surface after both
heat treatments are Fe, Cr and Co, while the presents of Ni is almost negligible. Such results

may be due to the difference of migration speed among different elements.

Table 5.2 Elemental composition of treated Haynes 556 alloy

C Co Cr Fe Mn Ni 0]
Air oxidized 21.35 5.07 0.68 9.89 1.69 0.47 60.84
He/H2 35.57 2.44 2.64 5.94 0.77 0.07 52.57
reduced

High resolution SEM images of untreated, air oxidized and He/He reduced Haynes 556
substrate surface are also shown in Figure 5.1c, d, and e, respectively. It appears that
re-crystallization happens during these heat treatment steps. The untreated surface shows very
random features on a scale of hundreds of nanometers, and after oxidized in air at 825 <€,
new grains formed on the surface, on a scale of a few tens of nanometers up to about a
hundred nanometers. Then the substrate is further reduced by He and H,, and much smaller

nano-features were formed on the surface.

After oxidation and reduction, catalytic (Fe) and supportive (Cr) elements are brought to the
surface of substrate. At the same time, the geometry of nano-features on surface is seen to be
more suitable for CNT growth. Much smaller features, including particle structures ranging
from 10-100 nm are observed after heat treatments, whereas the untreated surface is consisted
of random features with a diameter on the order of hundreds of nanometers. These smaller
features show a similar scale when compared to CNTSs obtained from Haynes 556 alloy. In the
next section, CNT growth will be processed on these heat treated substrates.
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5.4 Aligned and consistent forest growth on Haynes 556 alloy
In this section, the initial successful growth of aligned CNT forests is first demonstrated.
Then, the inconsistency of CNT growth during long term study is brought up, and the role of

moisture during forest production is revealed.

5.4.1 Consistency of aligned forest growth on Haynes 556 fiber mesh

After air oxidation and He/H, reduced, vertically aligned CNT forests can be obtained
directly from native surface of Haynes556 alloy, without any additional support layer or
external supply of catalyst. Figure 5.2a and b show the SEM images of Haynes 556 fiber
mesh before and after CNT growth. TEM images of CNTs are also shown in Figure 5.2e&f.
The CNTs grown from Haynes 556 alloy are found to be multi-walled with approximately
10-15, with diameter of 20-30 nm. Some of the CNTs are found to have an empty cap (Figure
5.2e), while for some cases catalyst particle is also captured in the cap of CNTs (Figure 5.2f).
These TEM images suggest the CNT growth mechanism on Haynes 556 alloy is a mixture of
tip growth and base growth.

This growth is carried out with the standard Haynes recipe, and at this point of research, the
presence of moisture in the system had not been addressed by researchers in our group. As a
result, the standard Haynes recipe was later realized not always working: The aligned forests
shown in Figure 5.2b are obtained during the humid seasons of a year, such as spring and
summer. furthermore, the gas delivery system in our lab was soft tygon tubing. With such
setup the moisture from ambient could diffuse into the gases used for growth compared to
impermeable stainless steel tubing, which was later used in the lab and led to the growth
result shown in Figure 5.2c.

Inspired by the work from my colleagues Ryan Oliver and Erik Polsen [39], and also my
work introduced in Chapter 3, control and recording of moisture is then enabled in the
furnace. Using the calibrated He/H,O tank, now aligned forest can be consistently obtained
from the native surface of Haynes 556 alloy. The record of moisture concentration during
synthesis process is plotted on Figure 5.2g. Although the He/H,O assisted Haynes recipe
provided consistent growth of aligned forests, the exact role of moisture during the entire
synthesis process is not clearly understood yet. In order to further study the importance of
moisture for different stage during synthesis process, a group of experiments is carried out

using decoupled Haynes recipe.
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Figure 5.2: Direct growth of aligned forests achieved on native surface of Haynes 556 fiber
mesh. (a), as arrived Haynes 556 fiber mesh. (b), aligned forests obtained from native surface
of Haynes 556 fiber mesh by standard Haynes recipe. (c), Inconsistent growth result: a few
months later, aligned forest no longer showed up with standard Haynes recipe. (d), Consistent
growth of aligned forests guaranteed by He/H,O tank assisted Haynes recipe. (e), (f), TEM
images of CNTs grown from Haynes 556 alloy. (g), Record of moisture level during
reduction stage and growth stage when using He/H,0O tank assisted Haynes recipe.

5.4.2 Impact of moisture at different stages during synthesis process

Moisture concentration in the growth system can be adjusted by driving a small portion of He
flow through the water bubbler, as introduced in Chapter 2. A series of 3 experiments are then
designed to have rich moisture concentration (~400ppm) during reduction stage, growth stage,
or both reduction and growth stages. Substrates used in this section are 5Smm by 5mm square
samples cut from the flat Haynes 556 alloy sheet (0.12-0.13 by 12.00 by 12.00 inches).
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Applying the decoupled Haynes recipe, the reduction stage and growth stage can be operated
with different moisture concentration without crosstalk. The records of moisture
concentration for these three trials are plotted on Figure 5.3a, and the growth results of these
three experiments are showing on Figure 5.3b-g.

The Haynes recipe with moisture assisted reduction doesn’t provide aligned forests. Zoomed
in SEM image (Figure 5.3c) shows there are tangled CNTs grown around micro/nano clusters
on the substrate surface. These clusters may be a mixture of amorphous carbon along with
metal/metal oxides on the sample surface. On the other hand, the remaining two experiments
both show successful growth of aligned forests. Images from Figure 5.3d&e demonstrate
aligned forest grown by Haynes recipe with moisture assisted growth, and so did images from
Figure 5.3f&g for moisture assisted Haynes recipe. Such results indicate the present of
moisture during the CNT synthesis on Haynes556 alloy is similar to regular CNT forest
growth on Si substrate (introduced in Chapter 3&4). Presence of moisture at the beginning of
hydrocarbon exposure can possibly help etch amorphous carbon deposited on catalyst
particles, thus improving activation. Considering the very high carbon concentration on
He/H, reduced Haynes 556 surface (35.57%, atomic ratio), the presence of water becomes

necessary for CNT forest growth on Haynes 556 alloy.
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Figure 5.3 Importance of moisture during reduction and growth stages. (a), record of moisture
concentration after oxidation stage. (b), (c), SEM images of as grown sample produced by
Haynes recipe with moisture assisted reduction. (d), (e), SEM images of as grown sample
produced by Haynes recipe with moisture assisted growth. (f), (g), SEM images of as grown
sample produced by moisture assisted Haynes recipe.
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5.5 Restore of CNT forest on previously grown substrates

Direct growth of aligned forest on native surface of Haynes 556 alloy can be considered as a
cost-effective manufacturing process. Furthermore, it is also important to think about
recycling and refurbishment of the CNT-Haynes 556 alloy hybrid product. Haynes 556 alloy
could be used in high temperature and chemically harsh environments due to its high melting
temperature and good resistance to carbon/acid corrosion. On the other hand, the CNTs
grown on Haynes 556 surface may not last as long as the Haynes556 media. Although Pall
Corporation did not provide detailed directions for future application, it is still important for
us to consider the case that the CNTs could be worn out due to certain application uses. In the
practical applications, CNT forests grown on the surface can be worn out in many different
ways, including but not limited by mechanical damage, high temperature oxidation, and
chemical corrosion. Considering Haynes 556 alloy itself is a relatively expensive material, an
economic solution will be to re-grow aligned CNT forest on old Haynes 556 samples whose

forests have been damaged.

To test whether CNTs can be grown again after removal from the metal surface, as grown
samples are sonicated in 2-propanol to remove the CNTs (Crest Ultrasonics Model 1100D, 10
minutes, power setting 9). The majority of CNTs are taken off during the sonication, but there
are still remaining tangled CNTs attached with surface of substrate (Figure 5.4a). Such a
substrate treated by sonication is called a “worn out” substrate. The remaining CNTs will be
cleaned off during the air oxidation stage for the subsequent growth process (Figure 5.4b,
sample baked in air at 875 € for 5 minutes). The “worn out” substrate is then sent to the
furnace for refurbishing and follows the Haynes recipe with moisture assisted growth,
resulting in re-grown CNTSs as shown in Figure 5.4e&f. Comparing with forests grown from a
brand new substrate (Figure 5.4c&d), the height of the “refurbish” forest is slightly shorter,

and the alignment of CNTs also looks worse for the refurbish sample.
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Figure 5.4 Restore of CNT forests on a piece of as grown substrate. (a), SEM images of as
grown substrate after sonication. (b) sonicated sample after short baking in air. (c), (d), CNT

forest grown from a brand new Haynes556 substrate. (e), (f), CNT forest grown from a “worn
out” Haynes556 substrate.
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One reason for the degradation of growth results could be the loss of catalyst particles. As
shown in Section 5.4.1, a portion of the CNTs grown from Haynes 556 alloy is due to the
tip-growth mechanism. Catalyst particles will be kept in the cap of CNTs when growth
followed such a mechanism. Then after the CNT forest are “worn out”, the catalyst particle
density on surface of Haynes 556 substrate is going to be lower. For the refurbish process
starts on a degraded surface, it is reasonable to expect the quality of CNT forest will be
poorer. The change of elemental composition on substrate surface could be another reason for
the growth degradation. As listed on Table 5.2, concentration of Fe is decreasing from air
oxidation to He/H, reduction, while the concentration of Cr is increasing. The refurbishment
process will repeat the Haynes recipe with moisture-assisted growth again, which may cause

a further decay of Fe concentration on the substrate surface.

5.6 Impact of heat treatment on forest growth kinetics

Previous study on refurbished substrates indicates the duration of heat treatment has
significant impact on growth results. In order to further explore the impact of heat treatments
prior to CNT growth, a series of experiments are performed using the Haynes recipe with
moisture assisted growth. Results in Figure 5.5 show that the duration of heat treatment

significantly affects the height of forests. Detailed data are also shown in Table 5.3.

Growth results from no oxidation and no reduction show there is any forest grown on Haynes
556 alloy. This agrees with the discussion about feasibility of growing aligned forest on

native Haynes 555 surface, as mentioned in Section 5.3.

Aligned forests are found with 30 minutes oxidation only recipe, which indicated the
reduction of metal oxides can also happen during hydrocarbon exposure. On the other hand,
short but aligned forests are also observed from samples treated only with 30 minutes of
reduction but no oxidation. The existence of aligned forest indicates that a sufficient amount
of Fe and Cr to support aligned forest growth is brought onto the surface of substrate during
the 30 minutes of He/H, annealing. Then the presence of moisture helps to etch off the carbon

contamination on substrate surface and activate catalyst particles for forest growth.

Furthermore, when both oxidation and reduction are performed before hydrocarbon exposure,

there are always aligned forests grown on the Haynes 556 alloy. As heat treatment duration
79



increases, taller and taller forests can be obtained. Since all experiments are carried out with
the same 10 minutes of growth time, the increased heat treatment duration is suggesting faster

growth rate of forests.

Figure 5.5 Forest height affected by heat treatment. For the forests grown on brand new
Haynes 556 substrates, increased heat treatment duration from 0-60 minutes will help to
obtain taller forests.

Table 5.3 Impact of heat treatment duration on forest height

) He/H2 reduction time (min)
Forest height (um)
0 30 60
Air 0 0.00 17.43 N/A
oxidation 30 103.77  105.00  129.33
time (min) 60 N/A 150.67  189.50

5.7 Conclusion and future directions

In this study, direct growth of aligned forest is first proved to be possible on native surface of
Haynes 556 alloy, without deposition of support layer or external source of catalyst. Study on
controlled supply of moisture then reveals the present of water during growth stage is critical
to obtain aligned forests. This growth technique is also able to re-grow aligned forest again
on a previously grown substrate, after the CNT forests are removed by sonication.
Considering Haynes 556 based product may be used in harsh environments that lead to
etching of CNTs, re-growth of CNTs on a previously worn out Haynes 556 substrate is a

cost-effective solution in large scale manufacturing. Finally, a study related with heat
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treatment is carried out, showing that it’s necessary to provide heat treatments before
hydrocarbon exposure in order to obtain aligned forest. Within the studied time frame of 0-60
minutes, increased heat treatment duration for either oxidation or reduction can both improve
the growth rate of CNT forest.

Although a simple technique is developed to grow aligned forest on Haynes 556 alloy in this
study, there are still things to be discovered in the future. The issue of degradation of catalyst
density after growth needs to be solved, in order to provide consistent quality of products
even after refurbishment. This topic can be studied together with the impact of heat treatment
on growth behavior. The growth kinetics affected by heat treatments can be related with the
evolution of elemental composition on surface of Haynes 556 alloy, and provide further
feedback to improve the forest manufacturing technique on Haynes 556.

81



CHAPTER 6
CARBON NANOTUBE ENHANCED POROUS STAINLESS STEEL
FILTER FOR GAS PURIFICATION

Work described in this chapter seeks to improve the particle capture efficiency of commercial
stainless steel filter (Pall Corporation) by direct growth of carbon nanotubes. The project
sponsor, Pall Corporation, stated the goals as maximizing particle capture efficiency while
limiting the pressure drop across the enhanced filter to be less than 15-20 psi. In order to
achieve the goal of this project, tangled CNTs are grown from the native surface of sintered
porous stainless steel material. Uniform synthesis of CNTs throughout a centimeter-scale
filter assembly is first demonstrated. Then, it is found that the pressure drop is related to the
CNT synthesis conditions, including growth time and moisture concentration. After that,
retention tests are applied to the CNT enhanced porous filter and demonstrate the particle
capture efficiency can be improved up to 8 orders of magnitude. Finally, a model showing
relationship between pressure drop, particle capture efficiency and CNT packing ratio is

established, and provides an analytical explanation about the behavior of particle capture.

6.1 Background and introduction

Particle capture and filtration technology is widely used in nowadays industrial applications
[97, 98], such as water purification [99, 100], gas coalescing [101], and exhausts gas
treatment [102, 103]. Among all different materials used to make filtration deceives, stainless

steel is one of the most attractive choice due to its inexpensive price.

This project was motivated by Pall Corporation, seeking to improve the performance of their
existing stainless steel micro porous filter. These filters are called ‘PSP cups’, and are made
of sintered micro-scale stainless steel powder. The picture of PSP cup and its microstructure
can be found in Figure 6.1a&b. The body of the PSP cup filter includes two parts: a closed
piece of porous media and a circular holder plate. This PSP filter is used to capture particles
from high-purity gas streams, as schematically shown in Figure 6.1c. This device can be used

to remove solid impurities from gas steam, such as suction flange of rotary pump, filter media
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of air conditioner, exhaust gas treating apparatus. According to the information provided by
Pall Corporation, when tested with aerosol of 20 nm in diameter, only about 10% of solid
particles are remaining in the gas stream after passing through the PSP filter, and the pressure
drop across the filter is less than 1 psi (details will be described in Section 6.2, Methods and
experiments). My project aims to improve the performance of PSP filter, by maximizing the
particle capture efficiency, while remaining the pressure drop across the enhanced filter to be
less than 15~20 psi.

Figure 6.1: Micro porous filter provided by Pall Corporation (a), photo image of micro
porous filter. (b), SEM image of micro porous filter surface. The filter is made of sintered SS
micro particles, with an average diameter about 20 um. (c), sketch of filtration process.
Stream of gas with solid particles is driven through the micro porous filter, and about 90% of
the particles will be captured by this micro porous filter. (d), goal of this project: enhance the
filtration performance by integrating tangles CNTs to original micro porous filter.

In order to improve the performance of the filter, a smaller pore size and higher packing
fraction is demanded. Because the original PSP filter is made of sintered micro SS powder,
the pore size can be decreased to nanometer scale by growing CNTs on the original filter.
Tangled CNTs will fill into the micro pores on the PSP cup filter, and form 3D nano-porous
structures. Considering the filter was operated at a pressure about 40-50 psi, strong adhesion
between CNTs and the porous filter is required, in order to avoid CNTs coming off the SS
substrate during particle capture process. Furthermore, limited by the cost of product, the

manufacturer also required the CNT growth technique to be as cost-effective as possible.
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Taking advantage of SS powder material, which is a good source of catalyst for CNT growth,
the best way to achieve strong adhesion between CNTs and the filter with a low cost
manufacturing process is to grow CNTs directly on the native surface of PSP filter without
external catalyst.

Growth of CNTs on SS substrates has been extensively studied by previous researchers.
CNTs can be grown from SS substrate with external support and /or catalyst [92, 104-107].
For example, Lee et al reported aligned CNTs grown from SS mesh with electron beam
deposited Al,O3; support and Fe catalyst [104]. Masarapu et al [105, 108] achieved
multi-wall CNTs using ferrocene and xylene on SS foil with surface cleaned by sulfuric acid.
Lepro et al [92] didn’t use external catalyst but they deposited thin SiOx on SS foil as buffer
layer. On the other hand, direct growth of CNTs without any external catalyst or support can
still be achieved with various different conditions. Yuan [109], Park [110], Vander [111] and
Baddour [112] demonstrated CNT growth on SS 304 substrates without external catalyst.
Karwa et al [113] reported aligned CNT forest growth on SS 316 tubing, using C,H, at
pressure of 275 kPa. Camilli et al [114] also reported CNT growth on SS 316 substrate, but
they chose to supply C,H, at 12 torr (1.6 kPa) and obtained tangled CNT growth. The PSP
cup filters are made of 316L stainless steel, which is very similar compared to the SS
substrates that had been studied in the past. Integrating CNTs on the native surface of PSP
cup body is not the most challenging aspect of this project. Rather, controlling of CNT
morphology which influences the relationship between filtration performance and pressure
drop is most critical. As described earlier, this project aims to tangled CNT growth on porous
media instead of aligned forest growth, so C,H, is chosen to be the hydrocarbon source
instead of C,Ha.

In this study, tangled CNTs are directly grown uniformly throughout the entire porous filter,
without requiring any external catalyst or support layer. In order to achieve such growth
results, additional oxidation/reduction on porous media is required prior to CNT growth. In
this chapter, a design of quartz holder is first introduced for PSP cups, which provided
non-contact alignment of the cup body in the CVD system and enabled uniform growth. Then
the fabrication process is introduced, along with a demonstration of uniform growth. After
that, a series of study related with pressure drop across the enhanced filter is carried out. This
study indicates the proper growth time and moisture concentration that would meet Pall’s

requirements. Later, retention tests are performed CNT enhanced PSP cup filters, showing
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that the filtration performance of the original filter could be improved by CNTs as high as 8
orders of magnitude. But the greater improvement of filtration performance is always
accompanied by greater pressure drop. Finally, an analytical model is developed, and
explains why it is not possible to achieve great improvements of filtration performance while

maintaining relatively low pressure drop.

6.2 Methods and experiments

6.2.1  Design of sample holder

As shown in Figure 6.1a, the porous filter is welded on the holder plate, and the whole body
of PSP filter becomes a “T” shape. When laying this T-shape body on a typical flat quartz
boat (Shown in Chapter 2), there is always going to be a spot on the porous media that direct
contacts with the quartz boat, and further leads to uneven growth around that spot. Such
defect growth effect can be observed in Figure 6.2a, labeled with red circle. It is clear that the
contacting spot showed a much lighter color compare to surroundings, which suggested much
less dense of CNT growth. Furthermore, in such an orientation, the whole filter is going to
experience uneven flow and temperature distribution through its own body, which may cause

non-uniform CNT growth.

In order to achieve uniform growth on this porous media, a specialized quartz holder is
designed for PSP filter, as shown in Figure 6.2b. During the growth process, the holder plate
is sitting in a pair of slots on the holder, and keeps the porous media lying parallel to the
direction of flow. Because the porous media would have no physical contact with the quartz
holder, gas stream is going to flow all the way around the porous media, and then uniform
growth of CNTs could be achieved.
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Direction of flow

Figure 6.2: Design of PSfiIer holder. (a), defect detected from as grown PSP filter if the
substrate is laid down directly to a typical flat quartz holder. (b), specialized quartz holder for
PSP filter. (c), alignment of PSP cup on special holder.

6.2.2  Growth recipe
All growths were carried out with the transfer arm system as described in Chapter 2. The
experiments generally followed the same style of recipe as shown below, and in some cases

the recipe is adjusted according to specific requirements of study:

Step 1 (oxidation): PSP filter is loaded at 7cm downstream from the center of the furnace. It
is oxidized in air (100 sccm, extra dry air, Cryogenic Gases) at 500 €€ over 60 minutes, and
cools down to room temperature.
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Step 2 (purge): Sample still sits at the same spot as previous step. He (1000 sccm, 99.999%
Cryogenic Gases), C,H; (50 sccm, grade AA acetylene, dissolved, Cryogenic Gases) and CO,
(50 sccm, carbon dioxide USP grade 2.2, Cryogenic Gases) are used to purge the system for 5
minutes at room temperature.

Step 3 (reduction): After that, the flow is switched to He (100 sccm) and H, (400 sccm,
99.99%, Cryogenic Gases) for another 5 minutes. The furnace is then heated to 775 <€ over
10 minutes with the same flow. After the temperature reaches 775 <€, the temperature and
flow are both held the same for another 10 minutes.

Step 4 (decouple): At the end of the reduction stage, substrate is transferred out of the heated
region, and then same flow as during the reduced stage is kept for another 2 minutes. Then,
20 sccm of C,H, and 20 sccm of CO,, are also added to the system. 1 minute later, H, is shut
off and the flow rate of He is increased to 560 sccm. This flow is kept for another 7 minutes.
Step 5 (growth): Sample is then transferred to the same spot as it was oxidized and reduced.
Same flow is kept over another 3 minutes for growth. The duration of growth can be adjusted
according to requirement of study.

Step 6 (post-treatment): At the end of growth, power to the furnace is shut off and the cover
of furnace is opened. Substrate is then transferred out of the heated region. The same flow as
in the growth stage is kept for another 5 minutes, and then switches to 1000 sccm of He until

the sample is cooled down.

Growth on the PSP filter can also be assisted by the present of moisture. In order to introduce
a controllable amount of moisture to the growth system, the regular He tank is replaced by a
calibrated He/H,0O tank (A31 100 ppm H,O in Helium, certified mixture, CGA 580 top

pressure 500 psi, Cryogenic Gases).

Furthermore, the concentration of carbon source can also be adjusted depending on the
objective of study. The flow rate of C,H, and CO2 is always kept as 1:1 in this study, and the
total flow rate during growth is always 600 sccm. So the concentration of hydrocarbon can be
defined as flow rate of C,H, over total flow rate. In this study, 3.3% (20 sccm) and 1.7% (10

sccm) of C,H, concentrations was used for CNT growth.

Again, as mentioned in Chapter 3, to prevent contamination from batch to batch, oxidation is
carried out at elevated temperature (875 <€) in the presence air flow, for a period of 30

minutes.
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6.2.3  Characterization

Scanning Electron Microscopy (SEM) images of the CNT forests are taken by using a Philips
XL30 FEG SEM with a working distance of 10 mm and electron beam voltage of 10 kV, and
FEI Nova 200 Nanolab SEM with a working distance of 5 mm and electron beam voltage of
10 kV.

Pressure drop across the CNT-enhanced PSP filter was generated by a flow cell setup. The
layout the flow cell setup is shown in Figure 6.3. The PSP filter is installed in the holder cell
provided by Pall Corporation. There is a pair of pressure transducers before and after the PSP
filter, in order to record the pressure drop across the filter. The flow through this filter cell can
be controlled either by the manual flow controller or digital flow controller. A pair of
three-way valves is also installed before and after each flow controller, so the controllers can

be enabled or bypassed.

Manual flow controller

Figure 6.3 Setup of flow cell used to test pressure drop across PSP filter.

The pressure drop test follows the procedure below:

Step 1: The as grown CNT-PSP filter is installed in the holder cell. Manual flow controller is
enabled and digital flow controller is bypassed. Inlet pressure is set to 50 psi. 5 L/min of air
flow is processed through the filter for half an hour. Then the air flow is stopped.

Step 2: Manual flow controller is bypassed and digital flow controller is enabled. 6 L/min of
air flow is processed through the filter for half an hour, and readings from pressure
transducers are recorded by a Labview program.

Step 3: The air flow is shut off, and both manual and digital flow controllers were bypassed.
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The system is left standing by for another 10 to 15 seconds so that the remaining pressure
built up in the holder cell is released. Then the holder cell is unfastened and the filter was
taken out.

The pressure drop across the filter is obtained from an average of data recorded from the 24"

minute to 26" minute.

Retention (particle capture) test is carried out by Pall Corporation at Cortland, NY. NaCl
aerosol particles are generated with air flow, and then driven through the enhanced filter at a
flow rate of 5 L/minute with a head pressure of 50 psi. The diameter of NaCl particles is
about 20 nm, and the concentration of NaCl particles in the air flow is 7.8x10’ particles/L.
There is a particle detector downstream to count the concentration of particles after the
enhanced filter. The performance of enhanced filter is described by retention rate, which is
upstream the concentration of NaCl particles over the downstream concentration of NaCl
particles. The whole retention test takes 15 minutes, and the final retention rate is the average

of the record from the entire 15 minutes.

6.3 CNT growth results on PSP cups

At the starting stage of this project, growths were carried out when the PSP cup directly laid
on the inner wall of quartz tube or sit on top of a flow quartz boat. As introduced in Section
6.2.1, non-uniform growth of CNTs can even be observed by eye. So a specialized quartz
holder shown on Figure 6.2b&c is designed to provide uniform growth of CNTs on PSP
filters. Uniform and tangled CNTs are obtained throughout the entire body of porous media
with this holder, as shown in Figure 6.4. Figure 6.4a is a photo picture of cracked PSP porous
media before growth, and this picture is used to show the spots that were going to be taken
SEM images after CNT growth. Here the photo picture was taken on a different filter before
growth because the CNT enhanced porous media is too dark to provide a detailed photo
image. The enhanced filter is grown for 5 minutes, and then cracked for SEM imaging. Three
spots are chosen here in order to demonstrate the uniformity of CNT growth: Figure 6.4b
stands for the growth on outer surface of the filter, Figure 6.4c stands for the growth
penetrated into the body of the filter, and Figure 6.4d stands for the growth on the inner

surface of the filter.

From Figure 6.4b, c and d, it is clear that the densities of tangled CNTSs are similar among all

these spots. More spots through the wall of this hollow cylindrical filter are also examined,
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and the growth turns out to be very uniform from the top to the end of the porous filter, as

best as can be determined from SEM images.

Figure 6.4 Uniform growth of tangled CNTs achieved through the entire porous media. (a),
photo picture of a cracked filter before growth. The picture is taken to demonstrate the spots
that are going to be examined for uniformity of growth. Labels b, ¢ and d stands for the spots
where SEM images in b, ¢ and d are taken. (b), (c), and (d), SEM images of as grown sample.
The density of tangled CNTs looks similar at each different spot.

6.4 Pressure drop across the enhanced filter

6.4.1 Evolution of pressure drop according to growth time

The density of CNTs grown in micro porous between sintered SS powder is going to change
according to growth time, and density (packing ratio) of CNTs in porous media is going to
determine the pressure drop across the filter and the particle capture efficiency of the filter. It
is necessary to understand the impact of growth time on pressure drop in order to
manufacture the enhanced filter that meets the requirements from Pall. A group of
experiments with different growth time from 30 seconds to 7 minutes is carried out, and the
result is shown on Figure 6.5a. The pressure drop of the enhanced filter increases according
to growth time for the first 5 minutes, and then decreases for the growth time greater than 5
minutes. Figure 6.5b shows a record from the 30 minutes pressure drop test on an enhanced

filter grown for 3 minutes.
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The pressure drop of the enhanced filter had a relatively small increase for growth time less
or equals 2 minutes. Less than 5 psi of pressure drop is observed for enhanced filters with
growth time of 1 and 2 minutes, while pressure drop for filters grown for 3 minutes or more
is above 15 psi. This is due to the warm up of the porous media. As mentioned in Section
6.2.2, samples at room temperature are going to be transferred into furnace for growth.
Unlike the 8mm by 4mm by 0.5mm silicon chips studied in Chapter 3&4, the PSP filters in
this project take much more time to heat up due to their much heavier mass (~40 mg for Si
chips and ~800 mg for PSP cups). According to the pressure drop from Figure 6.5a, it might
take about 2 minutes for the temperature of the PSP filter to rise from room temperature to
growth temperature. The decay of pressure drop after 5 minutes indicates the growth of CNTs
is terminated, and the existing CNTs will be destroyed in the growth atmosphere after catalyst

is deactivated for growth.
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Figure 6.5 Pressure drop across enhanced filter affected by growth time, moisture
concentration and hydrocarbon concentration. (a), Pressure drop according to different
growth time. (b), record of pressure drop collected from an enhanced filter grown for 3
minutes. (c), variance of pressure drop among repeated experiments with the same condition.
(d), pressure drop affected by moisture and gas delivery control.
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6.4.2  Consistency of production

From the study of different growth time, 3 minutes of growth looked like the most
appropriate growth time in order to improve the performance of PSP filter while keeping the
pressure drop still below 20 psi. So another series of repeat study is carried out to test the
reliability of this technique. Unfortunately, the performance of pressure drop is very
inconsistent according to repeat experiments. As plotted in Figure 6.5¢, 10 repeat experiments
are taken during one month of study with the same growth conditions, but the pressure drop
varies from about 8 psi to 22 psi, with a mean value about 15psi. Such fluctuation will not be
acceptable in industrial production, and further study is necessary to understand the possible

factors that cause the huge fluctuation.

6.4.3  Impact of moisture and residue impurities in CVD system on pressure drop

Similarly as the study mentioned in Chapter 5, the collaboration with Pall was initiated earlier
than the study of growth consistency (Chapter 3). So at the beginning of this study, the
importance of moisture in growth system was not addressed, and the work of consistency
improvement in our lab [39] had not yet completed. Going along with other studies that
improves the general consistency of experiments in our lab, enhanced PSP filters are
produced in varies condition during the 1.5 years of study, and the results are shown in
Figures 6.5d. For the discussion in this section, it is assumed that higher pressure drop is
caused by higher packing fraction of CNTs. The analytical model that is going to be

introduced in Section 6.6 states this assumption is correct.

The #050, #078 and #100 stand for the different batches of raw PSP filters provided by Pall
Corporation, and the concentration of C,H; indicates composition of gases supplied during
growth, as introduced in Section 6.2.2. At the beginning of this study, regular He supply (dry
He) is used for CNT growth. And as study goes on, the importance of moisture is noticed, and
calibrated He/H,O tank is used in order to obtain different moisture concentration during
growth.

The pumped/unpumped label states the status of common gas delivery system in our lab. As
introduced in Section 6.2.2, the flow rate of C,H, and CO; is low compare to other gases, and
these two gases are seldom used for other projects in our lab (10~20sccm and 100~1000
sccm). As a result, moisture and other residues from the ambient could diffuse into the gas

delivery lines, which then cause unpredictable fluctuation of growth results. Furthermore,
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since the C,H, and CO, lines are rarely used, the contamination from ambient is going to
cumulate even more significant compare to He or H; lines which are frequently used at a
relatively high flow rate. The pumped label indicates the gas delivery lines are regularly
pumped down every two weeks, so that the gases in delivery lines could be regularly vented
and then refilled with gas tanks. The unpumped experiments (#100 batch samples) were
completed before the pump down policy is established in our lab, which suggests the gas

composition in C;H; and CO; lines could be very random.

As shown on the left part of Figure 6.5d, the unpumped experiments lead to a pressure drop
from 12 psi to 40 psi. Such huge fluctuation may be contributed by the residues and
impurities in C,H, and CO; lines. Gases delivered through these lines might bring unstable
levels of oxygen caused by the diffusion from ambient air to the growth system. Presence of
oxygen will not be detected by the hydrometer, but will take an important role during CNT
growth. Comparing the samples produced with and without regular pump down, it is clear
that for the same moisture concentration, the regularly pumped down lines can provide much
better consistency with respect of pressure drop for enhanced PSP filters.

Then looking at the samples produced with pumped lines only. A “U-shaped” relationship
between pressure drop and moisture concentration is observed. Pressure drop across the
enhanced filter is about 10-15 psi with less than 20 ppm of moisture during growth. As
moisture concentration increased to about 40-50 ppm, the pressure drop of the samples
decreases below 10 psi. Then as moisture increases to 70-90 ppm, another significant
increase of pressure drop is observed. The detailed reason of such trend between pressure
drop and moisture level is not clearly understood yet. My hypothesis is the presence of
moisture can impact the CNT growth via multiple mechanisms during the CVD process, and
some of the mechanisms may have opposite response as the concentration of moisture

increases.

Besides the data plotted on Figure 6.5d, there are also samples from batch #078 and #050 that
are prepared with 40-50 ppm moisture and 1.7% of C,H,. The pressure drop of these samples
was about 2-4 psi, slightly lower than 5-8 psi that obtained from #078, 3.3% C,H, and
40-50ppm of moisture. The data obtained from 1.7% C2H2 was not plotted on Figure 6.5d
since the trend was straight forward: diluted supply of hydrocarbon during growth would lead

to less intense growth of tangled CNTs and lower pressure drop across the CNT enhanced
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PSP filter. From the record of repeat experiments, fluctuation still exists even with pump
down of gas delivery system and control of moisture between 40-50 ppm. The remaining
fluctuation might be due to the following reasons: First, the fluctuation came from the raw
PSP filters. The raw filters have a pressure drop about 0.5-0.6 psi, which is a much narrower
distribution. But such fluctuation in pressure drop is based on micrometer scale features, and
could be scaled up after grown with tangled CNTs. Second, human error introduced during
synthesis. The current design of transfer arm is operated manually, which would introduce a
batch to batch error when transferring samples in and out during synthesis process. Growth
kinetics could be very different with different temperature that the filter arrives at the growth
spot, and this arrival temperature could be significantly affected by the transfer in speed

before growth stage.

6.5 Particle capture performance of enhanced filter

Enhanced PSP filters with different pressure drops are taken to Pall Corporation for retention
test. Although the final product requires an operation pressure drop no greater than 15-20 psi,
it is still valuable to study the retention property at different pressure drops. Several tests are
taken with enhanced filters with a pressure drop from 2 psi to about 50 psi, and the results are

shown on Figure 6.6 along with the performance of raw PSP filters.
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Figure 6.6 Retention rate of enhanced PSP filter versus pressure drop. Retention rate always
increases with increased pressure drop across enhanced filter, but the improvement of
retention is most significant during the first 10 psi.

As explained in Section 6.2.3, the retention rate is calculated by the concentration of particles
in upstream over that in downstream. From Figure 6.6 it is clear that the raw PSP filter has a
retention rate about 10, which means 90% of the particles are captured. The performance of
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enhanced filter grown for 2 minutes is closed to the raw filter, which indicates the amount of
CNTs grown on this filter might be very limited. On the other hand, PSP cups from the
same batch (#056) grown for 5 minutes show incredible improvement of retention
performance. Although the pressure drop of the 5 minutes #056 group is too high to meet the
requirement for this project, it is still stating tangled but dense CNTs are very good material

to capture particles about 20 nm in diameter.

Generally, an increased retention rate is demonstrated along with increased pressure drop of
enhanced filter. But the improvement of retention performance is more significant during the
first 10-20 psi of pressure drop. Pall Corporation is satisfied with the enhanced filter
produced by 3.3% C,H, with 40-50 ppm of moisture, which provides a retention rate about
10°~10" while only have a pressure drop around 10 psi (labeled with red circle in Figure 6.6).
In order to further understand the limit of this improvement, an analytical model is
established to describe the behavior of pressure drop and retention performance based on

CNT packing ratio in the enhanced filter.

6.6 Modeling of pressure drop and particle capture

The retention test is completed with an air flow that contained NaCl aerosol. There are no
additional electrical or magnetic fields applied during the test, so the model is established
based on particle capture by mechanical means. Single fiber efficiency is used to connect the
relationship between CNT packing ratio and pressure drop and particle capture efficiency
[115].

Since the model is not established for a precise prediction for the exact performance of the
CNT enhanced PSP filter, but just an analytical explanation about why it is not possible to
achieve high particle capture efficiency and low pressure drop at the same time, some
simplifications are applied to the model in order to reduce the complexity. Both CNTs and
NaCl aerosols are assumed to be monodisperse. The diameter of CNTs is assumed to be 30
nm, while the NaCl particles are assumed to be 20 nm. The dimension of raw PSP cup is
measured by a digital caliper. The filter has a length of 31.0 mm, wall thickness of 0.4 mm
and inner diameter of 2.1 mm. The concentration of NaCl aerosol is 7.8x10" particles/L,
which equals to 1.3x10™*® mol/L. Such low concentration will not affect too much on the
density of air steam flowed through the CNT-PSP filter, so | assume the density of air

remained the same.
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The model assumes CNTs are grown uniformly across the entire filter, which agrees with the
results shown in Section 6.3. The pressure drop is calculated by the following equation,

which considers the air flow met the CNTSs at arbitrary inclination:

Ap = 2ncht (Equation 6.2)

- 1 c2
RZ[-21n(c)-0.75+c——]

Here n is the viscosity of air, c is the packing fraction of CNTs in porous filter, h is the
thickness of filter, U is the velocity of air when entered the filter, and R is the radius of a
CNT (assumed to be constant). Pressure drop of the CNT enhanced filter is calculated when
the CNT packing fraction is varied from 0.00001 to 0.02, and then normalized at the end of

calculation.

The particle capture by mechanical means had three mechanisms: interception, inertial
impaction and diffusional deposition, as shown in Figure 6.7a. Interception happens when a
particle follows the flow stream around the fiber and then touches the fiber. Impaction
happens when a particle goes on a straight path and impacts with the fiber. The diffusional
deposition happens when a particle is not tightly held by the flow stream and diffuses through
a random path to the fiber. Detailed description of the three mechanisms are described by
Brown et al [115].

In this model, diffusional deposition is obtained by the following equation:

2

1
Ep = 2.32C 3Pe 3 (Equation 6.3)
The C is also called hydrodynamic factor, and in this model I chose to use Kuwabara’s theory.
So { is calculated by:

2
—0.51n(c)—0.75+c+%

(= _— (Equation 6.4)

Pe stands for Peclet number, which is:

Pe = ? (Equation 6.5)
And D is the coefficient of diffusion:

D = pkgT (Equation 6.6)
T is temperature in Kelvin, and kg is the Boltzmann constant. p is the mobility of particles,
which is:

w= 3ncnndp (Equation 6.7)
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Here dy, is the diameter of particles that will be captured, and Cn is the Cunningham

correction factor:

Bdp
Cn=1+22 4225 (Equation 6.8)
dp dp

Where A=1.246, Q=0.42, B=0.87 and A , the mean free path of molecues at normal

temperature and pressure, is 0.065 um.

The capture mechanism of interception and inertial impaction is calculated together:

Ejr = Eg + 2772]S, (Equation 6.9)
_ dp’pU .
St = 16nds (Equation 6.10)

J = (29.6 — 28c¢%®2)Ng — 27.5Ng*® (Equation 6.11)

Ngr = z—‘; (Equation 6.12)
Here ds is the diameter of CNTs, and p is the density of air. Eg is the particle capture by

direct interception:

_ (1-0Ng? :
R = RueNg™ (Equation 6.13)
2
Ku = —éln(c) —0.75+c+ % (Equation 6.14)
2 .
m=_Ts (Equation 6.15)

Finally, the total particle capture efficiency calculated by the single fiber theory is a sum up
from all three mechanisms:

E=Ep+ER (Equation 6.16)
Since interception and inertial impaction capture are more significant as particle size
increases, and the aerosol used in this study is nano particles, the capture efficiency
contributed by diffusional deposition is more significant than that by interception and inertial
impaction. As CNT packing fraction increases, the contribution to particle capture efficiency
by interception and inertial impaction also increases. As a result, diffusional deposition
contributes to 91.4% of the of total particle capture efficiency at packing ratio of 0.00001,
and 67.8% at packing ratio of 0.02 (Figure 6.7b). The capture efficiency is also normalized at
the end of calculate, in order to compare with the trend from pressure drop. The result was

plotted on Figure 6.7c.
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From the normalized plot, it is predicted that the pressure drop across the enhanced filter
increases almost linearly according to CNT packing fraction. On the other hand, particle
capture efficiency starts to increase as an exponential curve when the CNT packing fraction is
very low (less than 0.0025). And then as more and more CNTSs are filled in the porous filter,
the slope of capture efficiency becomes much smaller compared with that at low CNT
packing fraction. Such modeling result qualitatively explains the retention test: when a small
amount of CNTSs is grown on the PSP cup, the pressure drop increased due to the CNTSs is
also at a relatively low level (from <1 psi to about 10 psi, Figure 6.6). And due to the
significant improvement of particle capture efficiency at low CNT packing fraction, the
retention rate increases from 10" to 10’. But when much more CNTSs is grown on the PSP cup
(pressure drop reaches 40-50 psi), the additional improvement on retention rate is much
limited (from 10" to 10°).

The model also suggests the filter design for future applications: at the same level of CNT
packing fraction, in order to obtain better particle capture performance, the CNTs grown on
the porous filter should be relatively loose but long, instead of short and dense. Because when
the total length of CNTs is kept as constant (same overall packing fraction), short and dense
CNTs mean a much higher local packing fraction, which will be an optimal case to aim for

high particle capture efficiency while keeping pressure drop at relatively low level.

There are also limitations of the model. Both pressure drop and particle capture efficiency are
derived from CNT packing fraction in the model, but the actual CNT packing fraction of as
produced enhanced filter is unknown. The model describes the ability of particle capture in
unit less numbers, but due to the missing information of CNT packing fraction on as
produced enhanced filters and the physical properties of particle and fiber, the particle
capture efficiency can not be converted to quantitative prediction of retention rate of an
enhanced filter. For example, there is no data obtained for the pressure drop between 20 and
35 psi on Figure 6.6, and the model can not predict the corresponding retention rate for that
range of pressure drop. Addition to pressure drop and retention rate, the CNT packing
fraction of enhanced filter also needs to be evaluated in order to provide quantitative

prediction on the performance of enhanced filter.

6.7 Conclusion and future work

In this chapter, uniform growth of dense tangled CNTs is demonstrated on the native surface
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of PSP porous filters without external catalyst. A specialized quartz holder is designed in
order to achieve this uniform growth. Possible factors that affect the pressure drop of
enhanced filter are studied such as growth time, residue in gas lines, and moisture during
growth. Performance of the enhanced filter can be adjusted by these factors according to
requirement from real applications. The pressure drop across enhanced filter produced with 3
minutes of CNT growth is found to achieve the minimum value with 40-50 ppm of moisture
during growth, and this group of enhanced filter can improve the retention performance by
4~6 orders of magnitude while maintaining the pressure drop only about 10 psi. The results
of study satisfy the sponsor of this project. Finally, an analytical model is established to
explain the behavior of pressure drop and retention rate based on packing ratio of CNTs in the
enhanced filter. This model also explains why the improvement of retention is much more
significant in the regime of low pressure drop, and suggests the CNTs grown on filter should
be long and loose instead of short and dense. In the future, a continuous manufacturing
prototype can be further designed in order to transfer the technique from lab scale study to
industrial production. The batch to batch consistency of the enhanced filter would also benefit
from the continuous production, since the gas supply would be more stable during continuous

operation compare to lab scale production.
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CHAPTER 7
CONTRIBUTIONS AND OUTLOOK

7.1 Contributions of this thesis

This thesis has presented an understanding of how fluctuations of moisture transients
influence the consistency of CNT forest growth, and adapted this understanding to a new
process that achieves highly consistent high density CNT forest production. In parallel, and
with benefit of the above understanding, processes were developed for CNT synthesis
directly on bulk Haynes 556 alloy without external source of catalyst. Furthermore, uniform
coating of tangled CNTs can be achieved on a commercially produced stainless steel micro
porous filter and the particle capture efficiency of this filter can be improved for several

orders of magnitude.

The major contributions of this thesis include:

® The design and fabrication of a transfer arm assisted CVD system, which allows
rapid insertion and removal of the substrate from the heated zone of the furnace.
This capability enables separation of catalyst annealing and CNT growth steps while

the furnace atmosphere is interchanged.

® The understanding of influence of moisture transients on CNT growth consistency

and height kinetics:

® The decoupled method reduced the run-to-run variance of forest height by 76%
compared to reference process. The improvement on consistency was achieved
by decreasing the transient of moisture concentration during 10 minutes of CNT

growth stage from 100 ppm to 15 ppm.

® The decoupled method improved the growth kinetics of forest height by

21%~63% compared to reference process, under different moisture conditions.
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® \When substrate was annealed with moisture level less than 15 ppm, kinetics of
forest height was similar for growths at moisture level from 40 to 450 ppm.
These kinetics of heights were 30% greater than growth with moisture level less

than 15 ppm.

Developed a method significantly increased CNT forest density by carbon preload

annealing and moisture assisted growth:

® Moisture was necessary during catalyst activation phase of CNT growth, but
presence of moisture after activation was negative on kinetics of forest height.

® Density of CNT forests produced with carbon preload annealing was 3~4 times

as much as that produced without preloading of carbon.

® Raman spectroscopy and TEM showed graphitic structures were formed on

catalyst particle after carbon preload annealing.

Developed a process for direct synthesis of CNT forest on the native surface of

Haynes 556 alloy, which is used for filtration applications by Pall Cooperation.

® Growth was enabled by air oxidation at 825 <€ and He/H2 reduction at 775 €

on substrate surface before hydrocarbon exposure.

® Consistent aligned forest was achieved by supplying 300-400 ppm of moisture
during CNT growth stage.

® Demonstrated that forests can be regrown after previously grown CNTs were

removed.

Established a process for growth of a uniform tangled CNT coating on stainless steel
porous filter.

® Novel design of sample holder that provides uniform CNT growth throughout
the entire body of stainless steel micro porous filter.
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® Demonstration of growth consistency improved by moisture and residue control

in the gas delivery system

® Demonstration of particle capture efficiency of the CNT enhanced filter
performs as high as 8 orders of magnitude compared to the original uncoated SS
filter. 6 orders of magnitude of improvement achieved on CNT enhanced filter

with a pressure drop less than 15 psi, as required by Pall cooperation.

® Established an analytical model shows pressure drop across the filter increases
almost linearly with CNT packing fraction, while particle capture efficiency
increases much faster at lower CNT packing fraction, and explained the

retention test results.

In addition to work presented in this thesis, | have also contributed to the following

collaborative projects during my PhD studies at the University of Michigan:

In collaboration with postdoctoral associate Dr. Sudhanshu Srivastava, | proposed
and led the study that demonstrated fabrication of multidirectional and hierarchical
carbon nanotube (CNT) films on diverse substrates, using nanocomposite catalyst

films prepared by layer-by-layer (LBL) assembly [116].

In collaboration with visiting scholar Dr. Weipeng Lv, | contributed to CNT
synthesis on inorganic anisotropic nanospheres. The successful growth of MWNTSs
on the Janus micro and nanoparticles may be useful to produce a wide range of
heterogeneous catalyst systems and catalytic supporters [117].

In collaboration with postdoctoral associate Dr. Sebastian Pattinson, | shared my
past experience and understanding of CNT growth on stainless steel micro fiber
substrates, demonstrated the surface evolution of this material during heat treatment
prior to hydrocarbon exposure, and provided an optimized recipe to fabricate tangled
CNTs on native surface of this material. This was used in an environmental
transmission electron microscopy study that showed how surface restructuring upon
oxygen exposure at elevated temperatures enables CNT growth from bulk stainless

steel substrate [118].
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7.2 Key questions and future directions
In spite of the accomplishments of this thesis, the following questions are identified for

further work on this topic:

® Further understanding of how the carbon exposure influences the chemistry and
phase of the catalyst, and what causes the high activation rate of catalyst with carbon

preload anneal.

® Improve catalyst lifetime: the work from this dissertation provided a novel method to
help activate catalyst particles in several different aspects, which naturally improves
catalyst lifetime compare to the reference process. But, further study can still be
carried out after CNT nucleation. The forests obtained from combined recipe
(Chapter 4) with carbon preload annealing and moisture assisted growth achieves a
density as high as 137 ug/mm?® for the first minute of growth, but then decays
exponentially as growth time/forest height increases. Further study is still needed to

keep catalyst activated in order to obtain high density and tall forests.

® Application on small feature devices: All samples demonstrated in this thesis for lab
scale study are plain catalyst without any patterns. But based on the study during the
past few years, it is known that the combined recipe (Chapter 4) can provide much
better growth on small patterned features (i.e. less than 10 pum) compare to the
reference process. Such improvement can contribute to a better activation of catalyst
particles caused by the combined recipe. Future research can take this advantage and
enable applications including microstructured surfaces and MEMS devices that

require fine features.

® Optimized synthesis technique on Haynes alloy: study of CNT growth on Haynes
556 alloy had already demonstrated growth of aligned forests, but it is noticed that
the quality of CNT forest obtained from re-growth is worse than the first run of
growth. As discussed in Chapter 5, such degradation can be closely related to the
evolution of elemental composition on surface of substrate. Combined with the
impact of heat treatment on growth results, the evolution of elemental composition
and its impact on CNT forest growth needs to be further studied, in order to achieve
an optimal fabrication process that reduces the degradation of CNT forest as
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re-growth cycles continue.

Consistent production of CNT enhanced micro porous SS filters: at the end of
previous study, noticeable amount of batch to batch fluctuation is still observed.
Besides the fluctuation inherited from raw filters, the lab scale manufacturing
process contributed to a significant portion of the fluctuation. For future applications
with industrial scale production, the manufacturing process needs to be re-designed
in order to enable large scale production, so that the batch to batch fluctuation due to
impurity residues in gas delivery systems caused by low flow rate of C,H, and CO,

can be eliminated.
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