CHAPTER 1. Introduction

For different applications, including energy related,*® biomedical,”® catalytic,'**

13-16 17-19 15, 20, 21

electronic, photonic fields, and nanoscience and technologies, it is important to
modify the interior and exterior of substrates, which have high aspect ratio three dimensional
(3D) complex structures, with desired functional, reactive and stable coatings. The ability to
fabricate mono- or multi-layers of functional materials with precisely-controlled dimensions,
finely-tuned composition and molecular structures, has attracted significant interest in

materials science??

and is the key to construct such materials and structures at the nano- and
micro-scale with desired properties. A variety of different techniques for constructing mono-
and multi-layers functional materials into various substrates, especially those with high
aspect ratio three dimensional (3D) complex structures, has been developed. They are
generally categorized into three different types based on the fabrication mediums: liquid
solvent based route, supercritical fluid based route and solvent free route (vacuum). An
overview of those processes will be presented in the following text.
1.1 Liquid solvent based routes and related disadvantages

In the liquid solvent based processes, the fabrication of mono or multi-layer
functional coatings is carried out in solution, in which the precursor solute is dissolved in a
solvent such as water or inorganic solvent. Example techniques include sol-gel chemistry,
29.30 | angmuir- Blodgett (LB) technique,® Layer by layer (LBL) assembly technique,?* spin-

coating,* electrodeposition® etc, which are summarized below.



1.1.1 Sol-gel chemistry

Sol-gel chemistry has been widely used for thin film deposition of metal oxides,
multi-components materials and organic-inorganic hybrid materials from either hydrolytic or
nonhydrolytic chemistry.?®> ?® ¥ Due to the homogeneous reaction process of most sol-gel
technique, it is difficult for it to form uniform and conformal thin coating on/into substrates
with complex structure. Moreover it is very difficult and complex to control the coating
thickness. The reason is that the coating layer thickness is determined by precursor
concentrations, reaction temperature, diffusion of reactants etc. Although the surface sol-gel

process was developed®**®

to achieve better control of the thickness, the process suffered
from slow growth rate, long process time, multiple layers growth per cycle and impurities
incorporation.***® Due to the liquid solvent environment, nonconformal coating induced by

capillary force is common for processing of 3D complex structures.
1.1.2 Langmuir- Blodgett (LB) technique

Langmuir-Blodgett (LB) technique is one of the earliest techniques used to form
thin film coatings. The basic concept of this idea is to transfer organized monolayers of
amphiphilic molecules from the air-water interface to a solid substrate surface through
hydrophobic and hydrophilic interactions as shown in Figure 1.1.3! This simple technique has
mostly been used for amphiphilic molecules and is not directly adaptable to other material
systems. The molecular layers are assembled together by weaker hydrophobic and
hydrophilic forces compared with covalent bonding. Consequently, the mechanical properties

of LB films are generally not good. More importantly, it is hard to form conformal film



coating in complex 3D structures with this technique. At the same time, organic solvent,

water or other contaminants can be easily brought into the as-formed film.

1.1.3 Layer by layer (LBL) assembly technique

LBL assembly technique, as shown in Figure 1.2, is a modified LB approach, in
which the reactants with complementary charges adsorb onto substrates alternatively to form

integrated thin films through electrostatic force.** ¥

A variety of functional
polyelectrolytes (including functionalized polymers, nanoparticles, biomolecules etc) could
be incorporated into the film to enable multiple functionalities including photoluminescence,
electroluminescence and mechanical, optical and electronic properties.* *>> Combined with
patterning and templating techniques, LBL has been applied to form different complex
nanostructures.>**® Although LBL is a versatile technique, there are a lot of limitations of the
LBL technique. For instance, it is not easy to form uniform and conformal films over large
scale, especially onto the 3D complex structures. LBL films have to be formed by

electrostatic force and the components have to be polyelectrolytes. It is easy to bring

contaminants into films, which is common for the solvent based process as well.

1.1.4 Electrodeposition

Electrodeposition is an important solvent based coating technique and is widely
used in the electronics industry. The principle of electrodeposition is analogous to a galvanic
cell acting in reverse. The item to be coated is placed into a solution containing one or more
metal salts. The item is connected to an electrical circuit as the cathode while another

electrode of the same metal in the metal salt acts as the anode. While electrical current is



passed through the circuit, metal ions in the solution take up excess electrons and form a
layer of metal on the item surface. Metalic thin films such as Cu, Ag, Au, Zn, Ni or alloys *
% can be synthesized by this way. Several organic thin films like polypyrrole or
polythiophene were also formed by this method.®”"® Combined with patterning and
templating techniques, different nanostructures have been fabricated by electrodeposition

process.>” %8 60 7173 \while electrodeposition is a low-cost, room temperature process, . it is

difficult for electrodeposition to form uniform coating on nonconductive substrates.

1.1.5 Challenges for liquid solvent based routes

As mentioned in this section, it is difficult for those liquid solvent based deposition
processes to form uniform and conformal coating of functional materials with well defined
properties, due to the i) intrinsic limitations including capillary force and surface tension, ii)
solvent contamination, iii) complex reaction environment. The situation is serious for
uniform modification of the three dimensional substrate with complex structures. In order to
circumvent those intrinsic problems, supercritical fluid, which has low surface tension and

liquid like density has been investigated as an alternative deposition environment.

1.2 Supercritical fluids based process

Due to the unique gas-like (low viscosity, high diffusivity, zero surface tension) and
liquid-like properties (high density), supercritical fluids have been studied as an alternative
medium for fabrication of nanoscale functional coatings. Thin films of number of metals (Au,
Ni, Cu, Co, Pd, Pt etc),”*® metal oxides (TiO,, Al,Os, Ga,03, HfO, etc)’® %% and others

have been synthesized in supercritical fluids. Supercritical carbon dioxide (scCOy) is



especially of interest because it has an easily accessible critical point and is environmentally

benign.
1.2.1. Properties of supercritical carbon dioxide

ScCO;, is a clean solvent with unique properties, such as gas-like high diffusivity, low
viscosity, zero surface tension, liquid-like high density and chemically inertness at
temperature lower than 600 °C.#% The high diffusivity and low viscosity of scCO; is
important for overcoming the limitation of mass transport in nanometer or sub-nanometer
confined surface geometries. Zero surface tension of scCO, enables it to permeate and wet
the deposition surface with high aspect ratio 3D complex structures without damaging those
structures. On the other hand, the high density of scCO; assists the dissolution of precursors
(metal organic species, monomer etc), and helps remove reaction byproducts and impurities
from the deposition surface to decrease contaminants in resulting films. Moreover compared
with supercritical water, supercritical ammonia, scCO- has a readily accessible critical point
(Tc=31 °C, Pc=7.38 MPa). Because of those interesting properties, supercritical carbon

dioxide has been widely studied for material fabrication process.®® **

1.2.2 Applications of supercritical carbon dioxide in materials fabrication and

functionalization

By taking advantage of high solubility of precursors and hydrogen in scCO,, Watkins
and his coworkers®® % 92 9 developed a chemical fluid deposition process (CFD) using
scCO; as the solvent to deposit metal thin films such as Cu, Ni, Co, Au, Pd and Pt on silicon

and polymer substrates. CFD is comparable with the corresponding vacuum process,



chemical vapor deposition, except that CFD can grow metal films of higher purity at
relatively lower temperature with faster growth rate.”” % ° Detail reaction kinetics of
deposition of Cu thin film from (2,2,7-trimethyloctane -3,5-dionato) copper(ll) with
hydrogen has been studied by Zong etc.” Kinetics of copper deposition from Cu(hfac), in
scCO, process has been shown by Kondoh’s group and lower deposition temperature
compared with CVD process have been reported.®" Ru deposition has also been demonstrated
for the scCO, based thin film deposition technology by Kondoh et al.”® Although scCO,
based metal oxides thin film deposition has not been studied as much as metal deposition,
there are some works reported. Metal oxides including Al,O3;, Ga;03, HfOy, Fe;03, SiO,,

86, 87

TiO, and other inorganic thin films including silicates has been studied by Parsons and

several other groups.®* % %1% parsons group also studied scCO, based low temperature

deposition of a wide range of metal oxides thin films® &

and showed the cyclic type
deposition process in scCO, environment.®’” Beside inorganic materials, deposition of organic
materials such as polymer thin films'® and self-assembly monolayer (SAMs)” have also
been studied for scCO, system. Covalent assembly of ultra thin organic films, such as
oligoimide, by using scCO; as a solvent was reported by Srinivasan etc.'“*® In contrast to
the conventional solvent based process, scCO, based process eliminates the post-treatment
for solvent removal and facilitates transportation of molecules.’®* ** Carbonell and his

105

coworkers developed a liquid-CO, free meniscus process > to coat substrates with different

organics, such as sucrose octaacetate (SOA).'®® SAMs have also been fabricated in scCO,

108, 109

environment. McCarthy’s group™® and other groups studied formation of a wide range

of silane SAMs on silicon in the scCO,-based process. Organic silane SAMs formation on



ALO;" M and TiO,™! in scCO, process has also been reported and the substrate chemistry

for SAMs formation in scCO, process has been discussed.™*

Owing to the penetration ability and zero surface tension of scCO,, SAMs of silanes

have been formed in the buried interface between silicon and polymer layers**#*

to improve
interfacial mechanical properties in the scCO, process. SAMs were also successfully formed
in 3D complex porous structures including porous silica**® and nanoparticles.''° By applying
the scCO, process™® onto porous silicates as the substrate, Cu, Fe,Os, Co nanowires and
nanotubes were synthesized. Moreover, a block copolymer was used as template to fabricate
porous silica film in scCO,.%* % % As an antisolvent, scCO, has also been used to coat
carbon nanotubes of high aspect ratio with Eu,03, Fe,O3 and Co0,03 thin film coatings on
CNTs. 3 % 97 Nanostructures of metals including Ru,’” ™" Cu,”® **" pd*" and Au™ were
generated by applying scCO; based process onto 3D complex structures. Moreover, Watkins,
McCarthy and other groups synthesized nanocomposites of metal nanoparticles or polymer
materials into a polymer or inorganic 3D matrix."'**?° As demonstrated in various examples,

scCO; fluid is a good solvent environment for modifying substrates, including the ones with

3D complex structures, with functional materials.

1.2.3 The challenges and opportunities of supercritical carbon dioxide process

Due to the harsh reaction environment (high pressure and high temperature), it is
difficult to use the in-situ monitoring techniques to study the reaction mechanisms, especially
the surface reaction, involved in the scCO, process. Very little research has addressed

reaction mechanisms of the scCO, based deposition process. Other than that, scCO; is still a



promising technique for incorporating functional coatings of a wide range of materials into
complex structures. It is a good solvent for wetting and penetrating into the 3D highly porous
substrates to modify them with desired functionalities and without breaking down the
structure of the substrate. However, the CFD process was mainly focused on the metal
deposition.”* 82 9 9294 vzery few research focused onto the metal oxides deposition, which
has wide range applications. In our work, a strategy for studying the deposition kinetics of
AlL,O; and Ga,03 was developed(Chapter 5),*° especially the role of scCO; in the deposition
kinetics. The pyrolysis chemistry of metal organics in supercritical carbon dioxides, was
demonstrated as a powerful technique to coat oxides such as Al,O3; and Ga,O3 into 3D high
aspect ratio complex structure of CNT forest (Chapter 6).*** Furthermore, the low
temperature scCO, based hydrogenolysis process was developed as a useful way to
functionalize aligned CNTs forest with dense Ni nanoparticles (Chapter 7).*? The longer
incubation time is needed in the CFD process of Ni thin film deposition from hydrogenolysis
of Nicklocene without catalyst.
1.3. Atomic layer deposition and molecular layer deposition

For functional coating of inorganics including metals and metal oxides, the major
deposition process is vacuum-based solvent-free techniques including physical vapor

deposition (PVD),? *3 chemical vapor deposition (CVD)"** %

and atomic layer deposition
(ALD). High quality film can be deposited through PVD process.® *3* However, PVD
technique is not good for coating high aspect ratio structures and coating for complex

structure materials because of the line-of-sight deposition angle issue. Moreover, it is difficult

to form uniform conformal films over large scale.?



CVD can solve some problems that exist in PVD.***3% cvD can form conformal
coverage film onto surface with complex structures.** During the typical CVD process,
source molecules will be vaporized and transported to the substrates and react with other
reagents such as H,, Oy, H20,, NHs, etc to form metal, metal oxide or nitride films.'*° Plasma
activation can be used to facilitate the deposition process.*** CVD process has been widely
used to coat functional materials,**° for application in fields of electronics, optoelectronics,
ferroelectrics, wear-resistant and corrosion-resistant application, fiber and powder
applications and nanotechnologies.?

However as the dimensions of devices scale down, there is a need to deposit ultra
thin conformal films at relatively lower temperature onto large substrate with complex
structures. AS noted, tt is difficult for both CVD and PVD process to accomplish it.* 142148
In addition, active materials that integrate different constituents at the molecular scale or

multiple layers with well-controlled thickness and structures are growing in interest, for

applications including hybrid semiconductors,**’ high surface area gas storage, and flexible

148 4,149

gas transport barriers. For many applications such as optics,” photovoltaic cells,™ “*sensor

150, 151

systems, and nanogenerators,”* *** highly conformal coatings on high surface area

structures, including fiber-based substrates,**® 15 %3

enable three dimensional designs with
function and strategic performance enhancement over typical planar or semi-planar
constructs. In order to form functional materials thin coating onto substrates with desired
properties, the coating layer needs to have the properties: conformity, uniform, precisely

controlled thickness and no pin hole. For 3D substrates with highly complex structure,

processes with self-limited deposition behavior, for example atomic layer deposition and



molecular layer deposition, are necessary to achieve conformal and uniform coating layer.’
1.3.1 Overview of atomic layer deposition

In the 1970s, atomic layer deposition (ALD) was developed by Dr. Suntola.*** Most
ALD processes consist of two self-limiting growth steps by alternating dose of chemical
species onto the substrate as shown in Figure 1.3.1 28142143 The separation of two reactants
reduces the possible gas phase reaction that can form particles to produce granular film,
which is observed in CVD process. It is worthy to mention that: majority of ALD processes
were carried out in gas phase, which eliminate the limitations from solvent process including
capillary force, contamination from solvent and tedious washing steps. The gas phase
reactants in ALD could also fill all substrate void space independent of substrate geometry
and circumvent the requirement of line-of-sight to the substrate. In ALD process, the surface
reaction will stop after consuming all of the reactive sites on the surface during the half cycle
of each reactant. Because of this self-limiting characteristics, ALD process can satisfy the
requirement of modern thin film deposition development to form highly conformal and
uniform film with atomic level control on different structures with 3D complex geometries.**

144, 145, 155-158

14319 Thin films of different materials, including metals,** metal oxides, metal

nitrides’®, have been readily deposited by ALD process. Combined with patterning

161

159 Rd*®0 and 1116,

techniques, ALD has been applied to deposit patterned thin films of Ru,

Although ALD was initially developed for applications in the field of electronic

materials,** %314 ALD has been widely used to modify 3D substrates with high aspect ratio

162 3 15, 16, 164, 165

structures (such as anodic aluminum oxide,*® silica,*®® carbon nanotube,

10



10, 167 17, 18

biomolecules,*® cotton and photonic crystal structures™" =), with precisely controlled
thickness andchemical and physical properties due to the self-limiting deposition behavior.
The applications of ALD onto those 3D high aspect ratio structures have enabled applications

8,168' 169

in a variety of fields such as MEM optoelectronics,'”® nanofluidics,'"* biomedicine,

21,172 10, 12

nano-materials fabrication, energy” * © and catalyst

1.3.2 Challenges and opportunities of atomic layer deposition

As a gas phase deposition process for inorganic materials, the chemistries of ALD
are mainly adopted from chemical vapor deposition and solution based sol-gel chemistry.
Compared with these two techniques, ALD offers the capability to deposit highly conformal

and uniform film with precisely controlled film thickness as mentioned earlier.

Although wide range of materials could be deposited by ALD process, there are still
desire for new ALD chemistry of novel important materials (such as Si, Ge, McTe, M,Se).***

3 These new chemistries mainly rely on metal organic chemistry* 1 17

and sol-gel
chemistry ** ®development for suitable precursor and self-limiting process. Another
challenge for ALD process is the low deposition rate (<500 nm/h),*** which makes ALD
process not suitable for thick film deposition (>1 pum), although there are some trials that
have been made to solve this problem.}””*"® Morever, the synthesis of a material with well
controlled crystal stucture is still a big challenge for ALD process. Currently, the majority of
ALD processes are carried out at temperature range from100 °C to 500 °C or above, which is

not applicable for temperature sensitive materials. Low temperature ALD process of

Al,03,24% 7n0,** ¥ Tj0,® and TiN** opened opportunities for coating polymers and other

11



thermal sensitive molecules by reducing thermal damage. More low temperature ALD
processes still need to be explored. Due to the expanding substrates used in ALD process, the
nucleation and growth behavior of ALD films on different substrates is also a challenge.
Moreover, for the ALD process of noble metals or other expensive materials, the utility of
precursors is important and worth further study because it is critical for the practical
applications. Although ALD is capable of forming conformal and uniform coatings onto
some complex substrates in the current study range, further study is needed to confirm the
conformality of ALD coating when applied onto extremely high aspect ratio structures with
high surface area and small pore openings in large scale due to the limitations imposed by

molecule diffusion in the very confined geometry.

The prospects of ALD process are very promising and encouraging. New
chemistries are under development. Even with different challenges, ALD technique is finding
its own unique fitting into different research and application fields including bio, energy and
nanomaterial. For example, ALD could modify the surface chemical properties with
nano/subnano meter coating to enable different novel functionalities.> *"* ALD applications
in nanomaterials fabrication would enable people to explore the size dependable properties
such as mechanics, electronics and magnetic.’®*% As the application of ALD process
expands into other fields, the corresponding materials properties need to be carefully

characterized.

In this work, ALD has been applied to matrices of electrospun polymer fibers, which
are complex three dimensional structures and thermal sensitive as shown in Figure 1.4, to

form Al,O3 Al,03/Zn0O/Al,03 nanolaminate coatings with smooth wall surfaces and

12



precisely controlled wall thickness. Nanostructure resulted from the coated fiber mat through

different thermal treatment were studied.
1.3.3 Overview of molecular layer deposition

Molecular layer deposition (MLD) is a special extension of atomic layer
deposition.’®***¥ ALD is mainly used for inorganic material thin film fabrication, MLD
process is mainly used to deposit thin film of organic polymeric materials and organic-
inorganic hybrid materials. Vapor phase deposition (VPD) techniques have also been used

187, 188

for organic thin film deposition. Thin films of metal phthalocyanines, polymerized

189 190, 191 192 193 194

amino acids,™” silanes, poly(Vinyliene fluoride),

polypyrrole, poly(p-xylenes)
conjugated polymers*®® have been successfully formed by VPD. However, just as in
inorganic PVD and CVD process, it is difficult for VPD process to form conformal coating
with precisely controlled thickness onto substrates with 3D complex structure on large scale.
The concept of molecular layer deposition is shown in Figure 1.5.% Reactants A
and B with multiple functionalities will be exposed to the substrate, which has active sites on
the surface, alternatively and cyclically. Between each dosing of reactants, a purging step
was used to remove excess precursors and byproducts. By repeating this process, -A-B-A-B-
type polymer thin films can be formed onto the substrate. Due to the intrinsic self-limiting
deposition behavior, MLD is becoming critical in advanced materials development in order
to achieve better chemical, structure and film thickness control over large scale for organic
and hybrid materials than many current processes such as CVD, PVD and solvent based
techniques. Currently, several different types of polymer thin films have been formed

through the stepwise polymerization chemistry by MLD, such as polyamide, "

13



185

185, 186,199-202 o lyurea® and polyester'®.

%8nolyimide,
Hybrid materials (metal organic framework and coordination polymers) have unique

properties. However, it is difficult to organize them into thin nanoscale coatings.?®*%%

Recently MLD has been extended to fabricate hybrid materials. For example, Nilsen et. al.*®*
206 have studied the molecular layer deposition of different hybrid materials with a range of
bi-functional and tri-functional carboxylic acids (including oxylic acid, malanic acid, 1,4
benzene dicarboxylic acid and 1,2 benzene dicarboxylic acid etc) and trimethyl aluminum in

MLD process. Dameron et al %’

reported several diols (ethylene glycol, 1,4 butane diol,1,4
phenyl diol) with TMA (Trimethyl aluminum), and they found that the bifunctional organics
produce a “double reaction” (i.e. both ends of the organic species with the AI-CHj
terminated surface). Kim et al.?®® have examined ethylene diamine reactions with diisocyante
in a UHV (Ultra High Vacuum) reactor system, and they have also seen evidence for the
“double reaction” that impedes film growth. Lee et al*®?!! formed a Ti-based and Al- based
hybrid film using an ozone exposure step to activate an alkane monolayer, followed by Ti
and Al precursor exposure.

Several other early reports'®® 186 196-198, 202, 212

also present work on polymer MLD
processes, with few details regarding film reaction mechanisms. Du and his coworks®™ have
studied surface reactions involved in polyamide deposition from acid chloride bifunctional
organics and various diamines. Similar surface reactions were investigated by Adamczyk #*
to form poly-phenyl amide films. More complex “A-B—C” reaction chemistries'® have also
been presented using repeating cycles of trimethylaluminum, followed by ethanolamine, then

maleic anhydride. Film growth was achieved, but the rates suggested that additional growth

14



mechanisms were active which promoted excess film growth. Moreover different new
chemistries are explored for MLD process.*®
1.3.4 Challenges and opportunities in molecular layer deposition

The surface chemistries (organic chemistry, coordinating chemistry, polymerization
chemistry) involved in molecular layer deposition were mainly studied in solvent-based
processes. Although some experiments have been carried out in vacuum-based MLD growth
mode for polymers and hybrids, these research are still in their infancy compared with
solvent-based process. There are several challenges involved in the MLD process. First of all,
due to the vacuum-based process, the organic reactants involved in the MLD process have to
have adequate vapor pressure under the reaction temperature in order to get enough reactant
into the reactor. Generally one could increase vapor pressure by increasing reaction
temperature. However due to the thermal instability of the organic reactants, they would
decompose above certain temperature. Moreover at high reaction temperature, the adhesive
force between the substrate and reactant will decrease, which will result in decreased growth
rate. Second of all, the reaction rate between the two reactants needs to be fast. According to
the MLD scheme, it is almost impossible, at least practically, to keep the reactants in the
chamber for hours in order to get one monolayer saturated reaction in the MLD process. Of
course the reaction rate could be speed up by increasing reaction temperature, but again the
room for temperature increase is limited by the thermal decomposition property of the
organic monomers and the resulted products. Third of all, majority of the reaction of organic
chemistry needs catalysts. It is difficult to perform catalysis reaction under gas phase in the

MLD process. Fourth of all, the solvent effect in the solvent-based process, which is crucial

15



for the reaction rate and reaction path way, is absent in the vacuum-based process. Moreover,
the solvent in solution-based processes provide a three dimensional growth environment so
that complex three dimensional porous and hybrid materials can be fabricated. This three
dimensional growth environment is absent for MLD process due to the self-limited two
dimensional growth mode.

Nevertheless, there is a still bright future for MLD processing. For instance,
organic-inorganic materials with controlled interface chemistry, thickness, chemical
properties and physical properties can be synthesized by using MLD and ALD process
together. These novel organic-inorganic materials would be equipped with advanced
properties, many of which are undetermined to date. The MLD process is a promising
technique for fabricating polymer and hybrid materials into conformal and uniform film with
controlled properties. By carefully manipulating with molecular force, thermal dynamics,
lattice properties, it is possible to synthesize high aligned and organized crystals of polymer
and hybrid materials. Moreover, due to the cleaner and simplified environment in vacuum, it
is easier to explore the underlying surface chemistry for the reactions.

In this work, the in-situ techniques including quartz crystal microbalance (QCM)
and Fourier transform infrared (FT-IR) spectroscopy are used to explore the surface reaction
mechanism involved in the hybrid material MLD process. In particular the transition from
metal oxide ALD to metal hybrid MLD is studied carefully. Different techniques including
X-ray Diffraction and Near Edge X-ray Absorption Fine Structure were employed to explore
the molecular structures of the depositions. The resulted molecular structure of the resulted

hybrid materials and the deposition behavior of self-assembly monolayer on the ALD metal
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oxides by MLD were also studied.
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Figure 1.1 The scheme of the Langmuir- Blodgett (LB) thin film
fabrication process, A) amphiphilc molecules at the air/water interface.
B) Substrate pulled out, hydrophilic group absorbed onto substrate. C)
Substrate pushed into water, hydrophobic group attached onto
hydrophobic surface, D) several layer LB films
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Blue is positive polyelectrolyte ©
Red is negative polyelectrolyte. ©

Figure 1.2 The scheme of the layer by layer thin film deposition, A) process of LBL
film fabrication, 1) solution of positive polyelectrolyte, 2) pure deionized water, 3)
solution of negative polyelectrolyte, 4) pure deionized water. B) the structure of LBL

films.
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Figure 1.3 Schematic diagram of vapor-phase, self-limiting atomic layer
deposition (ALD) illustrating the cyclic process by which an Al,O3 surface
coating is controllably constructed layer-by-layer from TMA and H,O

precursors.
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Figure 1.4 A representative SEM image of the electropun polyvinyl
alcohol fiber matrix.
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layer deposition (MLD) illustrating the cyclic process from two
bifunctional reactants, which could be extended into other types of
multiple functionalities molecules.
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CHAPTER 2. Experimental Tools

The experimental setups for both supercritical carbon dioxide based deposition
technique and atomic layer deposition and its related processes are included in this section, as
well as the analysis and characterization techniques performed during the thesis work.

2.1 Supercritical carbon dioxide based process

2.1.1 Metal oxides thin films deposition through pyrolysis of metal organics

Native oxide Si(100) wafers were used as substrates for deposition, and prepared by
wet cleaning in BakerClean® JTB-100 solution (Mallinckrodt Baker Inc), followed by

rinsing in deionized water, then drying in a N, flow.

Metal containing precursors utilized in this study including aluminum
acetylacetonate (99 %) (Al(acac)s) [Al(CsH70,)s], Ga(acac)s, Fe(acac)s, Zn(acac),, Zr(acac)a,,
Co(acac);s, Cr(acac)s, Hf(acac);, aluminum hexafluoroacetylacetonate (Al(hfac)s)
[Al(CsHO,Fs)3] and Zr(hfac),, were used as received (Strem Chemicals). Coleman grade CO;

(99.99 %) (National Welders) was used in the experiments.

Deposition reactions were carried out in a homemade stainless steel batch type
reactor with a total volume of 110 milliliters as illustrated schematically in Figure 2.1.> In a
typical experiment, a piece of pretreated native oxide Si substrate (~ 1 cmx1.5 cm) was fixed
onto the heating block, which was attached to a gland fitting (Conax Buffalo Corp.), as
shown in Figure 2.1. Three cartridge heaters (Tempco) were fit into the heating block,
enabling substrate surface temperature to be controlled by using a feedback thermocouple fit

through the gland fitting. A predetermined amount of precursor was weighed and placed in
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the reactor with the substrate holder before sealing. Air was purged from the reactor by
flowing low pressure CO, through a vent valve for 5 min at a temperature of ~ 70-100 °C.
The reactor was then pressurized with CO, and heated to the predetermined set point (P=21
MPa, T=100 °C). Subsequently, the system was kept stable for 2 h to allow the precursor to
dissolve. The typical precursor concentration was approximately 170 umol/L for Al(acac);
and 230 pumol/L for Ga(acac)s, For some experiments, to examine the effect of oxidizing
species, oxygen or water was intentionally added to the reaction. For these experiments, after
the precursor was loaded into the clean vessel, the vessel was purged with low pressure CO,
for ~ 10 min to remove ambient air. The vessel was then filled with high purity dry air or a
small known volume of deionized water and subsequently sealed and filled with high
pressure CO,. The concentration of oxidant was then estimated using the known volume of

the system.

After the precursor dissolution time, the temperature of the substrate was increased
to the growth temperature set point. This transition occurred typically within 1 min. After a
predetermined reaction time, the cartridge heaters were turned off and the temperature of the
substrate decreased to below 150 °C, typically within 1 min. For higher substrate
temperatures, the reactor temperature was observed to increase above the set temperature of
reactor wall (100 °C) during the first 20 min, but temperature generally stayed below ~ 190
°C. After the set deposition time, the effluent from the reactor was vented through an
activated carbon bed, and fresh scCO, was used to purge the reactor to remove byproducts
and remaining precursor out of system. The reactor was allowed to cool, and the samples

were then removed from the reactor and characterized.
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2.1.2 Metal oxides thin film deposition onto carbon nanotube forest through pyrolysis of
metal organics

Multi-walled carbon nanotubes (MWCNTS) were grown by catalytic chemical vapor
deposition (CVD) process in a homemade quartz reactor at 500 °C. Ethanol was used as the
carbon source. Argon was used as a carrier gas and was bubbled through the ethanol at room
temperature with a flow rate of 1.5 standard liters per minute (SLM). The catalyst layer Fe
(0.5nm)/Al,03(10nm) was formed on the thermal oxide silicon wafer (SiO»(500nm)/Si) by
using sequential e-beam evaporation. In a typical experiment, a Si substrate (size: ~1 cmx1.5
cm) having MWCNTSs forest grown on it, was used as the deposition platform without further
treatment.

The deposition process follows the same procedure as shown in section 2.1.1.

2.1.3 Nickel metal deposition from self-catalyzed hydrogenation process in scCO;

Nickelocene [Ni(Cp),] (Strem Chemicals®) was used as the precursor and H, was
used as the reducing agent. Coleman grade CO; (99.99%) and high purity H, (99.999%)
(National Welders/Supply Company) were used without further purification.

The experiment was carried out in a 110 ml homemade high-pressure reactor as
shown in Figure 2.2.% In a typical experiment, 70-90 mg Ni(Cp), was loaded into the high
pressure reactor, which was then sealed by sapphire windows on both sides, with a silicon
wafer having MWCNTS forest grown on it. Following precursor loading, low-pressure fresh
CO, was used to purge the system for 10 min (minute) at temperature ~ 70 °C in order to
purge air out of the reactor. After purging, high-pressure CO, was fed into the reactor

through a high-pressure syringe pump (Model 260D, Isco, Inc.). The temperature of the
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scCO, solution was stabilized by a heating tape at the dissolving condition (T=70 °C, P=17
MPa) for 4 h (hours) to form a uniform solution. During Ni(Cp), dissolution, H, was fed into
another clean, air-free high-pressure manifold vessel (43 ml), to the pressure of ~ 3.5 MPa at
60 °C. The vessel was then further charged with fresh CO, using the high-pressure syringe
pump to the pressure of ~ 34.5 MPa. This H,/scCO, solution was kept stable at this condition
for more than 2 h before injected into the high-pressure reactor. Upon H,/scCO, injection, the
pressure in the vessel dropped from ~ 34.5 to ~ 19.3 MPa, allowing the amount of H, fed into
the reactor to be quantified. The H, injection process will be repeated to obtain a 50-100x
molar excess of hydrogen relative to nickelocene in the reactor system. Upon the addition of
H,, the scCO; solution containing Ni(Cp), maintained a green color and the reaction system
was left undisturbed at 70 °C, 17-18 MPa for several hours. After 7-8 h substantial Ni film
and particles deposition was observed (as described in the experimental results section).
Following each experiment, the reactor was prepared for another reaction sequence by
removing the Ni deposition on the vessel walls. The reactor was scrubbed then sonicated in
water, followed by deionized (DI) water flush and N, flow dry.
2.2 Atomic layer deposition/Molecular layer deposition
2.2.1 Atomic layer deposition of metal oxides onto electrospun fibers

Fibers were electrospun from polyvinyl alcohol (PVA) (127 kDa and a degree of
hydrolysis of 88%), and polyethylene oxide (PEO) (1 MDa) purchased from Aldrich and
used without further purification.> A 7 wt% PVA aqueous solution and PEO solution of
30g/L was prepared by dissolving the polymers in deionized water (DI H,0O) and used as

spinning solution. Electrospinning was performed using a parallel-plate setup described
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elsewhere.® A stable jet was formed at a flow rate of 7 ul/min and an electric field of 1
kV/cm. PEO was electrospun with electric field of 0.8 kVV cm™ and a solution flow rate of 2-
3 uL/min.

Al,O3 ALD was conducted at 45 °C and ~0.9 Torr. A modestly higher temperature
(65 °C) was used for ZnO ALD, also performed at ~0.9 Torr. The reactants included two
organometallic precursors - trimethylaluminum (AI(CH3)s, TMA, 98%, Strem®), diethyl zinc
(Zn(C;Hs),, DEZ, 96%, Strem®) and deionized water vapor (DI H,O). High-purity Ar
(99.999%) (National Welders Supply Co.) used as the purge and carrier gas was further
purified by a gas filter (DRIERITE Gas Purifier) before entering the reaction system. The
AD system used is similar to the reactor scheme shown in Figure 2.3, except there is no cold
trap on the system. The temperature gradient of the whole reactor was maintained in order to
prevent condensation of precursors in the reactor and delivery lines.

All the species were delivered as ambient-temperature vapors into a custom-built hot-
wall viscous flow tube reactor. During Al,O3 ALD cycling, the TMA and DI H,O were
alternately introduced into the ALD chamber (base pressure ~10° Torr) in pulses of different
times to saturate the surface reaction. Corresponding purge times were used for TMA and DI
H.O to remove all physical absorbed reactants and byproducts. For ZnO ALD deposition,
DEZ and DI H,O were likewise injected into the reactor in pulses of different times to
saturate the surface reaction respectively. A satisfactory purge time was used to eliminate the
gas phase reaction.

For ALD deposition on PVA microfiber mats, two pieces of silicon wafer (measuring

~1 cm x 1.5 cm, treated by JTB® Baker Clean, rinsed in DI water and then blown-dry with
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N>) were used as reference substrates for growth rate measurements on a planar surface under
identical deposition conditions. A multi-components coaxial metal oxide coating was formed
by performing ALD of different materials onto the fiber mat sequentially.

The metal oxides tubular structures were formed by removing the electrospun fiber
template through either calcinating in air at 450 °C above for 24 hours or dissolving in DI
H,O for 24 hours.

The solid state reaction and diffusion process (Kirkendall Effect) was initialized by
heating the coaxial tubings of (Al,03/Zn0O/Al,O3) at reaction temperature of 700 °C for more
than 12 hours.

2.2.2 Molecular layer deposition of organics, hybrid and self assembly monolayers.

In the experiment of zinc hybrid materials molecular layer deposition (MLD), diethyl
zinc (Zn(C;Hs),) (96%) was obtained from Strem Chemicals Inc. and used without further
treatment. Deionized water (DI H,O) was used as the water source for ZnO ALD deposition.
Anhydrous ethylene glycol, EG (OHC,H,OH) (99.8%) (Sigma-Aldrich) was used as the
organic material source without further purification. For nylon thin film deposition, 1,4
butane diamine (BDA) (99%), 1,6 hexane diamine (DAH) (99%), terephthaloyl dichloride
(TDC) (99%) and sebacoyl dichloride (SEDC) (99%) were purchased from Sigma-Aldrich
and used without further purification. For the self-assembly monolayer deposition, 3-
aminopropyltriethoxysilane (APTES, 99%) was used as the precursor for amino silane self-
assembly monolayer deposition.

Molecular layer deposition of organics, hybrid materials and self-assembly monolayer

were carried out in the same homemade viscous flow vacuum reactor as the previously
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described ALD processing. A representative schematic of the deposition equipment is shown
in Figure 2.3. The sample substrates and the quartz crystal microbalance (QCM) crystal were
heated by convection and radiation from the heated reactor wall. High purity Ar (99.999%)
(National Welders Supply Co.) used as the purge gas and carrier gas for reactants was further
purified by using a gas filter (DRIERITE Gas Purifier) before entering the reaction system.
The flow rate of Ar carrier gas was controlled by mass flow meters. The process pressure
was monitored by a Baratron pressure gauge (MKS Instrument Inc.). The reaction system
was pumped using a rotary mechanical pump. For the reactants with higher vapor pressure,
such as TMA, DEZ H,0, APTES, Diamines and EG (Ethylene glycol), the reactants were
delivered into the reactor by injecting the reactant vapor into Ar carrier gas through a
computer—controlled ALD solenoid valve. For reactants with low vapor pressure (<1 torr) at
approximately the reaction temperature, such as dicarboxylic chlorides, the precursors were
delivered into the reactor by Ar bubbling. The reactant dose amount was adjusted by either
changing pulse time or heating temperature in order to achieve saturated surface reaction.
Different purge times were used to eliminate the gas phase reaction between precursors.

In order to increase the mechanical pumn operation longevity, the organics and metal
organic precursors were pumped through separate exhaust lines, which were controlled
individually using computer-controlled gate valves. Organic precursors (including APTES,
Diamines, EG, Dicarboxylic chlorides) were isolated using liquid N, trap before entering the
pump. DEZ, TMA and H,O were pumped directly to the pump.

As illustrated by the reactor schematic for the zinc hybrid deposition in Figure 2.3,*

the reactor was designed to allow simple transitions between deposition of ZnO ALD and
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MLD of zincone materials by switching easily between H,O and EG reactant flow. For nylon
thin film, APTES self-assembly monolayer and other materials deposition similar deposition
system were used except the precursor delivery lines were designed in different way in order
to provide adequate material to achieve saturation growth.
2.3. Characterization Methods
2.3.1 In-situ Quartz Crystal Microbalance

In-situ QCM is installed onto the vacuum ALD deposition reactor system through the
inlet of the reactor as show in Figure 2.3. Polished QCM crystal sensors with Au coating
(Colorado Crystal Corp.) were mounted in the Maxtek BSH-150 bakeable sensor head. The
sensor head was modified to allow ~10 sccm of Ar flow over the back side of the sensor, and
the crystal was sealed to the QCM housing using conductive epoxy in order to prevent
material from depositing onto the backside of the crystal surface. The mass change signals
were detected by a monitor (Maxtek TM-400), and recorded using a home designed
LABVIEW program. The QCM detect the mass change by measuring the change in
frequency of a quartz crystal resonator, as illustrated by the eq. 2.1. The resonance is
disturbed by the addition or removal of a small mass due to material growth, residue remove
or etching process. As shown by eq.2.2, C is a crystal-dependent sensitivity factor that
includes the fundamental resonant frequency (fy), the surface area (4), the density (p) and the

shear modulus (x):®

Af =—CxAm eq. 2.1

C =21 1(A(up)>) eq. 2.2
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2.3.2 Chemical composition analysis tools

Auger electron spectroscopy (AES) and x-ray photoelectron spectroscopy (XPS) are
used to determine the chemical composition and impurities on the surface of the deposited
film. AES was conducted by using a 5 keV primary electron gun. The XPS analysis was
conducted with monochromatic Al Ka source operate at 15kV on a Kratos Analytical Axis
Ultra equipment. For all samples, the C-1s peak (representing the binding energy of C-H and
C-C) was normalized to 284.6 eV for reference. For the survey and detail scans, 160 and 20
eV were used for the pass energy respectively. In some instances, the sample surfaces were
cleaned in-situ by Ar sputtering at 5 kV for 3 min.

Fourier transform infrared spectroscopy (FT-IR) is used to probe the chemical
bondings of synthesized material. A ThermoNicolet IR bench with a deuterated triglycine
sulfate detector (KBr bean splitter) was used in transmission mode with 2048 scans at 4 cm™
resolution. The measuring chamber was continuously purged with purified dry air. A
background spectrum was collected using the starting Si wafer before deposition.

2.3.3 Material morphology analysis tools

Surface morphology of thin films, which are deposited onto planar Si substrates, was
analyzed by a Nanoscope Illa atomic force microscope (Digital Instruments) operated in
tapping mode with a scanning frequency of 0.5 Hz.

Transmission electron microscopy (TEM) and scanning electron microscopy (SEM)

are used to probe the morphology of materials. Generally the TEM was operated at 200 keV.

SEM was operated at 5 keV. For TEM measurements, several droplets of the dispersion
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ethanol solution of nanomaterials was placed onto the carbon film coated TEM grid for
analysis.
2.3.4 Crystal structure analysis

X-ray diffraction (XRD) spectra of materials were obtained using a Bruker AXS D-
5000 x-ray diffractometer equipped with GADDS area detector. All measurements were
taken by using a generator with a voltage of 40 kV and a current of 30 mA.
2.3.5 Thickness of the deposition

Film thickness of deposition was measured by ellipsometry. For the materials with
well-known optical parameters, such as Al,Os, ZnO etc, fixed angle ellipsometry was used.
For materials with unknown optical properties, for example zinc based hybrid materials, the
variable-angle spectroscopic ellipsometry (J. A. Woollam). Measurement was carried out
over a spectrum from 400 to 1100 nm using incident angles of 65, 70, and 75 degrees. A
three-layer Cauchy model (hybrid/nativeSiO,/Si) was used to fit the experiment data to
derive the refractive index and film thickness. In the model, thickness of native oxide and Si
substrate were set at 15 A and 1 mm, respectively. The film thicknesses were confirmed by

TEM or SEM.
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Figure 2.1 Schematic diagram of the experimental apparatus. The inner volume
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CHAPTER 3. Overview of Key Results of Dissertation and
Author’s Contributions

The first part of this dissertation has been focused on understanding the surface
reaction, nucleation phenomena, deposition Kinetics involved in the supercritical carbon
dioxide based deposition process and its applications in modifying substrates with three
dimensional structures. The kinetics of metal oxide thin film deposition process through
pyrolysis of metal organics in scCO, was studied in detail. This process is applied to modify
complex 3D carbon nanotube forests without breaking the original structure. Moreover, the
nucleation mechanism of Ni nanoparticles from hydrogenolysis of metal organics was
studied and used to modify the carbon nanotube forest.

The second part of this dissertation explores the application of atomic layer
deposition process on polymer fiber matrix in order to facile way of nanostructure fabrication
with precisely tuned dimensions. Through this technique, coaxial Al,03/ZnO/Al,O3
microtubes were fabricated and used as a platform for the study of bi-directional Kirkendall
effect. Moreover, an extension of atomic layer deposition process, named as molecular layer
deposition, was explored to deposit new materials including nylons, hybrid, self-assembly
monolayer. The detailed surface reaction mechanism involved in those novel new material
deposition processes were studied in detail.
3.1 Low-temperature metal oxide thin film deposition and reaction Kkinetics in
supercritical carbon dioxide
3.1.1 Key results

An effective method is developed for low temperature metal oxide deposition through

thermal decomposition of metal diketonates in supercritical carbon dioxide (scCO,) solvent.
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The rates of thermal decomposition of Al(acac)s; (Aluminum acetyl acetonate) and Ga(acac)s
(Gallium acetyl acetonate) in scCO, to form conformal Al,O3 and Ga,0O3 thin films on planar
surfaces were investigated and shown in Figure 3.1. The thermal decomposition reactions of
Al(acac); and Ga(acac)s were found to be initialized at ~ 150 °C and 160 °C respectively, in
scCO; solvent compared to ~ 250 °C and 360 °C in analogous vacuum-based processes. As
determined by the temperature dependent growth rates of metal oxide thin films (as shown in
Figure 3.1), the apparent activation energy for the thermal decomposition of Al(acac)s in

scCO; is ~ 68+ 6 kd/mol, in comparison with 80-100 kJ/mol observed for the corresponding

vacuum-based thermal decomposition reaction. The enhanced thermal decomposition rate in
scCO; is ascribed to the high density solvent, which effectively reduces the energy of the
polar transition states in the reaction pathway as shown in Scheme 3.1. Preliminary results of
thin film deposition of other metal oxides including ZrOy, FeOy, C0,03, Cr,03, HfOx from
thermal decomposition of metal diketonates or fluorinated diketonates in scCO, are also
presented in Table 3.1
3.1.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed the majority of the metal oxide deposition experiments and characterization
measurements with help from coauthors. The author and Dr. Parsons interpreted the results

with the co-authors. The author wrote the manuscripts with Dr. Gregory N. Parsons.
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3.2 Conformal metal oxide coatings on nanotubes by direct low-temperature metal-
organic pyrolysis in supercritical carbon dioxide
3.2.1 Key results

The low temperature (< 200 °C) thermal decomposition of metal organic precursors
dissolved in supercritical carbon dioxide (scCO,) were demonstrated as an effective method
to deposit conformal metal oxide films with tunable thickness into dense three dimensional
networks. Results, as shown in Figure 3.2, specifically show that the thermal decomposition
of gallium acetylacetonate in scCO, leads to conformal coatings of gallium oxide on multi-
walled carbon nanotube forests with a fast deposition rate (~3-4 nm/min), without the need
for any co-solvent. Moreover, as-formed metal oxide/nanotube structures can be further
coated by metal atomic layer deposition to produce nanotube/oxide/metal nano-composites as

presented in Figure 3.3.

3.2.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed all the metal oxide deposition experiments and carried out the thickness
measurement. Joseph C. Spagnola prepared carbon nanotube forest samples and Dr. Kigjin
Park did the ruthenium atomic layer deposition experiment. The author and Dr. Gregory N.
Parsons interpreted the results. The author wrote the manuscripts. Dr. Gregory N. Parsons

revised it.
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3.3 Self-catalyzed hydrogenolysis of Nickelocene: functional metal coating of three-
dimensional nanosystems at low temperature
3.3.1 Key results

Hydrogenolysis of Nickelocene can take place through a self-catalyzed process at low
temperature (< 70 °C) in supercritical carbon dioxide to generate relatively uniform dispersed
Ni (nickel) metal particles onto carbon nanotubes forests (as shown in Figure 3.4) as well as
Ni films on flat surfaces. The ability to form metal particles or films without a local catalyst
at this low temperature is significant because it provides further insight into mechanisms of
Ni deposition reactions (as shown in scheme 3.2) and it enables a new route of low
temperature metal coating on a range of non-metal substrate materials with complex
topography and nanostructure, for example to form Ni/polymer magnetic nanocomposites.
3.3.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed the metal hydrogenolysis experiments. Joseph C. Spagnola prepared carbon
nanotube forest samples. The author interpreted the results and wrote the manuscripts with
Dr. Gregory N. Parsons’ revision.
3.4 Atomic layer deposition on electrospun polymer fibers as a direct route to Al,O3
microtubes with precise wall thickness control
3.4.1 Key results

In this work, atomic layer deposition (ALD) on electrospun polymer fibers (poly
vinyl alcohol) was employed as a direct means by which to construct inorganic microtubes

with well-defined nanoscale walls composed of Al,O; after the templating polymer is
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removed. As shown in Figure 3.5, the wall thickness of the tubes can be precisely tuned by
adjusting cycle numbers. Moreover, as demonstrated by the transmission electron
microcspopy and scanning electron microscopy measurement, the ALD coatings are very
smooth and uniform throughout the electrospun fiber mat as illustrated in Figure 3.6. The
results reported here indicate that this strategy provides an attractive, high-fidelity and low-
cost route to inorganic microtubes, as well as nanoscale tubes and other complex shapes. The
polyethylene oxide (PEO) electrospun fibers were also used as the template for Al,O; ALD
coating. However due to the thermal instability of PEO nanofibers, the morphology of the
fiber mat is destroyed during the deposition as shown in Figure 3.7.
3.4.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed the atomic layer deposition experiments. Dr. Xiaoyu Sun prepared the electrospun
fiber. Joseph C. Spagnola and Dr. G. Kevin Hyde helped with SEM and TEM imaging. The
author interpreted the results and wrote the manuscripts. Dr. Gregory N. Parsons and Dr.
Richard J. Spontak revised the manuscript.
3.5 Bi-directional Kirkendall effect in coaxial microtube nanolaminate assemblies
fabricated by atomic layer deposition
3.5.1 Key results

In this work, low-temperature atomic layer deposition (ALD) of Al,03 and ZnO was
demonstrate as a effective method for the fabrication of complex coaxial multilayered
microtubes with precise control of the starting film thicknesses and relative composition.

Different coaxial tubes of ZnO, Al,03/Zn0O, Al,03/ZnO/Al,O5 with tunable shell thicknesses
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were fabricated. The solid-state reaction within a coaxial Al,03/ZnO/Al, 03 multilayered
microtubular structure were demonstrate as an idea system to prepare discrete microtube-in-
microtube ZnAl,O, spinel assemblies through a Kirkendall void production mechanism at
700 °C. In contrast with previous studies of the nano-scale Kirkendall effect, the reaction
observed here proceeds through a bi-directional vacancy diffusion mechanism wherein ZnO
species diffuse into inner- and outer-Al,O3 concentric layers as illustrate in Figure 3.8.
thereby resulting in vacancy supersaturation and void production between two isolated spinel
microtubes. When a molar excess of ZnO is present between two Al,O3 layers, electron
microscopy images reveal incomplete ZnO consumption after annealing at 700 °C, as shown
in Figure 3.9. At higher initial Al,O3 mole fractions, however, complete reaction with ZnQO is
observed as presented in Figure 3.10. The size of the Kirkendall gap between isolated spinel
microtubes appears to be directly influenced by the thickness of the ZnO layer, as shown in
Figure 3.11.
3.5.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed the atomic layer deposition experiments. Dr. Xiaoyu Sun prepared the electrospun
fiber. Joseph C. Spagnola helped with SEM imaging. The author interpreted the results and
wrote the manuscripts. Dr. Gregory N. Parsons and Dr. Richard J. Spontak revised it.
3.6 Metal organic hybrid polymer thin films formed by molecular layer deposition
3.6.1 Key results

In this work, hybrid organic—inorganic polymer thin films of the form (-O-Zn-O-

C,Hs-)n, have been deposited from diethyl zinc and ethylene glycol (EG) using molecular
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layer deposition (MLD) over a range of substrate temperatures between 100 and 170 °C. In
situ quartz crystal microbalance (QCM) was used to studied the transition from zinc oxide
atomic layer deposition to zinc hybrid deposition as shown in Figure 3.12. In situ QCM
analysis in Figure 3.13 indicated that the sequential surface reactions of diethyl zinc and
ethylene glycol are sufficiently self-limiting and saturating to enable well-controlled MLD
growth. Quantitative analysis of in situ quartz crystal microbalance and film thickness results
indicate that ethylene glycol molecules can undergo a “double reaction” where the -OH
groups on both ends of the diol react with available —Zn-C,Hs surface sites to produce a
relatively inert bridging alkane. The mass uptake per MLD cycle during Zn-hybrid film
deposition decreased with increasing reaction temperature. Infrared transmission shows that
Zn-organic hybrid films are a mixture of metal-oxygen bonding and carbon bonding and are
stable in dry air as shown in Figure 3.14. However, the as-deposited ZnO-hybrid material
could be hydrolyzed by H,O (for example, in ambient) resulting in films consisting of zinc
oxide and zinc hydroxide with some carbon remnants as presented in Figure 3.14.
Spectroscopic ellipsometry indicated that the thickness of hydrolyzed films increased linearly
with reaction cycles, and scanning probe and transmission electron microscopy images show
the hydrolyzed Zn hybrid film coating is uniform and conformal. The transmission electron
micrographs in Figure 3.15 also show the hydrolyzed Zn-hybrid films contain nano-scale
porosity. These results suggest new pathways to fabricate organic—inorganic hybrid

materials, including metal-organic framework structures.
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3.6.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed the deposition experiments. Bo Gong helped with the deposition experiment.
Ryan M. VanGundy worked on the Labview program for the QCM experiment. The author
interpreted the results with Dr. Gregory N. Parsons. The author wrote the manuscripts. Dr.
Gregory N. Parsons revised it.

3.7 Polyamide thin film and amino silane self-assembled monolayer formed by
molecular layer deposition
3.7.1 Key results

Polyamides thin films from diamines and dicarboxylic chlorides were synthesized by
molecular layer deposition in this work. The FT-IR analysis verified the chemical
composition of the polyamide film as shown in Figure 3.16. In the as-formed the polyamide
film, the molecular chains are generally laying down on the substrate surface related to
substrate surface normal as shown by Near Edge X-ray Fine Structure (NEXAFS) in Figure
3.17.

The deposition behavior of ALD of aminosilane (specifically y-aminopropyl
triethoxysilane: APTES) with H,O on the in situ generated Al,O3 ALD film is monitored by
in situ quartz crystal microbalance (QCM) at different deposition temperatures (120 and 150
°C) as shown in Figure 3.18. The in situ QCM data shows that on Al-OH surface, the mass
uptake from APTES/H,O ALD is saturated after ~ 10 cycles. Moreover, in situ QCM
measurement also confirmed that APTES could react with Al-CH3 terminated Al,O3 ALD

film surface. The detailed analysis from in situ FT-IR presented in Figure 3.19, which
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illustrates the surface reaction chemistry and confirmed the reaction between APTES and
surface bonded AI-OH ligands. The ex situ X-ray photoelectron spectroscopy measurement
confirmed the N components on the Si substrate after 100 cycles Al,O3 ALD and 10 cycles
of APTES/H,0, which is approximately 2.5 atomic % at a reaction temperature of 120 °C.
The sequential low-temperature atomic layer deposition of metal oxides and amino silane
self-assembly monolayer (SAM), is demonstrated as a promising method for surface
modification onto inert substrate such as polypropylene nonwoven fiber matrix.
3.7.2 Author’s contribution

The author designed the research plan together with Dr. Gregory N. Parsons and
performed the deposition experiments and most of characterization work. Bo Gong helped
with the in-situ FTIR analysis. The author interpreted the results and wrote the manuscripts.

Dr. Gregory N. Parsons revised it.
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Figure 3.1 Apparent reaction Kinetics of scCO,-based deposition of Al,O3
films from pyrolytic reaction of Al(acac); with initial concentration of 170
pmol/L. The slopes of the lines indicate that the overall energy barrier for
Al,O3 deposition is 6816 kJ/mol. And the apparent kinetics of scCO,-based
Ga,03 deposition from pyrolysis of Ga(acac)s at initial concentration of 230
pmol/L. The kinetic barrier of Ga,O3 deposition is 84+7 kJ/mol. The solid
lines represent linear regressions of the data points.
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Al[CsH;0,]3 Al[CsH;0,]5
(enol) (keto)
{Al[CsH;0,]5}*

Al[CsH;0,]x[OH]5.x + {By products from Ligands}

Al,O; + {By products from Ligands}

Scheme 3.1 A simplified reaction mechanism for pyrolysis reaction of Al(acac)s.
The * denotes the postulated polar transition state.
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Table 3.1 Experiment results of scCO,-based deposition from pyrolytic reaction of different

metal organics

Precursor”® Amount Solubility Reaction T GI:J\;T}”E?%C
Al(hfac)s® 26.7 mg Dissolved well 310°C ~ 650 nm/13 min
Fe(acac)s 8.9 mg Residue left 250 °C ~ 110 nm/15 min
Cr(acac)s 18.9 mg Dissolve well 260 °C ~ 20 nm/32 min
Co(acac); 6.9 mg Hard to dissolve 250 °C < 10 nm/30 min
Zr(acac), 15.0 mg Hard to dissolve 310°C < 10 nm/30 min

200 °C ~ 75 nm/23 min
Zr(hfac), 15.3 mg Residue left

310°C ~ 230 nm/5 min
Zn(acac); 8.0 mg Hard to dissolve 200 °C No film
Hf(acac), 25.6 mg Hard to dissolve 305°C < 10nm/30 min

A All of these precursors dissolved at 100 °C, ~21 MPa;
B hfac: Fluorinated acetyl acetonate;
© For all as-deposited films, AES measurement shows corresponding Metal peak, O peak, C peak.
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Figure 3.2 (a) TEM image of a single pristine MWCNT. (b) TEM image of MWCNTSs
coated by gallium oxide from thermal decomposition of Ga(acac); at 160 °C and 23 MPa-
24 MPa for 7 min. The arrow inside (b) shows the part of MWCNTSs having no oxide
coating. (c) TEM image of MWCNTSs coated by gallium oxide from thermal decomposition
of Ga(acac); at 200 °C and 28 MPa for 1.5 min. (d) Higher magnification TEM image of
MWCNTSs coated by gallium oxide from thermal decomposition of Ga(acac)z at 200 °C and
28 MPa for 1.5 min. (e) A typical EDS spectrum of oxide coated MWCNTS. The gallium
oxide deposition experiment was carried out at 200 °C, 28-32 MPa for 1.5 min. The Ga and
majority O peaks result from the gallium oxide coating, and the major carbon signal is
ascribed to the MWCNTSs with some contribution from carbon impurities and adventitious
carbon. The tiny Cu peak is from the TEM grid.
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Figure 3.3 (aQ)FESEM image of untreated pristine MWCNTs. The diameters of the
MWCNTSs are in the range of 10-30 nm. (b) FESEM image of MWCNTSs coated by gallium
oxide from pyrolysis of Ga(acac); at 200 °C, 28-30 MPa for 10mins. The diameters of the
MWCNTSs are in the range of 60-100 nm The arrow in (b) indicates that the coating of
gallium oxide can replicate the small helix feature of MWCNTSs. (c) FESEM image of
gallium oxide coated MWCNTSs with relatively uniform Ru coating on the surface by
atomic layer deposition from reaction between Ru(Cp), and O, at 325 °C for 150 cycles.
(d) A typical EDS spectrum of oxide-coated MWCNTs with Ru ALD coating. The
significant Ru peak is shown. The peak of Ga and O come from the gallium oxide under the
Ru, and the tiny C peak probably comes from the carbon nanotube core, adventitious
carbon from air and the as-deposited films
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Figure 3.4 (a) FESEM image of pristine MWCNTSs. (b) FESEM image of the
Ni nanoparticles decorated MWCNTS, which was treated in the scCO, based
direct hydrogenolysis reaction between Ni(Cp), and H, at 70 °C. (c) A higher
resolution SEM image of the Ni nanoparticles anchored MWCNTSs. (d) A
typical TEM image of Ni nanoparticles decorated MWCNTS.
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Scheme 3.2 The reaction scheme of hydrogenolysis of Nicklocene without
catalyst. Step (1) is a slower reaction step in order to form Ni nuclei from
homogenous hydrogenolysisi of Nicklocene. Once Ni particles are generated,

they will catalyze the heterogeneous hydrogenolysis reaction of Nicklocene on
Ni particles with a much faster reaction rate.
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Figure 3.5 Wall thickness of Al,O; microtubes prepared on electrospun PVA
fibers (O) and measured by TEM as a function of ALD cycle number. Included
for comparison is the Al,O3 film thickness on a planar Si substrate (@) measured
by ellipsometry. The solid lines denote linear regressions of the data points. The
corresponding average growth rates of Al,O3 are about 0.08 nm/cycle on the
electrospun fibers and 0.07 nm/cycle on the Si substrate. Error bars (x1 standard
deviation) deduced from analysis of 25 thickness measurements from each
specimen are smaller than the symbols shown.
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Figure 3.6 (a) FESEM image of an Al,O; microtube in which ALD was
performed on electrospun PVA fibers for 300 cycles at 45°C. The arrow indicates
a circle on the inside wall of the resultant microtube. (b) TEM image of the
corresponding Al,O3; microtube illustrating the wall thickness. (¢) FESEM and (d)
TEM images of Al,Oz microtubes fabricated by ALD for 150 cycles at 45 °C. A
wall thickness measurement is included in (d). In all cases, the electrospun PVA
fiber templates were removed by heating in air at 400 °C for 24 h.
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Figure 3.7 () FESEM image of polyethylene oxide (PEO) electrospun fiber
matrix. (b) FESEM images of polyethylene oxide (PEO) electrospun fiber after
Al,O3 coating for 150 cycles at 35 °C. The top layers of PEO fibers are fused
together to form films (solid arrow) and ALD of Al,O3; are deposited onto the
fused fiber mat as indicated by the (dash arrow).
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Anm?ating at AlL,O4/ZnO/AlLO,
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—_— 0
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Figure 3.8 Schematic diagram of the procedure developed here for the fabrication
of coaxial ZnAl,0O; microtube-in-microtube coaxial assemblies: (a)
electrospinning is used to produce PVA microfibers; (b) a thin, conformal Al,O3
coating is applied to the PVA fibers by low-temperature ALD; (c) a successive
ZnO coating is applied by ALD; (d) a second Al,O3 coating is applied by ALD,
resulting in trilayered PVA/AI,O3/Zn0O/Al,O3 microcables; (e) the PVA core is
removed by calcination at 450 °C in air for 12 h; (f) the resultant
Al,03/ZnO/Al,O3 coaxial microtubes are annealed at 700°C to form coaxial
ZnAl,O4 microtubes separated by a nanometer-scale gap resulting from
accumulation of Kirkendall voids. (g) White arrows show the direction of vacancy
diffusion for a typical nanoscale Kirkendall-effect experiment in which Al,O3 is
coated onto a ZnO crystal (left), as well as for the experimental procedure
described here, where diffusion occurs in two directions to produce an internal
nanoscale gap (right).
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Figure 3.9 Representative TEM images of Al,O3/ZnO/Al,O3 microtubes formed by
ALD on PVA microfibers. The images in (a) and (b) were obtained after annealing at
450°C in air. The image in (b) permits direct visualization of the trilayered
morphology consisting of a dark polycrystalline ZnO middle layer and lighter
amorphous Al,O3 shells. The images in (c) and (d) were obtained after annealing at
700 °C for 12 h. Light spots (arrows in ¢ and d) indicate void formed within the
tubular structure. Unreacted excess ZnO partitions between the inner and outer shells.
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Figure 3.10 TEM images of (a) Al,03/Zn0O/Al,O; microtubes (18/10/25 nm)
after annealing in air at 450 °C. It shows the thin dark ZnO middle layer
sandwiched between two lighter Al,O3 layers. b) after further annealing sample
(a) at 700 °C for 12 h hollow middle gap in light contrast shown up instead.
The arrows in (b) identify isolated pieces of the inner or outer shells as a
consequence of microtube fracture. (c) Al,03/ZnO/Al,03 microtubes
(18/21/39nm) after annealing in air at 450 °C, d) after further annealing at 700
°C for 12 h. (¢) STEM image of the cross section view of Al,03/Zn0O/Al,O3
microtubes (35/30/38 nm) after annealing at 450 °C in air. The arrow points to
the middle ZnO layer. (f) The tubes from (e) after further annealing at 700 °C
for 12 h. The arrow inside indicates the formation of a thin gap between two
polycrystalline ZnAl,O,4 layers.
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Figure 3.11 ALD layer thicknesses of ZnO and Al,O3; deposited on planar
silicon wafers (measured by ellipsometry, open symbols) and microfibers
(measured by TEM, filled symbols) after annealing at 450°C in air. Included is
the Kirkendall gap thickness from three Al,O3/Zn0O/Al,O3 microtubular
specimen series (with different shell thicknesses 18/10/25 nm, 18/21/39 nm,
35/30/38 nm) annealed at 700°C and plotted as a function of the ALD cycle
number for the ZnO layer. The error bars represent one standard deviation in
the data.
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Figure 3.12 In-situ QCM results at 120°C showing the effect of EG exposure
on the -OZn(C,Hs) s saturated surface produced during ZnO ALD. The DEZ
dose is indicated by the dotted line, and the H,O dose is indicated by the
dashed line. The EG dose is shown with the shaded solid line. The first EG
exposure result in mass uptake and surface saturation. The EG exposure
results in significantly decreased mass uptake for subsequent DEZ exposure
steps.
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Figure 3.13 In-situ QCM results at 120°C during steady—state molecular layer
deposition. The DEZ dose is indicated by the dotted line, and the EG dose is
shown with the shaded solid line. After an EG/Ar half cycle, the DEZ/Ar (2/88
s) half-cycle was repeated 3 times, resulting in mass uptake followed by
approximately equivalent mass loss, indicative of DEZ physisorption/desorption.

78



Absorbance (arb. units)

4000 3000 2000 1000

Wavenumber (cm-)

Figure 3.14 FTIR spectra collected from an example Zn-hybrid MLD film deposited
using 800 cycles at 120 °C: (a) after immediate transfer to dry air; (b) in dry air for 3
days; (c) after exposure to ambient for 1 h; (d) after ~ 12 h in ambient; and (e) after
annealing in ambient at 100 °C for ~ 2 h. Spectrum (f) is obtained from a ~ 45 nm
thick ALD ZnO film deposited using 200 cycles at 120 °C.
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Figure 3.15 A transmission electron micrograph obtained from a hydrolyzed Zn -
hybrid film deposited at 165 °C for 528 cycles onto two Al,O3; microtubes. The
white lines depict the outline of the starting Al,O3 shell, and the right side of the
image shows a region where the tube is broken allowing plan-view through the Zn-
hybrid/Al,Os/Zn-hybrid laminate. The hydrolyzed Zn-hybrid MLD film is
conformal and uniform with thickness ~20 nm. The white arrow indicates a point
with high contrast suggesting through-holes present in the hydrolyzed film.
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Figure 3.16 A typical FTIR spectrum of alkyl-aromatic polyamide deposited at 85
°C for 150 cycles with thickness ~280 nm. The spectrum shows the characteristic

peaks of the polyamide, (N-H stretching mode at 3310 cm™, C=0 stretching mode at
1638 cm™ and N-H bending mode at 1543 cm™).
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Figure 3.17 A typical near edge X-ray adsorption fine structure (NEXAFS)
spectrum of alkyl-aromatic polyamide from different incident angles. The film
deposited at 85°C for 100 cycles with film thickness around 21nm. The spectrum
shows chemical information from phenyl group and polyamide C=O bonding.
According to the spectrum, the polyamide molecules are aligned and tilted quite a bit
to the substrate normal as shown by the inset figure of molecule.
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Figure 3.18 In-situ QCM measurement of mass uptake of atomic layer deposition
of APTES/H,O cycles (2/40/2/40 s) on Al,03 ALD film. It shows steady state
Al,O3 ALD process (2/40/2/40 s) at 120 °C and 150 °C and the sequential ALD
process of APTES on the Al-OH terminated in-situ generated Al,O3 ALD film. At
both temperatures, the first of the APTES/H,O ALD cycle counts more than 50%
of total mass uptake of SAM of APTES on the Al,O3 ALD film.
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Figure 3.19 Representative in-situ FTIR spectra after sequential half cycles of TMA,
H,O, APTES and H,O onto the Al-OH terminated Al,O3 ALD film coated anodic

aluminum oxide substrate at 100 °C. Spectra were taken after more than 1mins purge
time to make sure that all physical absorbed molecules were removed.
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CHAPTER 4. Summary and Outlook

4.1 Summary and Outlook for Supercritical Carbon Dioxide Based Process

As illustrated in previous chapters, supercritical carbon dioxide has been used as the
solvent for coating of metal® and metal oxides® % into the high aspect ratio, three dimensional
structures of carbon nanotubes forest successfully.*** However there are some shortcomings
of supercritical fluid based process. Due to the high pressure and high temperature
supercritical fluid environment, it is difficult for scientists to do in-situ monitor and analysis
of the supercritical based process, which is critical for understanding and optimizing the
process. In the future, the developments and applications of in-situ analytical tools for scCO,
process would be a promising research field. Moreover due to harsh experiment conditions,
the batch-type reactor systems are normally used for the scCO, process. The residue and
byproducts from reaction cannot be removed continuously during the process. The process
scale is also limited. The development of continuous scCO, process will attract some interest
in the future. Due to the zero surface tension and good penetration ability of scCO,, it could
also find unique applications in following fields, 1) It would be good for scCO, to wet
complex high aspect ratio substrates and modify the surface with advanced functionalities. 2)
It could be used as cosolvent to decrease the viscosity of the materials, increase the heat
transfer, mass diffusivity and rheological properties of the substrate and enable better

processing properties. 3) As a solvent, scCO; could also be used for loading metal organic
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precursor into the porous material to generate well dispersed heterogeneous catalyst materials.
4.2 Summary and Outlook for Atomic Layer Deposition

It has been demonstrated that low temperature ALD is a powerful way to coat
polyvinyl alcohol electrospun fibers with uniform Al,O; and Al,O3/ZnO/Al,O3 coating,
which could be converted into complex nanostructures with thermal treatment.’ *° By
judiciously adjusting the electrospinning parameters, the diameter, alignment and structure of
the templates can be further tuned as desired.'” In similar fashion, the ALD process could be
extended to synthesize designer microtubes of other materials such as TiO,,"® more complex
materials,'® and others.

Because ALD is a self-limiting vapor-phase process, it can be easily adapted to
construct, via reactive layering, large numbers of tube structures with nanoscale-precision
dimensions and controlled composition with template technique. It opens a possibility to
study the size dependent properties including magnetism,®®  mechanics,?
electronics,?optics®® and biomedicine,?* associated with those nanomaterials. This technique
is also promising for synthesizing more complex composite nanomaterials, for example
coaxial nanotubules with shells having different functionalities.”® Atomic layer deposition
could also be performed onto inert surfaces (for example, polystyrene, polyethylene,
polyimide, polypropylene, Teflon, etc) without reactive sites.***® This unique nucleation and

growth behavior of ALD growth of metal oxide films enable the incorporation of the metal
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hydroxide ligands onto the inert substrate, which would be accessible by the following silane
treatment for further surface engineering. Combined with the capability of coating substrates
with complex structure, ALD process is promising for surface modification of complex
substrates, for example the electrospun fibers, nanowoven fibers and other inert porous solid
substrates. Moreover, the applications of ALD in micro/nano fluidics is another promising
new field. The ALD process could incorporate different functionalities into the complex
microfluidics channels. For example, ALD of ZnO and TiO, into microfluidics channel
brings the optical catalytic properties into the channels. ALD of Pd, Pt, Ru etc into
micro/nano fluidics will bring noble catalyst into the channel. W coating formed by ALD
into microfluidic channel will enable local heating of the fluidics device. More advanced
applications of ALD into micro/nanofluidics are possible with judicious tuning process
parameters of the ALD. ALD of silanes monolayers would become a hot field to form dense
monolayer of silane with desired functionality into substrates with 3D complex high aspect
ratio structures.
4.3 Summary and Outlook for Molecular Layer Deposition

MLD process was demonstrated as a powerful way for fabrication of nylon,

%031 and Zinc based hybrid materials thin films.*? For Zinc hybrid material, MLD

polyimide
was demonstrated as a good way to form uniform coating into complex structures.®* The

deposition behavior and surface chemistry were elucidated by using in-situ and ex-situ
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techniques. The Zinc hybrid depositions depend strongly on the reaction temperatures. Those
preliminary results stimulate some future research directions, which are listed in the
following text.

At current research status, hybrid materials resulted from MLD process is still not
stable in moisture environment as shown by the Zinc and Al based hybrid materials.* %
However, the field of the MLD attract a lot of interests and many unknown questions needed
to be explored. 1) New chemistries for MLD process need to be explored in order to find
materials with stable and novel properties for the further applications. The chemistry of long
chain organic silanes with ozone is a good direction to pursue.®* Other organic silane related
chemistries are also promising for stable hybrid materials with Si-O-C based matrix.** 2) By
selectively removing the organic components through UV-Ozone treatment or thermal
oxidation process, the MLD hybrid materials could be used as potential precursors for porous
inorganic matrix. During the removing process, the collapse of the matrix would be big
hindrance for the successful fabrication of porous structures. 3) Moreover, the combination
of MLD and ALD could provide a strong tool for synthesis of organic/inorganic hybrid
structure and nanolaminates with atomic level control of composition and structure. 4) MLD

could be extended to form thin film of biomolecules,® ¢

such as peptides etc. Combined
with patterning technique, such as lithography,* microcontact techniques,®” *® higher density

of patterned polymer thin film would be formed on substrates by using the MLD technique. 5)
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Due to the self-limiting deposition behavior, MLD is a potential technique to modify the
surface properties of 3D complex structures (such as carbon nanotubes (CNTs)*®) with
ultrathin uniform film of organics with control of thickness, chemistry. 6) The deposition
mechanism of MLD process is crucial for applications. It is important to use different in-situ
techniques to study the material properties. Combination of in-situ analysis (XPS, FTIR for
chemistry, STM for ligand structure on the surface, QCM for the adsorption and desorption
behavior etc) would give more insight of the MLD deposition behavior. Those information

will provide basis for theoretical modeling of the MLD deposition process.
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ABSTRACT

An effective method is developed for low temperature metal oxide deposition through
thermal decomposition of metal diketonates in supercritical carbon dioxide (scCO,) solvent.
The rates of Al(acac); (Aluminum acetyl acetonate) and Ga(acac)s; (Gallium acetyl acetonate)
thermal decomposition in scCO; to form conformal Al,O; and GayOs thin films on planar
surfaces were investigated. The thermal decomposition reaction of Al(acac); and Ga(acac);
were found to be initialized at ~ 150 °C and 160 °C respectively, in scCO; solvent compared
to ~ 250 °C and 360 °C in analogous vacuum-based processes. By measuring the temperature
dependence of the growth rates of metal oxide thin films, the apparent activation energy for
the thermal decomposition of Al(acac)s in scCO; is found to be 68+6 kJ/mol, in comparison
with 80-100 kJ/mol observed for the corresponding vacuum-based thermal decomposition
reaction. The enhanced thermal decomposition rate in scCO, is ascribed to the high density
solvent which effectively reduces the energy of the polar transition states in the reaction
pathway. Preliminary results of thin film deposition of other metal oxides including ZrOy,
FeOy, C0,03, Cr,03, HfO4 from thermal decomposition of metal diketonates or fluorinated
diketonates in scCO;, are also presented.

Keywords: Supercritical carbon dioxide (scCQO,), Metal Oxides, Solvation Energy, Thermal

decomposition, Metal Diketonates,
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5.1 Introduction

Metal oxide thin films have important applications including dielectrics for
semiconductor devices, thermal insulation, filtration, catalyst supports, coatings, sensors and
others [1-4]. A wide range of processes have been developed to deposit metal oxide thin
films, including chemical vapor deposition (CVD) [5-7], spray thermal decomposition [8],
atomic layer deposition (ALD) [3, 9], and others. However CVD usually requires high
reaction temperature (T>400 °C) to enable the metal-containing precursor to thermally
dissociate at or near the growth surface, even in the presence of oxidizing agents such as O,
O3 and H,0 [5-7]. Atomic layer deposition can provide very conformal and uniform coatings,
but it is not always amenable to low temperature processing, and deposition rates are
relatively slow [3, 9]. Spray pyrolysis techniques are also of interest, but they typically suffer
from an inherent inability to coat high aspect ratio structures [8].

Supercritical fluids have unique properties including zero surface tension, low
viscosity and high diffusivity (analogous to vapors) and high density (similar to liquids) [10].
These unique properties allow supercritical fluids to wet high aspect ratio structures, dissolve
metal organics, remove impurities from depositing surfaces, and enable conformal deposition
of thin film coatings. In particular, supercritical carbon dioxide (scCO,) has a reasonably
accessible critical point (Pc=7.4 MPa, Tc=31 °C) and is non-toxic and environmentally

benign. To date, a number of metal thin films including Pt, Cu, Co, Ni and others have been
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deposited from scCO,-based process using suitable precursors on different substrates [10-12].
However, the deposition of metal oxides in scCO; is much less studied [1, 4, 13, 14].
Recently, Uchida et al. [1] observed that the deposition of TiO, onto native oxide Si by
pyrolysis of Ti(Oi-Pr),(dpm), could be carried out at much lower deposition temperature
(50-120 °C) in scCO,-based process than in a conventional CVD process (>210 °C).
However, no characterization or analysis of the enhanced TiO, deposition Kinetics in
scCO,-based process was presented.

Previous work has shown that supercritical fluids (including scCO;) can uniquely
affect critical chemical reaction rates in homogeneous systems, as well as in heterogeneous
catalysis [15-18]. For example, the work of Johnston and Haynes [19] helped clarify the
extreme solvent effects in homogeneous reactions by analyzing in detail the homogeneous
pyrolysis of a-chlorobenzyl methyl ether. That report showed a dramatic decrease in the
homogeneous decomposition activation energy when the reaction was carried out in
supercritical 1,1-difluoroethane as comparison to other liquid solvents such as carbon
tetrachloride. The pronounced effect of pressure of supercritical fluids on the reaction rate
constant was interpreted in term of a large negative activation volume within the solvent
clustering theory [19].

While several studies have characterized solvent-enhancement effects in

homogeneous reactions [15-18], there are few previous results demonstrating details of

96



CHAPTER 5 is a reprint of a manuscript published in Thin Solid Films

supercritical solvent effects in heterogeneous film deposition reaction kinetics. In this article,
the Kinetics of low temperature pyrolysis of metal-organics is characterized in scCOy,
producing uniform coatings of metal oxide thin films. Specifically, Al,O3; and Ga,Os;
deposition in scCO, from the pyrolysis of metal diketonates is analyzed as a model system to
study the kinetics of heterogeneous scCO,-based thin film deposition, and to understand the
unique effects of scCO, solvent on the deposition process. We found that the scCO, solvent
can help lower the energy barrier of the pyrolysis reaction and thus decrease the pyrolysis
temperature of metal organics, when compared with the corresponding vacuum-based
pyrolysis reaction [3, 5]. Moreover the observed effect of scCO, on the enhanced rate of
pyrolysis of metal diketonates is consistent with theoretical understanding of solvent effects
on homogeneous reaction kinetics [18-20], including Onsager’s reaction field theory[18, 19].
The results and analysis presented here lead to an improved comprehension of heterogeneous
thin film deposition reaction systems.
5.2 Experiment

Native oxide Si(100) wafers were used as substrates for deposition, and were
prepared by wet cleaning in BakerClean® JTB-100 solution (Mallinckrodt Baker Inc),
followed by rinsing in deionized water, then drying in a N, flow. Metal containing precursors
utilized in this study including aluminum acetylacetonate (99 %) (Al(acac)s) [Al(CsH70,)s],

Ga(acac);, Fe(acac)s, Zn(acac),, Zr(acac)s;, Co(acac)s, Cr(acac)s, Hf(acac)s, aluminum
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hexafluoroacetylacetonate (Al(hfac)s) [Al(CsHO,Fg)3] and Zr(hfac)s, were used as received
(Strem Chemicals). Coleman grade CO; (99.99 %) (National Welders) was used in
experiments. Deposition reactions were carried out in a homemade stainless steel batch type
reactor with a total volume of 110 milliliters as illustrated schematically in Figure 5.1.

In a typical experiment, a piece of pretreated native oxide Si substrate (~ 1 cmx1.5
cm) was fixed onto the heating block, which was attached to a gland fitting (Conax Buffalo
Corp.), as shown in Figure 5.1. Three cartridge heaters (Tempco) were fit into the heating
block, enabling substrate surface temperature to be controlled by using a feedback
thermocouple fit through the gland fitting. A predetermined amount of precursor was
weighed and placed in the reactor with the substrate holder before sealing. Air was purged
from the reactor by flowing low pressure CO, through a vent valve for 5 min at a temperature
of ~ 70-100 °C. The reactor was then pressurized with CO, and heated to the predetermined
set point (P=21 MPa, T=100 °C). Subsequently, the system was kept stable for 2 h to allow
the precursor to dissolve. The typical precursor concentration was approximately 170 pmol/L
for Al(acac)s and 230 pmol/L for Ga(acac); For some experiments, to examine the effect of
oxidizing species, oxygen or water was intentionally added to the reaction. For these
experiments, after the precursor was loaded into the clean vessel, the vessel was purged with
low pressure CO, for ~ 10 min to remove ambient air. The vessel was then filled with high

purity dry air or a small known volume of deionized water and subsequently sealed and filled
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with high pressure CO,. The concentration of oxidant was then estimated using the known
volume of the system.

After the precursor dissolution time, the temperature of the substrate was increased
to the growth temperature set point. This transition occurred relatively rapidly, typically
within 1 min. After a predetermined reaction time, the cartridge heaters were turned off and
the temperature of the substrate quickly decreased to <150 °C, typically within 1 min. For
higher substrate temperatures, the reactor temperature was observed to increase above the set
wall temperature of 100 °C during the first 20 min, but temperature generally stayed below ~
190 °C. After the set deposition time, the effluent from the reactor was vented through an
activated carbon bed, and fresh scCO, was used to purge the reactor to remove byproducts
and remaining precursor in the system. The reactor was allowed to cool, and the samples
were then removed from the reactor and characterized.

Growth rate was determined by measuring the sample thickness for the known
growth time using ellipsometry (Rudolf/Auto EL) and/or surface profilometer (Tencor
Alpha-Step 500). Ellipsometry was performed using 632.8 nm incident laser wavelength at
an angle of 70°, using n and k values of 1.79 and 0, respectively for Al,O3. Transmission
Fourier transform infrared spectroscopy (FTIR) was used to characterize the film
composition. A ThermoNicolet IR bench with a deuterated tri-glycine sulfate detector (KBr

beam splitter) was used in the transmission mode. The typical measuring condition of FTIR
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was 256 scans at 8 cm™ resolution, and the measuring chamber was purged using purified dry
air. A background spectrum was collected using the same wafer before the deposition. Auger
electron spectroscopy with 5 keV primary electrons was used to measure the atomic
composition of the deposited films. Film surface morphology was studied by a Nanoscope
I11a atomic force microscope (Digital Instruments) operated in tapping mode. Samples were
measured with a scanning frequency of 1 Hz. Film roughness was characterized as root mean
square (rms) values. Adhesion of deposited films was evaluated with the adhesive tape test.
5.3 Results

Figure 5.2 shows transmission FTIR results from a typical film deposited at 150 °C
and 25-26 MPa for 30 min from pyrolysis of Al(acac)s, before and after annealing in air at
600 °C for 15 min. The peaks generally confirm the presence of Al,O; and some carbon
contamination in the deposited film [2, 5, 13]. In the as-deposited film, the absorption peak
near 1000 cm™ from C-O-C vibration, peaks in the range of 1200-1750 cm™ from C-O, C-C
and C=C, and the peak around 2900 cm™ from stretching vibration of -CH,, -CHs or -CH, are
likely due to carbon impurity from partially dissociated acetyl acetonate ligands [2, 5, 13].
The small broad peak at 3000-3600 cm™ is due to the stretching modes of -OH related to
H,0O molecules and -OH species [5, 13]. The stretching modes of Al-O-Al are visible as the
broad peaks between 500 and 1000 cm™ [5, 13]. After annealing the sample at 600 °C for 15

min in air, a decrease is observed in the carbonate related peaks at ~ 2900 cm™and between
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1000 and 1800 cm™, and an increase is seen for the peaks of Al-O-Al. This is likely due to
further decomposition of partially dissociated ligands at 600 °C in air to form more Al-O-Al
bonding. At the same time Si-O peaks appear in the spectrum at ~ 1100 cm™ because oxygen
will diffuse to the Si substrate and form SiO, during the annealing [2, 5]. Carbon-containing
contaminants observed in the IR before annealing are likely thermally decomposed to form
carbon in the film that is not prominently visible in the IR spectrum or to form other carbon
containing volatile byproducts.

An Auger electron spectrum (AES) of an Al,O; film in the as-deposited state is
presented in Figure 5.3(a). The film was deposited at 185 °C and 25-26 MPa for 50 min from
pyrolysis of Al(acac);. The AES survey scan shows Al-KLL peaks at ~ 1300-1350 eV,
O-KLL features at ~ 480-490 eV and C-KLL peaks at ~ 250-265 eV [21, 22]. As
demonstrated in Figure 5.3(c), the primary Al-KLL peak is at 1350 eV, which is shifted from
literature values for the Al-KLL peaks (~ 1360-1390 eV) [21], possibly due to carbon in the
films or surface charging effects. No significant Si peak is detected at 96 eV, consistent with
the expected film thickness of ~ 100 nm which is sufficient to block any Auger signal from
the Si substrate. The Auger and FTIR data are qualitatively consistent, indicating Al-O-Al
bonding as well as carbon at a level of ~ 10 atomic % in the as-deposited films. The C
fraction was determined from the intensity of the C peak relative to that of the Ga and O

peaks [21].
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Figure 5.3(a) also shows a typical AES survey scan for Ga,Oj3 thin films deposited
from pyrolysis of Ga(acac); at 200 °C and 28-32 MPa for 10 min with thickness ~ 150 nm.
Peaks due to Ga-LMM (990-1070 eV), O-KLL (~ 450-480 eV) and C-KLL (~ 250-265 eV)
Auger transitions are observed in the spectrum [21, 22]. In Figure 5.3(b), a high resolution
scan in the Ga-LMM peak region provides evidence for the primary peak at ~ 1020 eV and
Ga satellite peaks between 850 and 1070 eV. Auger spectra for the Ga,O3 film in Figure
5.3(a) and 5.3(b) indicate the film composition being primarily Ga,O3;with ~ 10 at.% carbon
impurity.

Figure 5.4 shows the thicknesses of Al,Os thin films deposited for several different
reaction times at a range of deposition temperatures. Several sample measurements were
made at each data point and error bars representing the typical uncertainty in film thickness
are shown on representative data points. At the lower studied deposition temperatures
(185 °C, 180 °C and 150 °C) the thickness of the deposited film increased linearly with
reaction time up to ~ 40-50 min. For the higher deposition temperatures investigated (220 °C
and 250 °C) the film thickness increases approximately linearly with reaction time at the
early stage of deposition (<5 min). For longer deposition times, the film thickness continued
to increase and eventually saturated. This saturation in film thickness at higher deposition
temperatures is ascribed to the decrease of precursor concentration as the deposition reaction

proceeds. This is consistent with the observed effect of precursor concentration on the growth
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rate, shown in Figure 5.5 and described below. This interpretation is also in agreement with
a simple mole-balance analysis of the precursor loaded in the reaction vessel. Specifically, if
the complete mass of Al(acac)s precursor initially in the system (concentration ~ 170 umol/L)
leads to deposition on the area of the heated sample and substrate holder (~ 15 cm?), at most
~ 500 nm of film deposition would result. This value is approximately a factor of two larger
than the saturation thickness extrapolated from the trend in the growth data of
high-temperature (200 °C and 250 °C) shown in Figure 5.4. The factor of two difference is
consistent with the observation that at high temperatures, pyrolytic reaction of precursor
occurred in the scCO, phase as well as on the reactor walls.

The effect of initial precursor concentration on the film growth rate is shown
explicitly in Figure 5.5. Specifically, the amount of Al(acac)s; precursor loaded into the
reaction cell was varied, corresponding to concentrations ranging from 25 to 170 umol/L,
and the thickness of growth at 250 °C was measured after a fixed growth time (3 min).
Thickness measurements were made on all the resulting samples, and typical error bars were
included on representative data points. The growth rate is found to increase linearly with
initial precursor concentration, and the linear regression shown in the figure results in an
intercept at the origin. The results in Figure 5.5 indicate that the initial growth rate is
determined by the precursor impingement flux on the surface, which is linearly proportional

to the precursor concentration.
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Regarding effects of oxidizer addition, when ~ 10 pL of deionized H,O was added
to the Al(acac); dissolved in scCO, at 120 °C, significant homogeneous reaction was
observed. Specifically, the reaction produced a large amount of white particle precipitation,
the solution color changed from yellow-brown to transparent, and no visible film deposition
was observed on the substrate surface.

Measurements of thickness versus growth time were carried out for Ga,O;
deposition from pyrolysis of Ga(acac)s; with no oxidizer present, and the initial growth rate is
shown in an Arrhenius plot in Figure 5.6. For each data point several sample measurements
from different experimental runs were averaged, and typical error bars are shown on
representative data points. The slope of the lines in Figure 5.6 result in overall apparent
activation energies of 68+6 kJ/mol and 84+7 kJ/mol for scCO,-based deposition of Al,O3 and
Ga, 03, respectively. The observed saturation of growth rate at higher temperature for Ga,O3
is ascribed to a transition from kinetically-limited growth to mass-transfer-limited growth.
All of the Al,03 and Ga,03 films deposited on silicon oxide surfaces showed good adhesion
(i.e. they remained intact upon an adhesive tape test) with a reflective and smooth surface
texture, as confirmed by AFM measurement (rms is ~ 1-2 nm for a 170 nm as-deposited film)

In addition to Al(acac); and Ga(acac)s, pyrolysis reaction of other metal organics
(listed in Table 5.1) were also investigated in the scCO, system. Routine deposition was not

obtained for all precursors studied. Generally, the deposition rate was found to depend on the

104



CHAPTER 5 is a reprint of a manuscript published in Thin Solid Films

nature of the precursor, including the degree of precursor solubility in scCO, and the
precursor thermal stability. A summary of the results with other precursors is included in
Table 5.1.
5.4 Discussion

The apparent kinetics of pyrolysis of Al(acac)s; in vacuum-based processing has
been investigated by several groups [23, 24]. Typically, in a vacuum-based process, pyrolysis
of Al(acac); initiates at temperatures of ~ 250 °C, and shows an apparent activation barrier of
80-100 kJ/mol [23, 24]. The results shown here in scCO, indicate that pyrolysis of Al(acac)s
can take place at temperature as low as 150 °C with an overall kinetic barrier of 68+6 kJ/mol.
For the case of Ga(acac); pyrolysis in a vacuum process, detailed kinetic data for precursor
thermal decomposition is not readily available. However, the results of atomic layer
deposition (ALD) studies [3] using Ga(acac)s; to form Ga,O; indicate that the preferred
deposition temperature is ~ 360 °C. In the ALD processes, adsorption and oxidation reactions
of the precursor proceed sequentially under self-limiting conditions, and the preferred ALD
temperature corresponds to the point where the precursor reacts with the surface but does not
fully decompose. This suggests that in the vacuum-based process, substantial pyrolysis of
Ga(acac); will proceed only at temperatures in excess of 360 °C. In the scCO,-based process
reported here, deposition from the pyrolytic reaction of Ga(acac)s can be initialized in scCO,

at a temperature as low as 160 °C. The results in Figure 5.6 show that the reaction barrier for
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Ga,03 deposition in the reaction rate limited regime at low temperature is 84+7 kJ/mol, and
the barrier is ~ 20-30 kJ/mol at higher temperatures in the diffusion controlled regime.
Several possible mechanisms could be considered to understand the enhanced
kinetics of heterogeneous thermal decomposition of the precursors in the scCO,-based
process. Firstly, the solvation effect of scCO, may enhance the rate of ligand removal from
the growth surface resulting in an increased density of reactive sites available for growth
compared to the solvent-free process at the same reaction temperature. However, since the
reaction rate is linearly dependent on the homogeneous precursor concentration (as shown in
Figure 5.5), one can infer that the surface ligand removal rate is not the rate determining step
in the heterogeneous decomposition reaction. Another possibility is that oxygen impurities
(including O, and/or H,0) present in the scCO; solvent could affect the reaction kinetics.
The CO, was known to contain some oxygen (O, + Ar <9 ppm) and H,O (<10 ppm)
impurities as delivered to the reactor from the source. For the reactor pressure and volume
used, this corresponds to <10 umol of total impurity in the reactor system, which is 10X less
than the molar amount of oxygen present in the total mass of Al(acac)s precursor loaded into
the reactor. While some oxygen may be present from the impurities, most of the film product
is expected to result from pyrolysis of the precursor. Furthermore, the results of intentional
oxidizer addition suggest that oxidizers promote homogeneous reactions at high density,

supporting the conclusion that the observed film deposition proceeds primarily from direct
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pyrolysis of metal diketonates on the substrate surface.

Based on the above results and discussion, we conclude that the relatively facile
oxide deposition reaction observed at low temperature in scCO, proceeds because the
supercritical fluid provides solvation energy that affects the transition state for the precursor
pyrolysis reaction on the heated substrate surface. The detailed chemistry of pyrolysis of
Al(acac); has been previously studied in vacuum and atmosphere pressure systems [23-26]. It
is generally understood that the molecules of Al(acac); have an enol-keto equilibrium, and
both the enol and keto types of Al(acac)s; can be pyrolyzed to produce Al,O; and other
byproducts through a postulated polar transition state that is the rate-determining step as
shown in Scheme 5.1 [23, 24]. During the pyrolytic reaction, the acetylacetonate ligands will
break at the carbon-enolic O bond, leaving the metal (M)-O structure available to form metal
oxides [23, 25, 27]. This reaction is favorable in most M(acac)x systems because the bonding
energy of M-O is higher than the carbon-enolic oxygen [23, 24]. Moreover, since the scCO,
solvent is inert and is not expected to react at temperatures <500 °C [10, 11, 14], the scheme
for the pyrolytic reaction should be similar for the vacuum-based and scCO,-based processes.
Several theoretical analyses have predicted enhanced homogeneous and heterogeneous
reaction rates for solvent-based catalysis and other systems [18, 20], where the activation
barrier of the reaction is decreased by a factor AE, with the presence of a solvent cluster

around the solute. The value for AE, can be estimated from Onsager’s reaction field theory:
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AE, = ,u_: 2(¢-1)
a’ 2¢+1

where u is the dipole moment of the polar state of solute molecule in the cavity of radius «;
and ¢ is the dielectric constant of the continuum medium. Assuming the vacuum-based and
scCOy-based processes for Al(acac)s pyrolysis proceed through the same polar transition
state, the dielectric strength of the scCO, solvent (¢ ~ 1.2) is expected to decrease the
reaction barrier for decomposition by effectively reducing the free energy of the polar
transition state. Furthermore, a local increase in the dielectric constant of the solvent due to
molecular ordering around the polar transition state [18-20, 28], will further reduce the
reaction activation energy as compared to a solvent-free vacuum-based process. A direct
approach to test the Onsager theory is to change the dielectric strength of the solvent and
observe the effect on deposition rate. Preliminary results in our lab show that the addition of
0.2 mol/L of ethanol co-solvent to the sc-CO, leads to an increase in the aluminum oxide
growth rate. Since the dielectric constant for ethanol under the conditions used is larger
than CO,, the addition of the co-solvent is expected to increase in solvent overall dielectric
strength and reduce the kinetic barrier, consistent with the observed increase in growth rate.

As shown in Figure 5.2 and Figure 5.3, the as-deposited films of Al,O3 and Ga,O3 in
the scCO,-based process, performed without optimization, have more carbon contamination
compared to those formed at higher temperatures using oxygen reactants [3, 5], By further

optimization of the reaction, for example using a co-solvent or a different oxidizer, the
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carbon contamination may be further decreased. The preliminary results presented here for
scCOy-based deposition of metal oxides suggest another routes to promote materials
fabrication at low temperature, especially in applications where integration with polymers,
biomaterials and other thermal sensitive materials are of primary interest. Combined with the
other unique properties of scCO,, this process can be used to quickly coat uniform metal
oxide films onto complex structure with high aspect ratio and high surface areas including,
for example, carbon nanotubes.
5.5 Summary and Conclusions

A scCO; based low temperature deposition technique for thin films of metal oxides
has been developed. Experimental results of deposition of metal oxide thin films in scCO,
solvent demonstrates that scCO, can affect the reaction kinetics of pyrolysis of metal
diketonates, allowing the coating processes of metal oxides to proceed at lower temperatures
than in comparable vacuum-based pyrolytic reactions. Both Al(acac); and Ga(acac)s are
found to undergo pyrolysis at temperatures of ~ 150-160 °C in scCO, compared to ~
250-360 °C in analogous vacuum-based processes. The apparent activation energy for the
pyrolysis of Al(acac)s in scCO; is found to be 68+6 kJ/mol which is substantially reduced
compared to 80-100 kJ/mol previously reported for the same reaction in the vacuum-based
process. The enhanced kinetics for pyrolysis of metal diketonates is ascribed to the dielectric

strength of the scCO; solvent which decreases the reaction barrier by effectively reducing the
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free energy of the polar transition state in the pyrolytic reaction. While several studies have
characterized solvent-enhancement effects in homogeneous reactions, there are few previous
results demonstrating details of supercritical solvent effects in heterogeneous film deposition
reaction kinetics. The experimental results afford valuable insight into the effect of scCO, on
the thermal stability of metal organics of interest in low temperature material fabrication
processes.
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Figure 5.1. Schematic diagram of the experimental apparatus. The inner volume
of the reactor is ~ 110 mL. The reactor wall temperature is typically held at 100
°C. The sample is located on a block that is heated independently from the
reactor chamber wall.
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Figure 5.2. Transmission FTIR spectra for an Al,O3; film deposited from
pyrolysis of Al(acac); at 150 °C and 25-26 MPa on a Si substrate for 40 mins
with film thickness ~ 23 nm. Before anneal: spectrum taken after deposition.
After anneal: spectrum taken after the film was annealed at 600 °C in air for 15
mins.
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Figure 5.3. (a) Auger Electron Spectroscopy (AES) survey scan of Al,O3; and Ga,O3
films. Ga,03 was deposited from pyrolysis of Ga(acac); at 200 °C and 28-32 MPa, for
10 mins, resulting in a thickness of ~ 150 nm. Al,O3; was deposited from pyrolysis of
Al(acac); at 185 °C and 25-26 MPa for 50 mins, resulting in a thickness of ~ 100 nm.
(b) The detailed AES spectrum of the Ga-LMM peaks. (c) The detailed AES spectrum
of the AI-KLL peaks. The positions of Ga-LMM and Al-KLL peaks are consistent
with the fully oxidized status of Ga and Al.
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Figure 5.4. The Al,O3 film thickness measured as a function of deposition time at
different reaction temperatures during the scCO,-based pyrolysis of Al(acac); with
initial precursor concentration ~ 170 umol/L. The straight lines are linear regressions
and the curved lines are guides for the eye. At high temperatures (200 °C and 250 °C)
for short deposition time (<5 mins), the films are observed to grow linearly with
reaction time, followed by saturation of the film thickness at longer periods. At low
temperatures (150 °C, 180 °C and 185 °C), the linear growth rate is observed for
longer reaction times (measured up to 50 mins).
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Figure 5.5. The effect of precursor concentration in the reaction system on the
deposition rate of Al,O3 films in scCO,-based process from pyrolysis of Al(acac); at
250 °C. The solid line denotes a linear regression of the data points. The linear fit
reveals that the growth rate is determined by the precursor concentration in the
reaction system.
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Figure 5.6. Apparent reaction kinetics of scCO,-based deposition of Al,O; films from
pyrolytic reaction of Al(acac)s with initial concentration of 170 umol/L. The slopes of
the lines indicate that the overall energy barrier for Al,O3 deposition is 68+6 kJ/mol.
And the apparent kinetics of scCO,-based Ga,Os; deposition from pyrolysis of
Ga(acac); at initial concentration of 230 pmol/L. The kinetic barrier of Ga,Os;
deposition is 84+7 kJ/mol. The solid lines represent linear regressions of the data
points.
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Table 5.1. Experiment results of scCO,-based deposition from pyrolytic reaction of different
metal organics

Precursor” Amount Solubility Reaction T GI:\:::;”E::/EC
Al(hfac)s® 26.7 mg Dissolved well 310°C ~ 650 nm/13 min
Fe(acac); 8.9 mg Residue left 250 °C ~ 110 nm/15 min
Cr(acac)s 18.9 mg Dissolve well 260 °C ~ 20 nm/32 min
Co(acac)s 6.9 mg Hard to dissolve 250 °C < 10 nm/30 min
Zr(acac), 15.0 mg Hard to dissolve 310°C < 10 nm/30 min

200 °C ~ 75 nm/23 min
Zr(hfac), 15.3 mg Residue left

310°C ~ 230 nm/5 min
Zn(acac); 8.0 mg Hard to dissolve 200 °C No film
Hf(acac), 25.6 mg Hard to dissolve 305°C < 10nm/30 min

A All of these precursors dissolved at 100 °C, ~21 MPa;
® hfac: Fluorinated acetyl acetonate;
© For all as-deposited films, AES measurement shows corresponding Metal peak, O peak, C peak.
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{AI[C5H,0,]5}*

Al[CsH,0,]x[OH[3.x + {By products from Ligands}

Al,O; + {By products from Ligands}

Scheme 5.1. A simplified reaction mechanism for pyrolysis reaction of Al(acac)s. The
* denotes the postulated polar transition state.
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CHAPTER 6. Conformal Metal Oxide Coatings on Nanotubes by Direct
Low-Temperature Metal-Organic Pyrolysis in Supercritical
Carbon Dioxide
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ABSTRACT

We demonstrate that low temperature (<200°C) thermal decomposition of metal
organic precursors dissolved in supercritical carbon dioxide (scCQOy) is an effective method to
penetrate into dense three dimensional networks and deposit conformal metal oxide films
with tunable thickness. Results specifically show that thermal decomposition of gallium
acetylacetonate in scCO,, leads to conformal coatings of gallium oxide on multi-walled
carbon nanotube forests with a fast deposition rate (~3-4 nm/min), without the need for any
co-solvent. Moreover, as-formed metal oxide/nanotube structures can be further conformally

coated by metal atomic layer deposition to produce nanotube/oxide/metal nano-composites.
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6.1 Introduction

New tools and chemical processes for the synthesis of nano-scale materials will promote
fabrication of new materials and constructs with unique electronic, optical, sensing, and
catalytic capabilities."® In particular, there is significant interest in three-dimensional (3D)
macro-structures consisting of nanostructures, including, for example, aerogels,* electrospun
nanofibers,** and carbon nanotube forests and sheets.*° In order to enable advanced function,
it is necessary to uniformly modify or coat complex 3D nanostructure systems by film
deposition techniques.’ " However, it is still a outstanding challenge to uniformly and
conformably modify the complex 3D nanostructures.* 3"
Due to the interesting properties and promising applications of metal oxide/carbon

10-12 and

nanotubes,® to date, a variety methods, including atomic layer deposition (ALD)
liquid solution based processes,**™ have been used to deposit metal oxides onto carbon
nanotubes. Common solution-based processes have high surface tension and therefore have
difficulty wetting the high surface areas in complex high aspect ratio structures, often
resulting in poor conformality, collapse of the original shape and waste of organic solvent.®**
15

As an environmentally benign solvent, supercritical carbon dioxide (scCO,) has attracted
much recent attention for chemical reaction because of its unique properties including liquid-
like high density, gas-like high diffusivity, low viscosity and zero surface tension.'®*®
Because of those unique properties, it is possible for the scCO; based deposition processes to

achieve conformal and uniform deposition in high aspect ratio structures. Especially, as a

green solvent, scCO, can help remove byproducts and residue materials from the substrate
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surface, which can reduce contaminants from the reaction environment.*”** Supercritical CO,
has been investigated as an antisolvent agent to deposit metal oxide coatings onto
nanotubes.?®#? Herein, an environmentally benign pure scCO, based low temperature thermal
decomposition chemistry of metal diketonates is developed to synthesize the coaxial
nanostructure of gallium oxide coated multi-walled carbon nanotubes (MWCNT’s), which
could have potential applications in fields related to oxygen gas sensors,? optical systems,**
catalysts,”® coaxially-gated CNTs devices.® Furthermore, the coated nanotubes are further
modified using atomic layer deposition of ruthenium metal at elevated temperature.

6.2 Experiment

For the gallium oxide deposition process, gallium acetylacetonate (99%) (Ga(acac)s)
[Ga(CsH;02)3], (Strem Chemicals) was used as received. Coleman grade CO; (99.99%)
(National Welders/Supply Company) was used for all experiments without further
purification. Deposition experiments were carried out in a homemade 110 ml high-pressure
stainless steel cold wall batch type reactor shown schematically in Figure 6.1.

MWCNTs were grown by catalytic chemical vapor deposition (CVD) process in a
homemade quartz reactor at 500°C. Ethanol was used as the carbon source. Ar was bubbled
through ethanol at room temperature with a flow rate of 1.5 standard liters per minute (SLM).
The catalyst layer Fe(0.5nm)/Al,03(10nm) was formed on the thermal oxide silicon wafer
(Si02(500nm)/Si) by using sequential e-beam evaporation.

In a typical experiment, a Si substrate (size: ~1cmx 1.5cm) having MWCNTSs forest

grown on it, was used as the deposition platform without further treatment. The sample was

fixed onto the heating block, which was installed on the gland fitting (Conax Buffalo Corp.)
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as shown in Figure 6.1. Three cartridge heaters (Tempco®) were fit into the heating block and
the temperature of the heating block was controlled by a feedback thermocouple. One end of
the reactor was sealed by the gland fitting. A known amount of precursor (corresponding to
~230 pmol/L) was loaded into the reactor with a sample before the reactor was sealed. Air
was removed from the reactor continuously by flowing low pressure CO, through the reactor
chamber for 10 minutes at a temperature of ~80°C. After purging, high pressure CO,was fed
into the reactor and heated via a heating tape to the conditions desired for precursor
dissolution (typically, P = 21MPa, T = 100°C). The system was kept stable at the set point for
1.5h to allow the precursor to be fully dissolved, as observed by inspection through the
quartz window. The substrate was then rapidly heated (within 40 seconds) to the desired
reaction temperature. Typical deposition temperatures were 160°C and 200°C, and the
pressure ranged from 25-32 MPa. After a predetermined reaction time, the substrate heater
was turned off and the temperature of substrate decreased to less than 150°C within 40
seconds, at which point the reaction ceased. The effluent from the reactor was then vented
through an activated carbon bed filter and fresh scCO, was used to flush the reactor to
remove reaction byproducts and any remaining precursor. The sample was then removed
from the reactor and characterized.

The Ru ALD experiment was conducted in a home-made reactor system at 325°C by
using bis(cyclopentadienyl)-ruthenium (Ru(Cp)2) and O, as reactants.’® The precursor and
reactant were pulsed into reactor separately with pulsing time 3s and 6s respectively. Ar was
used to purge the system for 20s after each precursor pulse. Argon was also used as a carrier

gas for the Ru(Cp), precursor.
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Auger electron spectroscopy (AES) was used to measure the atomic composition of the
resulting materials using a 5 keV primary electron gun. Scanning electron microscopy (SEM)
images were taken on the JEOL 6400F Field Emission SEM (FESEM). Complementary
energy dispersive X-ray spectroscopy (EDS) analysis was performed with an Oxford ISIS
system attached to JEOL 6400F FESEM. For TEM measurement, MWCNTs were dispersed
in ethanol and sonicated for one minute. Several drops of the dispersion were pipetted onto
copper TEM grids (Ted Pella, Inc), and the grids were dried at room temperature and then
imaged using a Philips CM12 transmission electron microscope operating at 120 keV. No
special preparation steps were necessary before coating MWCNTs. The same TEM grids
were then exposed to the scCO; coating process and imaged again by using the same Philips
CM12 TEM at 120keV. EDS analysis is also performed with a Oxford Instruments Inca
Energy 100 system to ascertain the chemical composition of the oxide coated MWCNTS
during the TEM measurement.

6.3 Results and discussion

Figure 6.2 shows results of AES spectra from pristine MWCNTSs (top spectrum) and the
same sample after gallium oxide coating in the supercritical CO, process (bottom spectrum).
The AES spectrum of the as-grown pristine MWCNTSs shows a dominant C-KLL (~250-265
eV) peak with a small O-KLL peak (~450-480 eV), which is ascribed to the absorbed oxygen
from ambient exposure. Although the sample was positioned such that the electron beam was
normal to the substrate surface, no peaks due to the substrate (Si/SiO;) or CNT catalyst
(Fe/Al,O3) were detected by AES analysis. The pristine MWCNTs were then treated by the

scCO; based deposition process from thermal decomposition of Ga(acac); at 200°C and 28-
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32MPa for 10 minutes. In comparison with the uncoated pristine MWCNTS, the AES survey
scan for the MWCNTSs after oxide coating shows peaks from Ga-LMM (990-1070 eV), O-
KLL (~450-480 eV) and C-KLL (~250-265 eV).”” The prominent peaks of oxygen are
mainly due to the oxygen atoms bonded with gallium atoms in the gallium oxide coating.
There is a small C-KLL peak (corresponding to ~7 atomic % carbon) in the spectrum of the
oxide coated MWCNTSs, which is ascribed to adventitious carbon from atmospheric exposure
and possibly some carbon residue in the as-deposited gallium oxide film. It is interesting to
notice that the thermal decomposition temperature of Ga(acac)s in the scCO, process (200°C)
is much lower than the typical 360°C used in vacuum-based deposition.?® An enhanced low
temperature growth rate has also observed for some other metal organics in sc-CO,,'*%
which is ascribed to solvation effects in modifying the energetics of precursor thermal
dissociation in scCO,.'#%

The appearance of Ga-LMM Auger transition with a relatively smaller C peak in the
lower spectrum in Figure 6.2 is due to the conformal gallium oxide coating on the outside
surface of MWCNTs in the MWCNT forest. This is confirmed by the resulting
microstructure of the coated nanotubes shown in the FESEM images in Figure 6.3, and TEM
images in Figure 6.4. Figure 6.3a is a FESEM image of pristine MWCNTSs. The diameters of
most uncoated MWCNTSs are distributed in the range of 20-60nm. Compared with uncoated
pristine MWCNTS, the oxide coated MWCNTSs have larger diameters ~70-130 nm and the
obvious morphology change is due to the conformal surface coating, as displayed in Figure
6.3b. Similar morphology was observed by FESEM measurement throughout the entire

MWCNTSs forest over a sample area of ~1 cmx 1.5 cm. The average thickness of gallium
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oxide coating is around 30nm after 10min deposition at reaction temperature 200°C.

TEM images in Figure 6.4 provided further insight into the microstructure of MWCNTSs
before and after gallium oxide deposition performed at two different deposition temperatures.
Figure 6.4a shows the TEM image of a single pristine MWCNT with a diameter of ~7nm.
Figure 6.4b is a TEM image of MWCNTSs exposed to gallium oxide deposition at 160°C for 7
mins showing non-uniform coating, with some sections showing no deposition as indicated
by the arrow in Figure 6.4b. However, when the oxide deposition proceeded at 200°C for
only 90 seconds, the MWCNTs were fully covered by gallium oxide with average thickness
around 5-6nm as shown in Figure 6.4c. In Figure 6.4d, the interface between MWCNTSs and
the oxide coating can be clearly observed. The images in Figure 6.3b and 6.4d were collected
from two samples deposited under the same conditions for different reaction times, which
illustrate the thickness of gallium oxide increases with reaction time. Eventually, the growth
rate will saturate upon consumption of the precursor. The ~230 umol/L of precursor loaded in
the reactor corresponds to ~1.4x10™ molecules. With a typical film density of Ga,0s of
~5x10% atoms/cm?®, this amount of precursor would enable a 30 nm film to be coated over an
area of ~200 cm?. The surface area of the reactor and carbon nanotube forest used in this
experiment is roughly estimated to be <50cm?, consistent with sub-saturation in the film
growth rate. Further comparison between figure 6.4b and 6.4d indicates that deposition rate
of gallium oxide coating increased with reaction temperature. The EDS spectrum of gallium
oxide coated MWCNTSs presented in Figure 6.4e revealed predominantly Ga and O, which
confirmed the chemical composition of the gallium oxide coating. Compared with AES data,

EDS spectra of nanotubes with oxide coating display a larger carbon fraction. This difference
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is attributed to deeper penetration depth of the EDS method, therefore resulting in a larger
carbon signal derived from the MWCNT.?* The relative Auger signal intensities suggests
carbon content ~7 atomic % in the gallium oxide. The EDS data reveals that the O/Ga atomic
ratio in the gallium oxide is ~ 1.8, which exceeds the value of 1.5 in stoichiometric Ga,Os.
The excess oxygen is ascribed to hydroxide and carbon (i.e. C-O) contamination likely
present in the low-temperature deposited films. The AES data indicates the O/Ga atomic ratio
is > 2.0, in agreement with a larger density of OH groups on the oxide surface. The as-
formed gallium oxide coated carbon nanotubes could be calcined to remove the carbon and
form gallium oxide nanostructures.

Further treatment by other techniques could be performed onto gallium oxide coated
nanotubes to enable desired structure and material. For example, gallium oxide coated
nanotube forest could be subsequently exposed to a thermally assisted atomic layer
deposition (ALD) process to build up a coating of ruthenium metal, which is of interest as a
metal gate electrode®® and catalyst.** The ALD technique involves a vapor-phase self-limiting
binary surface reaction sequence to form conformal thin-film coatings. Figure 6.5 displays a
series of FESEM images of MWCNTSs after various treatments, all shown at the same scale.
Panel (a) shows an untreated MWCNT sample, and panel (b) is a similar sample after
gallium oxide coating performed at 200°C for 10 minutes. The resulting gallium oxide
coating is uniform and conformal, even for a helix structure in the MWCNT, as indicated by
the arrow in Figure 6.5(b). Due to the zero surface tension of scCO,, after the metal oxide
deposition process, nanotube forest still maintains the original shape and there is no

undesirable agglomeration/bundling or collapse geometry was observed, in contrast with
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normal solvent-based process.® Figure 6.5(c) represents the results after exposing the oxide-
coated MWCNTSs to 150 ruthenocene/oxygen ALD cycles. The deposited ruthenium coating
appeared uniform throughout the sample with no isolated Ru particles observed under the
FESEM measurement. The EDS spectrum in Figure 6.5(d), shows that ruthenium ALD
deposition successfully nucleate and grow onto the gallium oxide coated carbon nanotubes.
Furthermore, a two point electrical evaluation of the nanotube forest shows metallic
conductivity after Ru ALD deposition as compared to insulator properties with only oxide
coating, which confirmed a continuous Ru film coating formed onto the oxide coated CNTSs.
6.4 Conclusion

This study establishes that thermal decomposition of Ga(acac)s can provide a viable low
temperature route to deposit conformal and uniform gallium oxide coating onto carbon
nanotube forests with tunable coating thickness. The deposition reaction is found to proceed

readily at low or co-solvents present.?’

Because of the unique properties of scCO,, this
coating process does not induced undesirable agglomeration or feature collapse. The gallium
oxide coated CNTs can be further modified, for example by metal atomic layer deposition.
Additionally, it is anticipated that this scCO, thermal decomposition process can be directly
extended other metal oxide systems, including Al,Os, FeO,, Cr,Os, and others™ resulting in a
variety of material systems for advanced devices. The method could be extended to modify
other complex 3D systems, for example, aerogel® etc.
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Figure 6.1. Schematic diagram of the experiment apparatus. Power
cable was used to provide electricity for cartridge heaters in the heating
block. The temperatures of sample and supercritical CO, solution were
heated individually by different heaters and controlled by using
different thermocouples. The inner volume of the reactor is around
110mL.
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Figure 6.2. AES spectrum of untreated pristine MWCNTSs (top spectrum)
grown by catalytic chemical vapor deposition process at 500°C, with Fe
(0.5nm)/Al,O3(10nm) as the catalyst on thermally grown silicon oxide.
Gallium oxide coated MWCNTs (bottom spectrum) fabricated by thermal
decomposition of Ga(acac); in scCO, process at 200°C, 28-32 MPa for
10mins.
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Figure 6.3. (a) FESEM image of untreated pristine MWCNTSs. The diameters
of the pristine MWCNTS are in the range of 20-60nm. (b) FESEM image of
gallium oxide-coated MWCNTSs. The gallium oxide coating was deposited by
thermal decomposition of Ga(acac); in scCO, process at 200°C, 28-32 MPa
for 10mins. The diameters of the coated MWCNTSs are in the range of 70-130
nm, which indicates the average thickness of the gallium oxide coating is
around 30nm for 10mins.
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Figure 6.4. (a) TEM image of a single pristine MWCNT. (b) TEM image of
MWCNTSs coated by gallium oxide from thermal decomposition of Ga(acac)s at
160°C and 23MPa-24MPa for 7 mins. The arrow inside (b) shows the part of
MWCNTs having no oxide coating. (c) TEM image of MWCNTSs coated by
gallium oxide from thermal decomposition of Ga(acac); at 200°C and 28MPa
for 1.5 mins. (d) Higher magnification TEM image of MWCNTSs coated by
gallium oxide from thermal decomposition of Ga(acac); at 200°C and 28MPa
for 1.5 mins. (e) A typical EDS spectrum of oxide coated MWCNTSs. The
gallium oxide deposition experiment was carried out at 200°C, 28-32MPa for
1.5 mins. The Ga and majority O peaks result from the gallium oxide coating,
and the major carbon signal is ascribed to the MWCNTs with some
contribution from carbon impurities and adventitious carbon. The tiny Cu peak
is from the TEM grid.
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Figure 6.5. (a) FESEM image of untreated pristine MWCNTSs. The diameters
of the MWCNTs are in the range of 10-30nm. (b) FESEM image of MWCNTSs
coated by gallium oxide from pyrolysis of Ga(acac); at 200°C, 28-30 MPa for
10 mins. The diameters of the MWCNTSs are in the range of 60-100 nm The
arrow in (b) indicates that the coating of gallium oxide can replicate the small
helix feature of MWCNTs. (c) FESEM image of gallium oxide coated
MWCNTs with relatively uniform Ru coating on the surface by atomic layer
deposition from reaction between Ru(Cp). and O, at 325°C for 150 cycles. (d)
A typical EDS spectrum of oxide-coated MWCNTSs with Ru ALD coating. The
significant Ru peak is shown. The peak of Ga and O come from the gallium
oxide under the Ru, and the tiny C peak probably comes from the carbon
nanotube core, adventitious carbon from air and the as-deposited films.
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CHAPTER 7. Self-Catalyzed Hydrogenolysis of Nickelocene: Functional
Metal Coating of Three-Dimensional Nanosystems at Low Temperature

Qing Peng," Joseph C. Spagnola,* Gregory N. Parsons'

Departments of "Chemical and Biomolecular Engineering and *Materials Science &
Engineering, North Carolina State University, Raleigh NC 27695, USA

Keywords: self-catalyzed hydrogenolysis, low temperature, nickelocene, nickel, supercritical
carbon dioxide (scCOy)
ABSTRACT

In this paper, we demonstrate the hydrogenolysis of Nickelocene can take place
through a self-catalyzed process at low temperature (< 70 °C) in supercritical carbon dioxide
to generate relatively uniform dispersed Ni (nickel) metal particles onto carbon nanotubes
forests and Ni films on flat surfaces. The ability to form metal particles or films without a
local catalyst at this low temperature is significant because it provides further insight into
mechanisms for Ni deposition reactions, and it enables a new route for low temperature metal
coating on a range of non-metal substrate materials with complex topography and

nanostructure, for example to form Ni/polymer magnetic nanocomposites.
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7.1 Introduction

The ability to fabricate unique three-dimensional (3D) macro-structures consisting of
nanostructures will lead to new materials and constructs with unique electronic, optical,
sensing, and protective capabilities. Forests and sheets of carbon nanotubes (CNTs),*?

5

electrospun nanofibers,*® or nanostructured aerogels,® for example, could be used as

platforms for advanced catalytic systems,”® biomedical systems,” and energy storage or

conversion systems****

where the surface functionality of the nanostructures provides unique
performance capabilities. Many studies have addressed the issues of surface coating and
surface modification of nanostructures, including 3D surface in particular.>**** As a specific

example, nickel (Ni) is an important catalyst, magnetic material and promising energy

storage material,® and nickel (Ni)-CNTs nanocomposites have been synthesized by chemical

14,15 11,16 17,18

vapor deposition (CVD), wet chemical processing, electroless plating, and by
direct incorporation of Ni nanoparticles catalysts into the as-grown CNTs.** Recently,
supercritical carbon dioxide (scCO;) has been successfully used as a green medium for
chemical reaction because of its liquid-like high density, gas-like high diffusivity, low
viscosity, and zero surface tension.>** A number of different metal thin films including Pt,
Pd, Ru, Au, Ni and Cu have been deposited by using scCO, process at modest temperature
and pressure.®'*?* For example, Ni films were deposited onto silicon wafer in scCO, solvent
using catalyst seed layers such as Pt, Pd, and Ni.*® This previous work found this catalyst

layer is critically important at temperatures less than 120 °C to initiate the deposition.*® The

requirement of a local surface catalyst to initiate deposition is expected to significantly limit
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the formation of film coating in small features and uniform coatings on complex 3D surface
topologies.

This article describes a new phenomenon of self-catalyzed hydrogenolysis of Ni(Cp)
in scCO, wherein Ni metal (including nanoparticles and films) can be generated from direct
hydrogenolysis of nickelocene at 70 ‘C without addition of any catalysts. Using this method,
dense Ni nanoparticles were anchored onto multi-walled CNTs (MWCNTS) throughout the
MWCNTSs forest without destroying the original structure of the carbon nanotube forest.

7.2 Experiment

Nickelocene [Ni(Cp).] (Strem Chemicals®) was used as the precursor and H, was
used as the reducing agent. Coleman grade CO, (99.99%) and high purity H, (99.999%)
(National Welders/Supply Company) were used without further purification. The experiment
was carried out in a 110 ml homemade high-pressure reactor as shown in Figure 7.1. In a
typical experiment, 70-90 mg Ni(Cp). was loaded into the high pressure reactor, which was
then sealed by sapphire windows on both sides, with a silicon wafer having MWCNTSs forest
grown on it. Following precursor loading, low-pressure fresh CO, was used to purge the
system for 10 min (minute) at temperature ~ 70 °C in order to purge air out of the reactor.
After purging, high-pressure CO, was fed into the reactor through a high-pressure syringe
pump (Model 260D, Isco, Inc.). The temperature of the scCO; solution was stabilized by a
heating tape at the dissolving condition (T=70 °C, P=17 MPa) for 4 h (hours) to form a
uniform solution. During Ni(Cp), dissolution, H, was fed into another clean, air-free high-
pressure manifold vessel (43 ml), to the pressure of ~ 3.5 MPa at 60 °C. The vessel was then

further charged with fresh CO, using the high-pressure syringe pump to the pressure of ~
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34.5 MPa. This H,/scCO, solution was kept stable at this condition for more than 2 h before
injected into the high-pressure reactor. Upon H,/scCO; injection, the pressure in the vessel
dropped from ~ 34.5 to ~ 19.3 MPa, allowing the amount of H, fed into the reactor to be
quantified. Normally the H, injection process will be repeated to obtain a 50-100X molar
excess of hydrogen relative to nickelocene in the reactor system. Upon the addition of H, the
scCO; solution containing Ni(Cp), maintained a green color and the reaction system was left
undisturbed at 70 °C, 17-18 MPa for several hours. After 7-8 h substantial Ni film and
particles deposition was observed (as described in the experiment results section). Following
each experiment, the reactor was prepared for another reaction sequence by removing the Ni
deposition on the vessel walls. The reactor was scrubbed then sonicated in water, followed by
deionized (DI) water flush and N, flow dry.

As substrates for deposition, MWCNTSs forests were grown by catalytic CVD process
in a homemade quartz reactor at 600 °C with ethanol as the carbon source. As the carrier gas,
Ar was bubbled through ethanol at room temperature with a flow rate of 1.5 SLM (L/min, at
0 °C, 101.3 kPa). The catalyst layer of Fe (0.5 nm) on Al,O3 (10 nm) was fabricated on the
thermal oxide silicon wafer (SiO,(500 nm)/Si) by sputtering Al,O3; and e-beam evaporation
of Fe sequentially. No further processes were taken to purify or open the end of the as-grown
MWCNTs.

Imaging of the samples was performed using field emission scanning electron
microscopy (FESEM) on a JEOL 6400F instrument at 5 kV. Transmission electron
microscopy (TEM) images were taken on a Hitachi HF-2000 operated 200 kV. Energy

dispersive X-ray spectroscopy (EDS) was carried out on an Oxford Instruments Inca Energy
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100 system attached onto the TEM to determine the chemical composition of the Ni
nanoparticles decorated MWCNTs. For TEM measurement, Ni nanoparticles decorated
MWCNTSs were dispersed into ethanol and sonicated for one minute. Then several droplets of
the dispersion were pipetted onto Lacey silicon TEM grids (Ted Pella, Inc.). The prepared
samples were dried in room temperature overnight before the TEM measurement.
7.3 Results and Discussion

The deposition reaction was observed to be strongly time and temperature dependent.
As shown in Figure 7.2(a), the starting homogeneous solution of Ni(Cp). in scCO, is green in
color. Without addition of H,, the solution is stable and no reaction was observed after more
than 24 h. With injection of H,, no noticeable color change was observed, and no deposition
reaction occurs for several hours. However, after 7-8 h incubation time at 70 "C, the solution
color changed very rapidly (within 1 to 2 min) from green to orange, as shown in Figure
7.2(b), then became transparent. The transition from orange color to transparent occurred
over ~ 20 min, and corresponded to the completion of the deposition reaction. The orange
color is ascribed to the reaction intermediates present during the reaction process. The
reaction scheme for the homogeneous reaction is shown in Equation (1). This incubation time

for the reaction decreased as the reaction temperature increased.

Homogenenous . . ( )
+ B L R ~rmediate
Hy - Kéaction. slow Intermediate——= Ni 1

i

- H,

Ni. catalyst Ni 4 (2)
Heterogenenous ¥

Reaction, fast
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At 130 C the reaction initiated immediately to form Ni metal and the solution color
disappeared shortly after injection of H,, which is in agreement with previous
observations.'*# At low reaction temperature (such as 70 ‘C), it takes a long period for H, to
reduce Ni(Cp), to form intermediate products (orange color), which are subsequently
converted to Ni nanoparticles. However once the Ni nuclei were formed and reached a

critical size, they act to catalyze hydrogen dissociation™®?

and promote rapid heterogeneous
hydrogenation of nickelocene, resulting in Ni particle formation, as shown by the reaction
Equation (2). On the surface of the MWCNTs where no catalysts such as Ni, Pt, Pd are
present, a large amount of Ni nanoparticles are attached to the MWCNTSs. Therefore, the Ni
nanoparticles formation likely proceeds through an initial homogeneous reaction (Equation
(1)) in the supercritical carbon dioxide solvent, followed by a faster heterogeneous catalytic
reaction (Equation (2)) on the as-formed Ni nanoparticles.

A FESEM image of an untreated pristine nanotube substrate sample is shown in
Figure 7.3a. The sample is a dense forest of aligned carbon nanotubes. The scCO,-based Ni
deposition process at 70 °C using 78 mg of Ni(Cp), results in dense and dispersed Ni
nanoparticles, which are anchored on the surface of the MWCNTSs, as shown in a
representative FESEM image in Figure 7.3b. Figure 7.3b also shows that after the deposition
process the morphology of the nanotube structure maintains its original structure, with no
undesired collapse or tube aggregation observed. Figure 7.3c shows a typical high resolution
SEM image of resulting MWCNTSs decorated with a number of Ni particles. The same

morphology was observed across the entire sample surface with an area of 1x1.5 cm?. After

Ni deposition, the samples shown in Figure 7.3b-c were exposed to a sonication treatment (1
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min in ethanol) to remove loosely bound particulates. Figure 7.3d shows a typical TEM
image of Ni particles decorated MWCNTSs after the sonication dispersal process. The
diameters of Ni particles are in the range of 10-60 nm.

Figure 7.4 shows the energy dispersive X-ray spectrum of the MWCNTSs sample after
Ni deposition, showing clear evidence for the presence of nickel. The O peak probably
results from the oxidation of Ni nanoparticles and MWCNTSs with exposure to ambient air
before EDS measurement. The C peak is ascribed to MWCNTSs, and the Cu and Si peak are
the consequence of the Lacey® Silicon TEM grid. The EDS spectrum of Ni decorated

MWCNTSs verified the chemical composition of Ni/MWCNTs nanocomposites.

CNTs with high structural perfection generally are inert for chemical reactions.’
However, the MWCNTSs produced catalytically by gas phase chemical vapor deposition have
relatively high defect densities compared with those produced by other processes,* and those
defects can promote island type growth and nanoparticle formation. It is possible in this
study, therefore, that Ni metal deposition proceeded through nucleation on chemically active
defects on the CVD MWCNTSs. In contrast, on substrates such as planar SiO, and Al,Os3,
which have very high density of reactive sites, we found the Ni hydrogenation process
resulted in thin film metal coatings as shown in Figure 7.5. This coating was also formed
from the self-catalyzed heterogeneous growth mode. However, we find that the complex
nucleation process for the Ni film on the SiO, and Al,Oj surfaces is relatively difficult to

control.
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7.4 Conclusions

Results clearly indicate that nickelocene hydrogenolysis process can proceed through
a self-catalyzed process at low temperature (< 70 °C) in scCO, to generate relatively uniform
dispersed Ni metal particles onto carbon nanotubes forests and Ni films on flat surfaces. The
ability to form metal particles or films without a local catalyst at this low temperature is
significant because it provides further insight into mechanisms for deposition reactions, and
it enables a new route for low temperature metal coating on a range of non-metal substrate
materials with complex topography and nanostructure. The low temperature scCO; based Ni
deposition process described here could also have other applications, including metal
deposition onto thermally sensitive substrates to form, for example, Ni/polymer magnetic
nanocomposites.
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Figure 7.1. The diagram of reaction system. H, is mixed with scCO; in
the manifold to form uniform solution. The temperature of the reactor and
manifold are controlled by feedback thermal couples individually. The
reaction system can be observed through the sapphire windows.
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Figure 7.2. (a) A photo image of stable Ni(Cp). in scCO, solution
(Green) at 70 C. (b) A photo image of the solution after 7-8 h
incubation time (Orange).
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Figure 7.3. (a) FESEM image of pristine MWCNTSs. (b) FESEM image
of the Ni nanoparticles decorated MWCNTSs after treated in the scCO,
based direct hydrogenolysis reaction between Ni(Cp), and H, at 70 C.
(c) A typical TEM image of the Ni nanoparticles anchored MWCNTSs.
(d) High Resolution TEM image of Ni nanoparticles decorated
MWCNTs.
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Figure 7.4. EDS spectrum of Ni nanoparticles decorated MWCNTS
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Figure 7.5. (a) A photo image of clean glass bottle which is transparent. (b) A
photo image of glass bottle coated by Ni thin film by the direct low temperature
supercritical carbon dioxide based hydrogenation process of Ni (Cp), at 70 C.
The gold color film is Ni. (c) A photo image of clean sapphire window which is
transparent. (d) A photo image of sapphire window after Ni deposition from the
direct low temperature supercritical carbon dioxide based hyrogenation process
of Ni(Cp), at 70 'C.
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