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Self-Templating Assisted Growth of Silicon Carbide Nanostructures

Student: Chia-Hsin Wang Advisor: Dr. Hsin-Tien Chiu

Institute of Applied Chemistry, National Chiao Tung University

Abstract:

In this thesis, we employ phase segregation as the concept to develop diverse SiC
nanostructures via vapor-liquid and vapor-solid reactions. Inorganic salts MCl, (M=Na,
Mg, Ca) act as templates generated in-situ to assist the morphology development.

First, cubic shells and spheri¢al-nanoparticles of 3-SiC were produced at 1273 K by
processing the ceramic precursors formed from thes reactions between vapor of
organochlorosilanes, Me,SiCl,, MeSiCl;, MeSiHCl,, and PhSiCl;, and liquid Na at 523 —
723 K. From Me,SiCl,, a flexible linear polycarbosilane precursor was synthesized and
covered the NaCl byproduct surfaceto from a cubicsshape. Hollow cubic B-SiC shells
were produced after the NaCl templates: were  removed. From MeSiCl;, a rigid
cross-linked polycarbosilane was produced and phase segregated from the NaCl
byproduct. The precursor was transformed into nanoparticles without special
morphology. MeSiHCl, produced a cross-linked polysilane precursor at low
temperatures, which can be converted into a mixture of 3-SiC and Si nanoparticles. At
high temperatures, the polysilane converted to polycarbosilane and produced hollow
cubic B-SiC shells. The carbon-rich PhSiCl; generated cube-like particles as the final
product, which contained B-SiC and carbon.

In the second section, polycrystalline tubular SiC on Si was prepared by reacting
MeSiHCl, vapor and Ca thin film on Si at 773 - 923 K followed by heat-treatment at
1273 K. The products phase-segregated into a cable-like radial heterostructure composed
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of a core of CaCl, and a shell of SiCHy. After removal of the CaCl, core, the layer of
polycrystalline SiC tubes on Si emitted electrons at a low applied field of 2.5 V/um with
a current of 10 pA/cm’.

In the third section, we also used the phase segregation concept in the reaction of
Me,SiCl,; and MeHSIiCl, between and magnesium metal at 823 - 923 K. The product was
heat treated at 1273 K under vacuum. It showed pseudo thin plate SiC nanostructure,
which was self-templated by MgCl, generated in situ.

In the fourth section, we extended the phase segregation idea to create porous SiC
thin film on Si subtrate. Using Sn(SiMes)s as the precursor, amorphous SixC thin films
with Sn nanoparticles embedded were grown on Si substrates at 923 K by low pressure
chemical vapor deposition. After*treated under hydrogen plasma at 923 K, the Sn
nanoparticles in the films were removed by an HF solution and by evaporation at 1423 K.
Following the removal of Sn, high temperature” treatments,at 1273 - 1423 K converted
the amorphous thin films mto mesoporous semiconducting B-SiC thin films with pore
sizes 10 - 100 nm.

Finally, one dimensional high aspect ratio. "Au nanowires were fabricated via
galvanic reduction of HAuCly solution in the presence of cetyltrimethylammonium
chloride (CTAC) by the Sn nanoparticles embedded in amorphous the SiyC; thin film

product.
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Chapter 1

Introduction

1.1 Introduction

Silicon and silicon-based materials have played an important role in the development of
modern semiconductor device technology. Today, most of electronic products such as
computer, cell phone, and digital audio player are produced by silicon semiconductor.
However, silicon carbide (SiC) material has a very high breakdown field (3-5 MV/cm),
typically 8-10 times higher than “that for silicon (0.25 MV/cm), and prominent thermal
conductivity of silicon carbide (3.2-4.9;Wm 'K™") is 2-3 times higher than that for silicon (1.5
Wm'lK'l).1 In addition, its"excellent strength;” hardness,and resistance to oxidation and
thermal shock, SiC has more potential for application in harsh operation environments than
widely utilized silicon devides.” Owing to these superior properties, lots of scientists are
devoted to develop silicon carbide materialin the last 100 years.

Recently, it is known that size of materials within the nanometer regime might have
unique properties associated with their morphology and size. Nanostructured SiC could be a
highly functional material.” For instance, Wong et al. showed that the elasticity and strength
of SiC nanorod were greater than those of bulk SiC in a study of nanobeam mechanism.”

In this dissertation, we will reveal different types of SiC nanostructures, such as SiC
nanoparticles, SiC nanocages, pseudo thin plate SiC nanostructures, tubular SiC
nanostructures, and porous SiC thin films that can be fabricated based on the phase
segregation concept. SiC nanostructures have very special properties which bode well for
applications in blue light emitters, field emission display, hydrogen storage, photocatalytic
and nanoscal electro-devices. In our study, potential application of tubular SiC as an efficient

1



field emitting material and fabrication of n-type porous SiC thin films on p-type silicon wafer

to produce a heterjunction diode will be explored.

1.2 Structure and Properties of SiC
1.2.1 Structure of SiC

SiC belongs to IV-IV semiconductors and there exist more than 130 polytypes.” All
polytypes have a hexagonal frame with a carbon atom located above the center of a triangle of

Si atoms and under a Si atom belonging to the next layer as shown in Figure 1.1.%

Figure 1.1 The unit cell of 3C-SiC. The distance, a, betwgeen neighboring silicon, and C-Si are

approximately 0.308 nm, and 0.189 nm, respectively.

The distance, a, between neighboring silicon or carbon atoms is approximately 0.308 nm for
all polytypes.” The carbon atom is positioned at the center of mass of the tetrahedral structure
outlined by four neighboring Si atoms so that the distance between the C atom to each of the

25 ie.

Si atoms is the same. Geometrical considerations give that this distance, C-Si, is (3/8)
approximately equal to 0.189 nm. The polytypes of SiC differ from one another only in the
stacking sequence of double layers of silicon and carbon atoms. The stacking direction is the
c-axis in the hexagonal frame of reference.

The stacking sequence is shown for the most common polytypes, 3C, 2H, 4H and 6H in

Figure 1.2. If the first double layer is called the A position, the next layer that can be placed

2



according to a closed packed structure will be placed on the B position or the C position. The
different polytypes will be constructed by permutations of these three positions. For example,
3C-SiC will have a stacking sequence ABC while the number is the number of double layers
in a stacking repeating sequence and the letter represents crystal structure which in this case is

cubic. The only cubic form 3C-SiC sometimes referred to as B-SiC. If the double layers have

AVANMESN §

vAv «+ C Base %'ﬁ
A > C

<> A SE> ¢ XA

SE>C >N A S

o B X B S B 5B

T A KA T A A

3C 2H 4H 6H

Figure 1.2 The stacking sequence of double Tayers of the.most common SiC polytypes.®

the same adjoining position, they have a 6-fold symetyaxis and crystallize into a hexagonal
phase product. For example, 2H-SiC have a stacking sequence AB with a hexagonal structure.
Other possibilities are ABAC, called 4H, and ABCACB, called 6H. All of hexagonal (H) or
rhombohedral (R) polytypes expect cubic phase are commonly referred to as a—SiC. The
crystal structure of 3C-SiC corresponds to cubic ZnS (zinc blende phase) and 2H, 4H, and

6H-SiC are hexagonal ZnS wurtzite phase.

1.2.2 Properties of SiC

The color of 3C-SiC is yellow while 6H-SiC is colorless. The different polytypes of SiC
have wide energy band gaps at room temperature from 2.2 eV for 3C-SiC, 2.9 eV for 6H-SiC

3



to 3.4 eV for 4H-SiC. The bandgaps at liquid helium temperature are 2.4 eV for 3C-SiC, 3.2
eV for 4H-SiC, 3.0 for 6H-SiC. *'*'"'? The other physical properties for most common types
3C, 4H, and 6H-SiC are summarized in Table 1.1.

Table 1.1 Physical properties of the most common SiC polytypes. *'*!!-2

3C-SiC | 4H-SiC | 6H-SiC

Bandgap (eV) at 5K 2.4 3.2 3.0
Space group F43m | P6smc | P63mc
Lattice a (nm) 0.436 0.308 0.308
Lattice ¢ (nm) 0.436 1.008 1.512

Si-C Bond length'(nm) | 0.189 0.189 0.189

Densify (g/¢m>) 32 32 32
Melting point (K) 3103 3103 3103
Mohs hardness 9.0 9.0 9.0

In addition, we also show some important device parameters in terms of electric
properties of most common types 3C, and 6H-SiC and other common semiconductors in Table
1.2. The maxium operating temperature for Si is 573 K, but for SiC, it is above 873 K. Below
1773 K, SiC is stable in an oxidizing atmosphere. This gives it an edge over diamond. Long
term stability at high temperatures is a problem for III-V compounds, such as GaAs and GaP.
These are reasons why SiC is considered as a good candidate for semiconductor device

applications.



Table 1.2 Electric properties of SiC and other semiconductors. *!%!!-!2

Unit Si GaAs 3C-SiC | 6H-SiC | Diamond
Bandgap at 5 K eV 1.12 1.43 2.4 3.0 5.6
Electron mobility (R.T.) cm?/V-s 1350 8500 1000 500 2200
Hole mobility (R.T.) cm?/V-s 480 400 40 80 1600
Breakdown voltage 10°V/iem | 0.3 0.4 4 4 10
Thermal conductivity W/ecm-K 1.5 0.5 5.0 5.0 20.0
Sat. elec. drift. vel. 10" V/s 1.0 1.0 2.5 2.0 2.7

1.3 Synthetic Methods of SiC

The conventional processes: for preparation ‘of SiC material are the carbothermic
reduction of silica carbon mixture, chénical vapor deposition techniques, and pyrolysis of
polycarbosilane precursor.“We will discuss mote details below. In addition, self-propagating
high temperature synthesis (SHS), based on ‘the exothermic reaction between silicon
micropowder and active carbon was" carried out at.ignition temperature of 1523 K - 1923
K."*"'* Reduction-carbonization route, in which was carried out in autoclave using metallic Na
as the reluctant, SiCl; and carbon, CCl, as source materials at 873 K - 923 K> Na flux
method by a mixture of silicon and fullerene powders were heating at 700 K- 1000 K in a
sodium melt, and various other methods such as sol-gel, plasma, microwave radiation
technologies have also been reported. '’

In 1966, Klinger et al. studied the carbothermic reduction of silica carbon mixture to
produce SiC at 1718 K- 2038 K under vacuum, which can be represented below by two

equations 1.1-1.2.

1718 K - 2038 K

SiOy * Ci Si0g+ COy (1.1)

. 1718 K-2038 K



The reaction could proceed via the gas phase by dissociation of silica into oxygen and silicon
monoxide and subsequent reaction with graphite to form vapor phase carbon monoxide and
silicon carbide. > This is the most common route to produce SiC powders.

Chemical vapor deposition (CVD) is a single step process, which can deposit SiC

material on an arbitrarily shaped substrate.***

Most works use a silicon-containing and a
carbon-containing gas-phase species, including a combination of SiHs and CHy4,** SiH, and
C3Hg,***! and Si,Hs and C,H,.* For example, the SiH,-C3Hg-H, system, it is postulated that

the following sequence of steps leads to the SiC.*?

SiH, L SiH, + H, (1.3)
SiH, + X —2— SiH, X (1.4)
C;Hsg ‘K_S’CH4 +CH,+H, (1.5)
CH, + X —%—+ CH,.X (1.6)
SiH,X + CHyX ———+SiCygy+ 3H, + 2X (1.7)

Here X denotes the active substrate site, and D.X-denotes the species D in the adsorbed state.
The Ki’s are equilibrium constants and K; is the reaction rate constant for the bimolecular
surface reaction Eqn. (1.7). At the beginning, SiH4 and CsHg decomposed in the gas phase to
form SiH,, H,, CH4, and C,H; at high reaction temperature. Gas species of SiH, and CHy
were absorbed on the active substrate site and reacted with each other to form SiC on the
surface of the substrate.

Organochlorosilicon compounds, dichlorodimethylsilane (MesSiCly),
trichloromethylsilane (MeSiCls),”**” were used as single-source CVD precursors the
organochlorosilane molecules first decomposed in the gas phase at high temperature 1273 K-
1573 K in H, atmosphere to form intermediate species containing silicon and/or carbon atoms,

followed by surface reactions on the substrate to form SiC films. Alkysilanes such as



hexmethyldisilane (HMDS), 1,1-dimethyl-1-silacyclobutabe, tetrakis(trimethylsilyl)silane
(TMSS), and dodecamethylcyclohexasilane also acted as single-source CVD precursors. They
decomposed into H>SiMe,, HSiMes, Si;Meg, and [Me,SiCH;] at lower reaction temperature to
form ceramic precursor layers. These were converted into crystalline SiC thin film by heat
treatment above 1273 K.>**

In general, CVD is a complicated process that includes (i) mass and energy transfer in
the gas phase and (ii) gas-phase and surface chemical reaction. Film-growth species are
sensitive to the reactor geometry and operating conditions. Therefore, it is necessary to design
the CVD process and to choose suitable operating conditions.

In 1975, Yajima and his co-workers were the first successful in fabricating silicon

42,43

carbide from preceramic organosilicon polymers. The synthetic method is shown in

equation 1.8. Metallic lithium:was allowed to dechlorinate dimemethyldichlorosilane to

e Me

Me \/ Me
\./S|\ A Me

. THF Me—Si Si—
Me,SiCl, + Li Me“/Si\s_ ere

i

Me Me. / “..Me

Autoclave, Ar | ille My _
—— T Si—CH; : SiC  (1.8)
673 K, 48h H . 1773 K, in Vacuum

produce dodecamethylcyclohexasilane. The dodecamethylcyclohexasilane was purified by
means of recrystallization and sublimation. It was heated at 673 K for 48 h in autoclave to
produce polycarbosilane. After heat-treatment at 1773 K under vacuum, polycarbosilane
converted into SiC. This is a complicated, expensive, and time-consuming method. In 1976,
Yajima and co-workers improved the above method by replacing lithium with sodium as
shown in equation 1.9.%% The Me,SiCl, was dechloroinated by the molten sodium, resulting

in the precipitation of a linear, polydimethylsilane. After completion of the reaction, the



polysilane was removed by filitration and then heated at at 743 K for 5 h in argon gas

atmosphere to form polycarbosilane. After heat-treatment at 1573 K under vacuum, the

Me

xylene | w .

Me,SiCl, + Na Si Linear Polymer
Refluxed, Ar | J

Me n
Me
al | siC (1.9)
Si—CH, :
743K, Sh b o 1573 K, in Vacuum

polycarbosilane converted into SiC. This synthetic method of polycarbonsilane is very
simpler and more economical.

According to this process, Bianconi and her'co-workers fabricated a netwok polymer
polysilane, [RSi],. They used n:hexylSiCls instead of Me,SiCl, to react with metallic
sodium/potassium (1:1) all0y in pentane solution.-Pyrolysis.of the netwokpolymer formed SiC

. . 1
with some Si.>%°

In 1992,:Seyfer’s group also reported various partially linear and partially
network precramic polymers,. [(MeStH)(MeSi)«]n,-€onverted them into SiC with some Si
follow by annealed at 1773 K >

In this dissertation, we extend on the pyrolysis of polycarbosilane process to produce SiC.
We simplified the Yajima process, using organochlorosilanes to react with metallic sodium,
magnesium, and calcium in solvent-free condition at 523 K - 923 K. Then the products were
converted into SiC nanostructure after heat treatment at 1273 K under vacuum. Besides, we

also fabricated porous SiC thin films on Si substrate using a single-source precursor,

Sn(SiMe;)4, by CVD process.

1.4 Nanostructures of SiC
1.4.1 SiC Nanocrystals
There are many ways to prepare silicon carbide nanocrystals. These include cabothermic
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reduction of silica, reduction-carbonization route, plasma, microwave radiation techniques
and various chemical vapor deposition methods.'”""***!** Recently, aqueous suspensions of
3C-SiC nanocrystals with a diameter 1-6 nm showing intense emission have been successfully
fabricated by dispersing electrochemically etched porous polycrystalline 3C-SiC wafers in

55-56

different solvents (water, ethanol, toluene). The photoluminescence (PL) spectra exhibited

continuous redshifts with increasing excitation wavelength and provides clear evidence of

57-58
quantum confinement.

Based on this method, 3C-SiC/polystyrene composite films that
luminescence in blue region have also been reported.5 ? Thermal SiO, thin films have been
implanted Si and C to produce SiC nanocrystals embedded in SiO, matrix can also exhibit PL
emission. The origins of the luminescence were suggested to relate to defects in the silicon
oxide at the SiC/Si0O; interface, aniorphous carbon clusters, or SiC grains. 60-64 Therefore, SiC
nanocrystals have potential to' be applied in blue light emitters in displays. Combined with

their excellent biocompatibity, especially . blood,” low, density, and high rigidity SiC

nanocrystals are potentially-usefulin biology and medicine as well.*>%

1.4.2 One-Dimensional SiC Nanostructures

One dimensional (1D) nanostructures such as rods, wires, belts, and tubes have been
attracted much attention due to their unique application in mesoscopic physics and fabrication
of nanoscale devices.”””’ SiC 1D nanostructures have shown many outstanding performance
because of their excellent properties. It can be used in field emission display, hydrogen

storage, photocatalytic and nanoscal electro-devices.”'””

Thus, many researchers have
searched for methods to synthesize 1D SiC nanostructures in the last few years. 1D

nanomaterials contains solid nanorods, nanowires, and hollow nanotubes. Below, we will

divide into two sections to discuss some general methods to produce 1D SiC nanostructures.



1.4.2-1.1 SiC Nanorod and Nanowires from Hard Template Methods

4
1,

Since the discovery of carbon nanotubes by Iijima in 199 most of outstanding

75-76

mechanical or electrical properties have been known in last few years. They show

promises in a wide variety of applications, including chemical sensors, field emitter,

- - 77-80
interconnects, and scanning probe.

In addition, carbon nanotubes open up new and
exciting possibilities for making different kinds of nanosized heterostructures by filling the
inside hollow space with other elements or by decorating the outside surfaces of the
nanotubes. For example, various metal naowires, gallium nitride nanowires, and Si-B-C-N

81-83 .
These fabrication

nanocable, have been synthesized using carbon nanotubes as templates.
methods highly promising because of the morphological integrity of carbon nanotubes, which
can spatially confine the reactioninside the nanotubes. The net result is the formation of
one-dimensional products with diameters, lengths, and orientations similar to those the carbon
nanotubes templates.

Carbon nanotube can act not only.as a template but also as a reactant to produce 1D SiC
material. Dai et al. successfully: prepared SiC nanoreds through a reaction between carbon

nanotubes and SiO or Sil,.** Pan et al; also fabricated SiC nanowires by using high aspect

ratio aligned carbon nanotubes to react with SiO at 1673 K.%°

1.4.2-1.2 SiC Nanorod and Nanowires from Vapor-Liquid-Solid Methods

The growth of one-dimensional nanostructures via a gas phase reaction involving the
vapor-liquid-solid (VLS) process has been widely studied. This process was originally
developed by Wagner and co-workers to produce micrometer-sized whiskers in 1960s.*
Recently, many research groups can generate nanowires and nanorods for a rich variety of
inorganic materials.®”*° The VLS process starts with the dissolution of gaseous reactants into
nanosized liquid droplets of a catalyst metal. The saturated component would undergo
nucleation, crystallization, and growth into rods and then wires. The 1D growth is mainly
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induced and dictated by the liquid droplets of catalyst metal. Assuming that the size of the
catalyze does not change during the wire growth, and the diameter of wire will be controlled
by the liquid droplets of the catalyst metal. Wu et al. and co-workers have demonstrated the
validity of VLS at nanometer scale by real-time observation of Ge nanowire growth in an
high-temperature transmission electron microscopic (TEM).”" Moreover, Bando’s group
effectively fabricated core-shell heterostructure SiC@BN, and SiC-SiO,-C nanocable by VLS

method.”*?

1.4.2-1.3 SiC Nanorod and Nanowires from Vapor-Solid Methods

The vapor-solid (VS) method, without any metal catalysts for whisker growth, also holds
for the growth of 1D nanomatexials,”* In this process, evaporation, chemical reduction or
gaseous reaction first generates the vapor. The vapor is gradually transported and condensed
onto a substrate. Thus, it leads, to the growth of1D nanostructure. The supersaturation ratio of
condensing species in the<gas plays.a.Kkey role. To enable anisotropic growth to form
nanowires, the supersaturation ratioi'of condensing: species must be controlled carefully
otherwise, two-dimensional and isotropic growths would occur.”

Recently, our group reported that addition of poly(dimethylsiloxane) to a solvent-free
vapor-solid reaction growth (VSRG) process assisted Cu nanowire formation significantly.”’
A simple high yield synthesis Ag nanowires which is carried out by using AgNO; and
(MesSi)4Si were prepared in a sealed tube under low pressure at 400 K. The key step in this
preparation is the in situ generation of a silica shell layer.”® In VSRG, the reaction takes place
at the vapor-solid interface, which is the surface of solid reactant. Phase separated solid
product may develop into core-shell nanowires when the conditions are suitable. In additional,

we also fabricated CaF,@C and MgF,@C core-shell 1D heterostructures through VSRG

method.”
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1.4.2-2 Tubular SiC

Tubular 1 D materials such as carbon nanotube, vanadium oxide nanotube, and tungsten
sulfide nanotube are caused by the transformation from curing the layered nanoparticles (2D)
into nanotube (1D) in structure phase due to reduce the dangling bond at the edge of the plane
when they are in nanometer size regime. *'°“'*! Other materials with normal crystal structure
are difficult to form hollow nanotubes. Therefore, there were little reports on the synthesis of
tubular silicon carbide 1 D nanostructures. Hu et al.,, Zhou et al.,, and Sun et al. used
hard-template-assisted method to produce SiC nanotube. Drawbacks of these approaches

102-104

include low yields, low crystalline, and difficulty to remove extra-templates. It will be a

challenge to produce a high yields tubular silicon carbide through a simple method.

1.4.3 Porous SiC Nanostructure

Because of its potential usefulness for luminescence and sensing devices, porous silicon
carbide thin film on SiC sor. Si also have been. attracted much attention in recent years.
Electrochemical etching of bulk silicon carbide substrates in HF solution, which the same
process is used to form porous Si is the only method to fabricate it into the porous form onto
SiC and Si wafers . However, the route of electrochemical etching is not suitable for the
fabrication of porous SiC thin films onto Si substrates. This is due to the high reactivity of Si
towards the HF electrolyte, which would cause preferential dissolution of the Si substrate.'*®
But porous SiC powders prepared via nanocasting and carbothermal reduction process have
been reported.'”'"” Porous SiC powders are not easy to transform into thin films for
electronic devices. In addition, it is difficult to produce non-oxide ceramic porous materials
via sol-gel process.'" Thus, it is a challenging issue to develop a new process to fabricate

porous SiC on Si substrate for electronic device applications.
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1.5 Goal of This Thesis

In this thesis, we simplify Yajima process via vapor-liquid or vapor-solid reaction in
solvent-free conditions to fabricate SiC nanostructures based on the phase segregation concept.
This is a new and simple method to fabricate various SiC nanostructures easily.

We employ various organochlorosilanes react with active metals Na, Ca, and Mg to form
preceramic precursor and salt products. The salts work as templates to assist the structure
formation. Spherical and nanocages of SiC are formed via the ceramic precursor and the
byproduct NaCl. One dimensional SiC nanotubes are successful developed from the precursor
and CaCl,. From the byproduct, MgCl,, and the precursor, pseudo thin plate SiC
nanostructure can be prepared also.

In addition, we extend the phase segregation concept to grow porous [-SiC thin film
onto silicon wafer. Using Sn(SiMej)s as the single-source precursor for metal-organic
chemical vapor deposition (MOCVD). SiC thin*film with émbedded Sn nanoparticles can be
grown. The metal Sn particles act as in.situ gencrated templates to assist the formation of
porous SiC thin films.

The detail experimental conditions of these results will be discussed in the following

chapters.
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Chapter 2

Silicon Carbide Nanostructures from Reactions between Vapors of
Organochlorosilanes and Liquid of Sodium - Factors Affecting Morphology

and Composition

2.1 Introduction

Through its excellent strength, hardness, and resistance to oxidation and thermal
shock, SiC is an attractive material for applications in harsh environments.'” Common
methods to produce silicon carbide solids' in¢lude carbothermal reduction of silica, sol-gel
synthesis, and various chemical vapor.deposition techniques.’™® In 1975, Yajima and
co-workers were the pioneers successfullin' fabricating silicon carbide from preceramic
organosilicon polymers.” Now, there aré many reports-about the preceramic polymers,
prepared by Wurtz type coupling of organochlorosilanes by sodium in polar organic

10-12
solvents.

Previously, we communicated the preparation of new-type silicon carbide
nanostructures via a simplified Yajima process.”” In the reaction, vapor phase
methylchlorosilanes reacted with liquid phase sodium in a solvent-free environment. The
NaCl byproduct acted as an in-situ generated template to affect the final product
morphology. Formation of silicon carbide nanoparticles, cubical nanoshells, and cubical
nanocages was observed. We suggested that the bonding and the structure of the ceramic
precursor would affect the morphology also. In this article, we will discuss in detail the
preparation and characterization of the ceramic precursors synthesized from direct

reactions between organochlorosilane vapors and liquid sodium and the conversion of

these precursors into silicon carbide with unique morphology.
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2.2 Experimental
2.2.1 Materials

Me,SiCl,, MeSiCls, MeHSiCl,, and NaH purchased from Aldrich and PhSiCl; obtained

from Echo Chemical were used in the reactions without further purification.

2.2.2 Synthesis of sample DD from Me,SiCl, and Na

A summary of reaction conditions and experimental observations is listed in Table
2.1. The reaction employing Me,SiCl, to react with Na is described below as a typical
example.

Inside a horizontal tube furnaee at 623 K, NaH (0.20 g, 8.3 mmole) in a quartz boat was
thermally decomposed in a 30-mm quartz tube under 1 atm of Ar (flow rate: 20 sccm) for 1 h.
Then, Me,SiCl, was evaporated.at 255 K underthe assistance of a constant flow of Ar (1 - 2
sccm) into the reactor at 623 K 1 atm. After 20 h, a ceramic precursor Pre-DD was obtained.

The precursor was further heated at*1273 K for1*h under vacuum to offer a black powder DD.

2.2.3 Characterization

Scanning electron microscopic (SEM) and energy dispersive X-ray (EDX) data were
collected using Hitach S-4000 and JEOL JSM-6330F at 15 kV. Transmission electron
microscopic (TEM) and electron diffraction (ED) images were obtained on Philips TECNAI
20 and JEOL JEM-2010 at 200 kV. High resolution TEM (HRTEM) images were acquired on
JEOL JEM-4000EX at 400 kV. X-ray diffraction (XRD) studies were obtained using MAC
MXP-18 and BRUKER AXS D8 ADVANCE diffractometer with Cu K1 radiation. Fourier
transform infrared (FT-IR) spectra were measured using Perkin Elmer Spectrum One and
Nicolet Avatar 360. Thermogravimetric analysis (TGA) data were collected using Seiko SSC

5200 TGA in Ar ambiance. *Si solid state NMR SSNMR) spectra were obtained from
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BRUKER DSX400WB. UV-visible spectra were measured with Hitachi 3010.

2.3 Results

As shown in Scheme 2.1, vapors of organochlorosilanes R,SiH,Cl«.y) (R = Me, (X,y)
= (2,0), (1,0), (1,1) and R = Ph, (x,y) = (1,0)) were reacted with liquid Na, prepared by
decomposing NaH at 623 K,'* at 523 — 723 K to form NaCl and ceramic precursors
composed of Si, C and H. The precursors Pre-DD, Pre-MT, Pre-MD-523, Pre-MD-673,
and Pre-MD-723 were isolated from the reactions involving Me,SiCl, and MeSiCl; at 623
K, and MeSiHCI, at 523, 673, and 723 K, respectively. These precursors were further
processed at 1273 K to form the finaliproductsy DD, MT, MD-523, MD-673 and MD-723,
correspondingly. In the reactions employed.PhSiCls at 573 and 723 K, the as-produced
precursors were not isolated and characterized. They were processed directly to the final
products PT-573 and PT-723. A summary of the experimental data, including the overall
reaction conditions and general information of the products is listed in Table 2.1. These

will be discussed in detail below.

Na, SiC precursor - NaCl

R,SiH,CI B-SiC Particles

4-x-
VO 5a3_723K 1atm aNdNaCl 4573 ¢ vacuum

R=Me, (x, y)=(2, 0), (1, 0), (1, 1)

R=Ph, (x, y)=(1, 0)

Scheme 2.1 Summary of reaction processes.
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Table 2.1 Summary of reactions between sodium and organochlorosilanes.

Product Silane Reaction Isolated Ceramic Product | Product and Morphology from Composition Grain Size

Sample T (K) Precursor Color precursor heated at 1273 K (nm)*

DD Me,SiCl, 623 Pre-DD Black Cubic Particles B-SiC 4.5
(edge: 1 -2 um)

MT MeSiCl; 623 Pre-MT Yellow | Spherical Particles B-SiC 7.3
(diameter: 10 nm)

MD-523 | MeSiHCl, | 523 Pre-MD-523 Yellow | Irregular Aggregates Siand B-SiC Si: 23.4
(size: 1 - 3 pm) of Particles B-SiC: 4.0
(diameter: 40 - 90 nm)

MD-673 | MeSiHCL, | 673 Pre-MD-673 Yellow | Mixture of Cubic (edge: 1 - 1.5 Siand B-SiC Si: 9.6
pum) and Spherical Particles B-SiC: 5.0
(diameter: 5 - 10 nm)

MD-723 | MeSiHCL, | 723 Pre-MD-723 Yellow | Cubic Particles B-SiC 5.7
(edge: 1 -2 um)

PT-573 PhSiCl; 573 - Black Cubic-like Particles B-SiC and 39
(diameter: 100 - 300 nm) graphite(minor) | C: 1.0

PT-723 PhSiCl; 723 - Black Cubic Particles B-SiC and B-SiC: 7.6
(edge:.400 - 800 nm) graphite (major) | C:2.2

*Grain sizes were calculated frompthe’B=SiC (111), Si (111), and C (002) reflection widths

in XRD using the Scherrer equation.

2.3.1 Characterizations of Ceramic Precursors

SEM images of Pre-DD and Pre-MT are shown in Figures 2.1A and 2.1B as the

examples for the morphology of the ceramic precursors. Pre-DD displays isolated cubic

particles with edge lengths of 500 — 800 nm. Apparently, the particles contain a precursor

shell layer which covers the surface of the inner cubic core. The image of Pre-MT shows

a mixture of a precursor material and cubic particles with smooth surface. EDX data of the

precursors (insets) suggest that they contain Na, Cl, Si, and C. A representative XRD

pattern of Pre-DD, as shown in Figure 2.1C, can be indexed to NaCl.'> XRD data of the

other ceramic precursors also confirm the presence of NaCl.
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Figure 2.1 SEM images of (A) Pre-DD, and (B) Pre-MT. (C) XRD pattern of Pre-DD. (Au

was sputtered to increase conductivity in EDX, and the peak marked with “*” is from the

sample holder in XRD.)

FT-IR spectra of Pre-DD, Pre-MT, Pre-MD-673, and Pre-MD-723 are shown in Figure
2.2. The absorptions peaks are compared to literature values and listed in Table 2.2.'%'° The
most important feature is the peak near 800 cm™, which can be assigned to Si-C stretching
mode. In addition, the absorptions assignable to Si-CH,-Si vibrations are found near 1020 and
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1360 cm™ while Si-H stretching is observed near 2100 cm™. The information suggests that
polycarbosilane linkage containing Si-CH,-Si units is an important component in the ceramic
precursors. This also suggests that Kumada rearrangement is responsible for the structure
formation.!” This is supported by the presence of absorptions from C-H vibrations. Signals

originated from moisture absorption in the samples are also observed.

Si-CH,-Si

' [Si-Me :
Si-H c-H Si-CH,-Si

(A)

(B)
(C)

(D)

Transmittance (%)

4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm-1)
Figure 2.2 FT-IR spectra of (A) Pre-DD, (B) Pre-MT,(C) Pre-MD-673, and (D)
Pre-MD-723. (The absorption bands marked with “*” are from absorbed H,O molecules,

and “#”is from atmospheric CO, molecules.)

*Si solid state NMR spectra of Pre-DD, Pre-MT, Pre-MD-523, and Pre-MD-723 are shown
in Figure 2.3. The peaks are observed at -1.2, -17.1, -64.7, and -100.3 ppm. They are assigned
to Si atoms in SiC4 (With four Si-C bonds), SiHC; with one Si-H and three Si-C bonds),
SiHCSi, (with one Si-H, one S-C and two Si-Si bonds), and SiOy environemnts.'®'®2° These
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results agreed with the FT-IR spectra data discussed above.

Table 2.2 FT-IR absorptions of the ceramic precursors.?

Vibration Mode Literature” Pre-DD Pre-MT | Pre-MD-673 | Pre-MD-723
Si-C stretching 820 824 794 794 794
CH, wagging of 1020 1012 1024 1042 1036
Si-CH,-Si bond
Si-Me deformation 1250 1254 1260 1278 1272
CH, deformation 1355 1369 1363 1351 1357
of

Si-CH,-Si bond

C-H deformation 1400 1454 1411 1405 1412
Si-H stretching 2100 2096 2114 2096 2084
C-H stretching 2900 2896 - - -
C-H stretching 2950 2950 - - -

* All absorption wavenumbers ard in cm™. * Fromirefs 10 and 15.

c
C—éi—c — x C—éi—C

(A)

%
l (B)
M

'ﬁi*}\%w&wéufmﬁw&%ﬁ ‘\‘ﬂ%‘?“(lff WﬁW&ﬂMﬁwW\m* (C)

(D)

200 100 O  -100 -200 -300
PPM

Figure 2.3 »Si-SSNMR spectra of (A) Pre-DD, (B) Pre-MT, (C) Pre-MD-523, and (D)

Pre-MD-723.
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2.3.2 SEM Characterizations

The ceramic precursors discussed above were heated at 1273 K to offer the final
products DD, MT, MD-523, MD-673, MD-723, PT-573, and PT-723. Colors of the
products were either black (DD, PT-573, and PT-723) or yellow (MT, MD-523, MD-673,
and MD-723). We speculate that the concentration of free carbon affects the color of the
products. FT-IR spectra of the samples in Figure 2.4 show a major absorption near 800

cm’'. This is assigned to the Si-C stretching of SiC.

Transmittance (%)

3000 2500 2000 1500 1000 500
Wavenumber (cm-1)
Figure 2.4 FT-IR spectra of (A) DD, (B) MT, (C) MD-673, (D) MD-723, (E) PT-573, and (F)
PT-723. (The Si-O peaks are silica from the quartz boat. The peak marked with “*” is from

absorbed H,0.)

SEM images of their morphology are shown in Figures 2.5A — 2.5F, respectively. In
general, the products display cubic morphology except MT and MD-523. Each product will
be briefly discussed below. As shown in Figure 2.5A, DD contains smooth surface cubes with

edge lengths 1 - 2 um. The powders of MT, displayed in Figure 2.5B, are spherical particles

28



Figure 2.5 High magnification SEM images of (A) DD, (B) MT, (C) MD-673, (D) MD-723,

(E) PT-573, and (F) PT-723. (Au was sputtered to increase conductivity in EDX.)

with diameters of ca. 10 nm. In Figure 2.5C, close examination of the image of MD-673
reveals that the cube surface is porous. In addition, some spherical particles can be found

as a minor component in the corresponding low magnification SEM image in Figure 2.6C.
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Figure 2.6 Low magnification SEM images of (A) DD, (B) MT, (C) MD-673 (In the red
circle, particle aggregates can be seen at high magnification), (D) MD-723, (E) PT-573, and

(F) PT-723.

For MD-723, it shows a rough surface in Figure 2.5D. In Figure 2.5E, PT-573 appears to

be aggregates of cubic shells with sizes of 100 — 300 nm. Collectively, these aggregates
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form cube-like structures, with apparent edge lengths 1.5 — 2 um. Figure 2.5F shows that
PT-723 is composed of cubic shells (edge lengths 400 - 800 nm) with some spherical
particles on the surface.

The corresponding EDX data in the insets suggest that they are composed of Si and C
mainly. Signals from residual O, Na and Cl atoms are observed in some cases. The origins of
the atoms are attributed to partial oxidation of the precursors in air and the unremoved NaCl
byproduct. Both PT-573 and PT-723 samples obviously contain more C than the others.
Probably due to the pyrolysis of the phenyl groups in the process that generated amorphous

21-23

and graphitic carbon. This could also affect the color of the products.

2.3.3 XRD Studies

XRD patterns of the final'products are shown. in Figure 2.7. In Figure 2.7A, DD shows a
broad peak only at 35.7% which is assigned to B-Si€ (111).** This suggests that the
crystallinity of DD is low. MT presents in Figure 2.7B distinctive peaks at 26 35.6, 60.0 and
71.8. They are assigned to $-SiC=(111), (220);-and (311) reflections, respectively.”* The
XRD pattern of MD-673 shown 1n Figure 2.7C réveals the presence of $-SiC, Si and traces of

242515
unremoved NaCl.”"=>

The products from the precursors prepared by reacting MeSiHCl, and
Na at 523 - 623 K also showed the patterns of both B-SiC and Si. The origin of Si will be
discussed below. MD-723 shows a comparable pattern in Figure 2.7 with much lower
intensities from Si and NaCl. Figure 2.7E suggests that PT-573 contains -SiC as the major
crystalline phase.”* A broad peak centred at 23.5° (d = 0.38 nm) was also observed and
assigned to the reflection of graphite (002).%° In Fig. 2.7F, peaks of B-SiC and graphite are

also observed for PT-723.2**® Apparently, the formation of graphite is the result of the

presence of the phenyl group in the organochlorosilane.
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Figure 2.7 XRD patterns of (A) DD, (B),MI,.(C) MD-673, (D) MD-723, (E) PT-573, and (F)
PT-723. (The peaks marked with ‘%*” are silica from the'quartz boat while the one with “#” is

not identified.).

2.3.4 TEM Characterizations

Figure 2.8 shows the TEM images of the products. Figure 2.8A is the image of DD. It
reveals that DD contains cubic particles with edge lengths 0.5 — 1 um and hollow shell
structures. The image of MT in Figure 2.8B shows the presence of spherical nanoparticles.
An enlarged view suggested that the averaged diameter was about 10 nm."* The images of
MD-673 and MD-723 are shown in Figure 2.8C and 2.6D, respectively. Both show that
the products are cubic hollow shells. The surfaces are relatively uneven. For MD-673,
there are some protruded hollow shells with varying shapes. While for MD-723, an
apparent layer of a channel structure exists below the cube shell. The ED patterns are
shown in the insets of Figure 2.8. All reveal patterns with three distinctive rings,

suggesting that they are polycrystalline. Starting from the most inside ring, these rings are
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assigned to the reflections from (111), (220), and (311) planes of B-SiC, with an estimated

lattice parameter a = 0.44 nm.**

Elew
E|Sh

Figure 2.8 TEM images of (A)"DD,r (B) MT; (C)-M D--6'73_’, (D) MD-723.

For MD-673, another TEM 1mage 7s1iov§/ed in ‘Figure 2.9A that it also contained

nanoparticles with diametél?s 5-10 _ntll-lj*The'ED i)atterﬁ in Figure 2.9B showed six rings
assignable to Si and PB-SiC.”*? A high resoluti.énr TEM image in Figure 2.9B also

presented the coexistence of two different latiiice spacing values, 0.310 nm and 0.254 nm,
corresponding to Si (111) and B-SiC (111) planes of the nanocrystals, respectively.**?
This agrees with the XRD pattern of MD-673 in Figure 2.7. The degree of crystallization
suggested by the ED patterns is comparable to that shown in the XRD patterns.

The TEM image of PT-723 also showed cube-like hollow particles with an averaged
shell thickness of 40 nm in Fig. 2.10A. In addition, some round-shaped hollow particles
adhered to the surfaces of the cube-like particles. This agrees with the SEM image in Figure
2.5F. The ED pattern of PT-723 in Figure 2.10A (inset), showing a combination of

crescent-shaped and weak diffused rings, indicated that it contained less-ordered graphite and

B-SiC. A HRTEM image of a particle edge revealed some fringes spaced at 0.35 nm apart in
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Figure 2.10B. This value is slightly larger than the lattice spacing of graphite (002), 0.340

2
nm. 6

Figure 2.9 TEM view of another area of MD-673 showing the presence of nanoparticles. (A)

Low magnification TEM, (B) ED, and (C) High-resolution TEM images.

Figure 2.10 (A) TEM and ED (inset) images of PT-723 and (B) HRTEM image of PT-723.
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2.4 Discussion

As suggested in Scheme 2.1, the vapor phase organochlorosilanes react with liquid
phase sodium to form phase segregated SiC precursors and NaCl solids in the first step. In
the original Yajima process, polysilane (Me;Si), was synthesized first in a xylene solution
at 373 K and then converted into polycarbosilane (MeSiHCH;), at 723 K. In this study, we
prepared B-SiC from a solvent-free condition at elevated temperatures employing the
organochlorosilane vapors to react with the Na liquid directly. From the characterization
of the ceramic precursors, we conclude that the overall syntheses are parallels to the
Yajima process. On the other hand, the reaction variables, including silane sources and
reaction temperatures, do show great influences on the 3-SiC products. In addition, their
final morphology, showing cubic sstructures .in many cases, appears to be shaped
cooperatively by the precursor and the.Na€l byproduct, which acted as templates
generated in situ.

In addition to the characterizations discussed above,-a difference between the ceramic
precursors Pre-DD and Pre=MT is.demonstrated by TGA studies were shown in Figure 2.11.
The TGA of Pre-DD showed significant weight.doss-above 873 K. The loss reached 40% at
1023 K. On the other hand, Pre-MT was more stable up to 1023 K. It showed only 8% weight
loss at 1073 K. Based on these data and the other analyses, we propose that Pre-DD is likely
to be a linear polycarbosilane with a general formula (A) shown in Scheme 2.2 while Pre-MT
is a cross-linked polycarbosilane (B) in Scheme 2.2.*” Apparently, Pre-DD is more flexible
than Pre-MT. The consequence is that Pre-DD could wrap the NaCl byproduct crystals easily
to form the shell layers. After the inner NaCl cores are removed under vacuum at 1273 K,
Pre-DD converts into DD, the B-SiC particles with cubic shell structures. The more rigid
Pre-MT could not fold easily so it separates from NaCl into an independent solid. After the
NaCl byproduct is evaporated under vacuum at 1273 K, Pre-MT converts into MT, the

spherical nanoparticles of -SiC.
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Scheme 2.2 Proposed conversions of methylchlorosilanes to ceramic precursors.

The effects of reaction temperature on the precursors prepared from CH3SiHCl, have
been shown in the IR and the SSNMR data discussed above. They suggest that in addition to
-Si-CH,- linkages of polycarbosilanes, Pre-MD-523 contained a significant portion of Si-Si
bonds of polysilanes. In contrast, the peak was less significant in the SSNMR of Pre-MD-723.

In addition, an UV-visible spectrum of Pre-MD-523 presented an absorption at 280 nm in

36



Figure 2.12A. This is attributed the 6-6* transition of organopolysilanes.”’*** Pre-MD-723
did not show any absorption peak from this transition in Figure 2.12B.. In literature, Seyferth
reported that preceramic polymer (MeSiH)i(MeSi);x was produced by reacting MeSiHCl,
with Na in a solution.'”” In addition, Matyjaszewski and co-workers showed that cyclic
organopolysilane polymers were formed in the reactions between organochlorosilanes and Na
or K.* Thus, we propose that Pre-MD-523 contains rigid polysilanes and flexible
polycarbosilanes, (C) and (D) shown in Scheme 2.2, respectively. After the removal of NaCl
by evaporation at 1273 K, the two portions probably react and transform independently into
cubic shells of B-SiC and nanoparticles mixed with B-SiC and Si, correspondingly. On the
other hand, for precursors prepared from MeSiHCI, at higher temperatures, more (D) is
expected to be converted from (C), as shown in Scheme 2.2. This is supported by that
Pre-MD-723 is composed mainly;of polycarbosilanes (D). With less rigid organopolysilane
polymers in presence, the_precursor can cover .the surface of NaCl and converts to cubic

particles of B-SiC shells mostly.
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Figure 2.12 UV spectra of (A) Pre-MD-523 and (B) Pre-MD-723.
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When PhSiCl; was employed as the precursor to form [(-SiC, appreciable amount of
graphitic products was formed in PT-573 and PT-723. In literature, formation and
incorporation of carbon in [-SiC prepared by Yajima type reactions employing
phenylchlorosilanes have been reported.”’* The carbon-rich precursors appears to be
flexible enough to cover the surface of the byproduct NaCl. It is known that probably due to
its flexibility, carbon may be shaped into structures with different morphology in related
vapour-solid reaction growths (VSRG).™® After the cubic NaCl core is removed by

evaporation, the cube-like particles containing graphite carbon/B-SiC can be formed.

2.5 Conclusions

In this study, we have synthesized [-SiC cubic shells and spherical nanoparticles by
processing the ceramic ptecursors-yformed from' the reactions between vapors of
organochlorosilanes, Me,SiCl,; MeSiCls, MeSiHCl,, and PhSiCls, and liquid Na. Nature of
the silane precursors and the reaction temperatures affectthe composition and nanostructure
of the ceramic precursors as: well as their affinity-to. the NaCl byproduct, the template
generated in situ. Then, all these factors work together to influence the final composition and
morphology of the synthesized -SiC. We found that when precursors with flexible linear
polycarbosilanes are produced, they would cover the cubic NaCl surface. Consequently, after
the NaCl templates are removed, the final ceramic products are shaped into hollow cubic
shells. When rigid precursors, such as polysilanes and cross-linked polycarbosilanes, are
produced, they phase segregate from NaCl and are transformed into nanoparticles without
special morphology as the final products. The reaction temperature affects the extent of the
reaction progress. Together with other processing factors, the final compositions can be
altered. When a polysilane precursor is produced, it is converted into Si-rich nanoparticles.
On the other hand, when carbon-rich chlorosilanes are used, the final products contain, in
addition to B-SiC, a high concentration of carbon byproduct. In conclusion, we demonstrate
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again that reactions between vapor and condensed phase reactants can produce phase
separated products with unique morphology by templating each other in situ.’® We expect that

B-SiC with other special morphology could be synthesized using this strategy in the future.
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Chapter 3

Growth of Polycrystalline Tubular Silicon Carbide - Yajima-Type Reaction
at the Vapor-Solid Interface

3.1 Introduction

Silicon carbide is an important semiconductor material for high temperature, high power
and high frequency applications in demanding environments.' Therefore, fabrication of
silicon carbide into nanometer scale devices has received considerable attention. To date,
many kinds of silicon carbide nanostructures have been successfully fabricated, including
nanoboxes, hollow nanospheres, nanorods, nanowires, and nanocables.”” But, there were only
limited reports on the synthésis of tubular silicon carbide fanostructure.®® Drawbacks of these
approaches include low-yields, low crystallinity, and difficulty to remove templates. Here, we
demonstrate that using simple. vapor-solid-reaetion growth (VSRG) methodology,”"' high
yield synthesis of large area pelyerystalline tubularSiC on Si substrates can be achieved by
employing methyldichlorosilane, MeSiHCl,, to react with Ca thin films on Si(100) wafers at
relatively low temperatures. The reaction is an improved Yajima-type reaction carried out in a
solvent-free condition.'> One-dimensional B-SiC fibers prepared from the Yajima process can
be used for many advanced structural applications.” In this study, potential application of the

tubular SiC as an efficient field emitting material will be explored.'*"

3.2 Experimental Section

A hot-wall reactor composed of a Lindberg HTF55122A tube furnace and a 27 mm
diameter quartz tube was used. In a typical reaction, Ca powders (Alfa Aesar 99.5%, 0.30 g,

7.5 mmole) in a 10 cm quartz boat were placed at a distance 5 cm upstream away from the
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center of the reactor. Another quartz boat loaded with Si(100) substrates was placed at 25 cm
away from the center, which was located just outside the furnace and at 430 K. Evaporation of
Ca was performed at 973 K under vacuum for 1 h so that Ca thin films deposited on the Si
substrates. Then, under 1 atm of Ar, the Ca coated Si substrates were pushed into the reactor
center. Under the assistance of a constant flow of Ar (10 sccm), MeSiHCI, at 255 K was
evaporated into the reactor. The reaction was carried out at 773 - 923 K for 12 h to generate a
precursor coating. Finally, the precursor coating was heated at 1273 K for 1 h under vacuum
to offer samples of a layer of yellow thin film on Si.

Scanning electron microscopic (SEM) and energy dispersive X-ray (EDX) spectroscopic
data were collected using a JEOL JSM-6330F at 15 kV. Transmission electron microscopic
(TEM) and electron diffraction (ED) images were obtained on a JEOL JEM-2010 at 200 kV.
High resolution TEM (HRTEM) images were acquired on a JEOL JEM-4000EX at 400 kV.
X-ray diffraction (XRD) studies were carried-out using a, BRUKER AXS D8 ADVANCE
diffractometer using Cu Kal radiation. Fourier. transform infrared (FT-IR) spectra were
carried out using a Perkin Elmer Spectrum One. Thermal gravimetric analysis (TGA) was
carried out on a Perkin Elmer Diamond TGA:

Field emission measurements were performed in a vacuum chamber at a pressure of
1.05x107 Pa at room temperature. A 1 mm diameter spherical-shaped stainless-steel probe
was used as the anode. Field emission characteristics of the samples were measured with a
Keithley 237 (max output voltage 1100 V, current 10 mA). One sample of tubular SiC
material on Si(100), which was grown at 873 K followed by heat treatment at 1273 K, was
measured at an anode-sample distance of 65 um while the applied field voltage was raised
from zero to 940 V. Another sample of tubular SiC material on Si(100), which was grown at
923 K followed by heat treatment at 1273 K, was measured with at an anode-sample distance
of 75 um while the applied field voltage was raised from zero to 480 V. We define the
turn-on field (E,) and the threshold field (Ey) as the electric fields required to produce a
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current density of 10 pAcm™ and 10 mAcm™, respectively.

3.3 Results and Discussion

The reaction was carried out in a horizontal hot-wall quartz tube reactor. Growth of a
fresh surface Ca thin film with a thickness of ca. 5 um on a Si(100) wafer at 430 K was
achieved via a physical vapor deposition (PVD) process by evaporating Ca at 973 K. The Ca
thin film, as characterized by SEM and XRD in Figure 3.1, was smooth and free from other
crystalline phases, such as CaSi, CaSi,, and CaO. At the deposition temperature,
interdiffusion of elemental Ca and Si atoms to form CaSi, compounds was reported to be

insignificant.'

Ca (111)

Counts (a.u.)

L Ca (222)

!

20 25 30 35 40 45 50 55 60
2-Theta

Figure 3.1 (A) Cross sectional SEM image, and (B) XRD pattern of a calcium thin film

deposited on a Si substrate. The XRD pattern can be assigned to JCPDF 23-0423.

Then, the Ca thin film was reacted with vaporized MeSiHCIl, at 773 — 923 K to form a solid
precursor layer on Si. The layer was proposed to be CaCl, encapsulated inside a Yajima-type
preceramic polycarbosilane precursor, SiCxHy.12 The material was further processed at 1273 K
under vacuum to thermally convert it in to the final product. In the process, CaCl, was

removed by evaporation as well. A yellow thin film, covering the Si substrate completely, was
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Figure 3.2 FT-IR spectra of samples grown at (A) 773 K. (B) 823 K, (C) 873 K, and (D) 923
K followed by heat treatment at 1273 K—Fhe-absorption bands marked with “*” are from

absorbed H,O molecules.

collected. For all thin films, the FT-IR data in Figure 3.2 show major absorptions from Si-C
bonds near 800 cm™ and minor ones from residual C-H bonds near 2925, 2850 and 1450
cm."> XRD data displayed a broad peak at 20 = 35.7° from SiC (111) reflection (JCPDS
29-1129)"7 and sharp peaks from Si reflections (JCPDS 75-0589) as shown in Figure 3.3."
The samples were also characterized by using SEM, EDX, TEM, and selected areca ED
(SAED). With some variations in growth rates, sizes and crystallinity, i.e. they all increased
with the increasing temperature of reaction, the products showed comparable morphology,

composition, and microstructures. Typical observations will be discussed below.
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Figure 3.3 XRD of samples grown at-{(A) 773 K, (B);823 K, (C) 873 K, and (D) 923 K
followed by heat treatment ‘at 12737K. All samples - were removed from the Si substrates

33 32

except the sample in C. The peak marked with 1S from the sample holder.
3.3.1 SEM and XRD Characterizations

A low-magnification SEM image of the yellow thin film grown at 823 K on Si followed
by heat treatment at 1273 K is shown in Figure 3.4A. The image displays numerous
one-dimensional nanostructures with tens of micrometers long. High-magnification SEM
images, such as the one in Figure 3.4B, suggest that the material has an apparently open-end
tubular structure with a diameter of 100 - 200 nm. An EDX spectrum shown in Figure 3.4B
(inset) indicates that the tubular material contains Si, C, and traces of Ca and Cl. An SEM
image of the thin film/substrate cross-section in Figure 3.4C reveals that the tubular
nanomaterial layer has a thickness up to several tens micrometers. In addition, an interlayer
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with a thickness of ca. 9 um is observed between the tubular material layer and the Si
substrate. An EDX spectrum of the interlayer, as shown in the inset of Figure 3.4C, indicates
that the material contains more Si than the tubular material layer does. Figure 3.4D shows the
XRD pattern of the deposited layer after being removed from the Si substrate. The SiC (111)
reflection and the Si reflections are observed.'® By using the Scherrer equation, the crystallite
sizes of SiC and Si are estimated to be 3 nm and 18 nm, respectively. Since only reflections of
electrons from SiC were observed for the tube in the ED studies (to be discussed below), we
suggest that the Si pattern in XRD was not from the tubular material layer. In stead, it might
originate from the interlayer because it was Si rich as shown in the EDX result. One possible
origin of the Si crystals was from residual fragments of the Si substrate. As the product layers
were detached, some Si fragments might attach to' the product and were removed together.
Another possibility was that during thereaction betweenMeSiHCI, and Ca at 823 K, a CaSiy
layer was also produced between the Ca thin film and the Si substrate by interdiffusion of the
corresponding elements.”” “As the neaction progressed, the CaSiy layer might react with
MeSiHCl, to generate the interlayer eomposed of SiG and Si. On the other hand, presence of
Si as a minor component in the tubular product layer was observed for samples deposited
above 873 K (see below in TEM and TGA Studies). Even though the image in Figure 3.4B
suggests that the one-dimensional material has an open-end tubular structure, another SEM
image in Figure 3.4E shows a sample with a lot of tubes with broken ends. An enlarged view

in Figure 3.4F displays a ruptured tip of a one-dimensional structure.

3.3.2 TEM Studies

Figure 3.5A presents the TEM image of the sample grown at 823 K followed by heat
treatment at 1273 K. It confirms that it is one-dimensional and has an apparent open-end
tubular structure with a diameter of ca. 100 nm and a wall thickness of 10 - 20 nm. SAED
reveals a slightly diffused pattern with three distinctive rings in Figure 3.5B suggesting that
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the sample is polycrystalline with crystallite sizes smaller than 4 nm. Starting from the most

inside ring, these rings are assigned to the reflections from SiC(111), SiC(220), and SiC(311)

SicC (111)

3
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Figure 3.4 Characterization of a sample grown on Si wafer at 823 K followed by heat
treatment at 1273 K. SEM studies: (A) low magnification surface image, (B) high
magnification image of a tube end, and EDX (inset. Au was sputtered to increase
conductivity), (C) cross-sectional image of the deposited layers on Si, and EDX (inset, from
the squared area. Au was sputtered to increase conductivity), (D) XRD pattern. The peak
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marked with is from the sample holder. (E) Low magnification image of tubes with
ruptured ends and (F) high magnification of the circled area in (E) showing a ruptured end of
a sample grown on Si wafer at 873 K followed by heat treatment at 1273 K.
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Figure 3.5 TEM studies of a sample grown at 823 K followed by heat treatment at 1273 K.

(A) Low magnification image, and (B) SAED.

Figure 3.6 Characterization of a sample grown on Si wafer at 773 K followed by heat
treatment at 1273 K. (A) Low magnification SEM image, (B) high magnification image of
tube ends, and EDX (inset), (C) TEM image and EDX (inset), and (D) SAED, the

polycrystalline diffraction rings are assigned to B-SiC.
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planes. They can be assigned to cubic B-SiC with an estimated lattice parameter a = 0.44
nm."” No reflections from crystallites of Si and Ca containing solids can be seen. The
observations are in good agreement with the XRD data.

For the sample grown at 773 K followed by heat treatment at 1273 K, the TEM and ED
data were comparable, showing an apparent open-end polycrystalline SiC tube with a

diameter of ca. 80 nm and a wall thickness of 5 - 10 nm as shown in Figure 3.6.

Figure 3.7 TEM studies of a sample grown at 923 K followed by heat treatment at 1273 K.
(A) Low magnification image and EDX (inset, from the squared area). (B) SAED, (C)

High-resolution image enlarged from a selected area in A.

Figure 3.7A shows the TEM data of a sample deposited at 923 K and annealed at 1273 K.

It is one-dimensional and open-end tubular with a diameter of ca. 300 nm and a wall thickness
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of 60 - 80 nm. Only Si and C atoms can be observed in the EDX. SAED reveals a pattern with
five distinctive rings in Figure 3.7B, suggesting that the sample is polycrystalline. They can
be assigned to cubic Si with an estimated lattice parameter a = 0.54 nm and cubic B-SiC with
an estimated lattice parameter a = 0.44 nm.'”'® Starting from the most inside ring, these rings
are assigned to the reflections from Si(111), SiC(111), Si(200), SiC(220), and SiC(311)
planes. An HRTEM image, enlarged from the selected area in Figure 3.7A, is shown in Figure
3.7C. Two different lattice spacing values, 0.317 nm and 0.254 nm, are observed and assigned
to Si (111) and B-SiC (111) planes, respectively.'”'®

The Si content will be estimated using the TGA result discussed below. The possible
sources of the Si crystallites are the following ones. The first is the extrusion of Si from the
polymeric material within the preceéramic precursor.:In literature, in the preparation of B-SiC
via the Yajima-type routes, this . was frequently observed at the high temperature processing
stage.'>?"*' Another possiblersource of Siis from| the gas phase decomposition of
MeSiHCL,.** Tt was reported. that at 905 K, MeSiHCL »decomposed into CH4 and SiCl,
initially. Then, SiCl, was transformed into the final gas phase products HSiCl; and SiCls. We
propose that in this study, these chlorosilanes may react with Ca to form the Si nanocrystals in
the tubular walls.®

The data in Figure 3.8 suggest that the tubular structure was formed from an originally
sealed heterostructure which ruptured later to allow the inner core to evaporate. The TEM
image in Figure 3.8 A shows a close examination of a tube with a ruptured end, which
parallels to the SEM observations in Figures 3.4E and 3.4F. The presence of a core before the
heat treatment is supported by the images of a rare example of a filled tube section shown in
Figures 3.8B — 3.8D The TEM image in Figure 3.8B reveals that the section is composed of
Si, C, Ca and Cl, as identified by the EDX in Figure 3.8C By analyzing the ED pattern in
Figure 3.8D carefully, we conclude that the sample contains B-SiC, Si and CaCl,. In the ED
pattern, the polycrystalline diffraction rings 2, 5, and 6 are assigned to 3-SiC while the rings 1,
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3, and 4 are assigned to Si. The diffraction spots from single crystalline CaCl, are circled.
Based on this and the observations discussed above, we suggest that the as formed
one-dimensional precursor material has a sealed radial heterostructure, which is composed of
an inner core of CaCl, encapsulated inside a preceramic shell of SiC,Hy. Later, during the
high temperature treatment at 1273 K, CaCl, vaporizes and raises the pressure inside the
heterostructure. This would cause the originally sealed tips to rupture and allows CaCl, to
evaporate. We expect that extended heat treatment should lower the CaCl, concentration
further. Meanwhile, SiC crystallizes inside the shell to form the apparent open-end tube

morphology.

L

Figure 3.8 (A) TEM image of a sample grown at 8§73 K followed by heat treatment at 1273 K

showing a tube end. (B) TEM image, (C) EDX, and (D) ED pattern of a sample grown at 923

K followed by heat treatment at 1273 K still retaining the CaCl, core.
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3.3.3 TGA Studies

From the above discussions, it is reasonable to assume that the tubular products are
composed of B-SiC mainly. Silicon appears to be a minor component. In addition, the samples
may contain amorphous SiC (a-SiC) and amorphous C (a-C). To understand the stability and
composition of the products, they were analyzed by TGA in an ambiance of 100 sccm of
flowing air. For the sample grown at 923 K followed by heat treatment at 1273 K, it showed

5% weight loss at 873 K in Figure 3.9(A). This was due to the oxidation of carbon atoms in

(A) 120 - (B) 120 -

115 115 4 —
110 - —— 110 1
2 1051 < 105
£ 1M-Q £ 100
g 9| — 5 9]
2 0l = o0 i
85 85
80100  ed0 800 1000 1200 807400  e00 80 1000 1200
Temperature (K) Temperature (K)

Figure 3.9 TGA of (A) a sample grown at 923 K- followed by heat treatment at 1273 K, (B) a

sample grown at 823 K followed by heat treatment at 1273 K.

the sample to form volatile CO,. Bulk B-SiC is known for its resistance to air oxidation at
high temperatures.”* a-SiC may be oxidized more easily but the weight should be increased
instead of lowered. Thus, the only origin of weight loss is the oxidation of a-C. As the
temperature increased from 873 K to 1273 K, the weight increased 8%. Then, as the sample
was heated at 1273 K for 10 min, the weight increased 2%. Finally, after the temperature was
lowered to 425 K, another 3% weight increase was observed. We attribute the 13% weight
increase, starting at 873 K, to the oxidation of a-SiC and Si in the sample to form SiOs.

HSiCl; and SiCly, generated from the dissociation of MeSiHCl,, are the probable sources of
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Si.* The final weight was 108% of the initial sample weight. By assuming that only a-C was
oxidized below 873 K, we employed the trial and error method to estimate possible tube
compositions. If the sample does not contain any a-SiC, its composition is 84% B-SiC, 11%
Si, and 5% a-C by weight. This corresponds to an atomic composition of 72% B-SiC, 14% Si
and 14% a-C. It is possible that the sample contains some a-SiC. For example, if the weight
of a-SiC is 2% and the amount of a-C is the same 5%, there are 83% [B-SiC and 10% Si. The
atomic composition of the sample is determined to be 72% B-SiC, 2% a-SiC, 12% Si and 14%
a-C. Another estimation shows that if the sample contains 8% a-SiC and 5% a-C by weight,
there are 79% B-SiC and 8% Si. This corresponds to an atomic composition of 69% [B-SiC,
10% a-SiC, 7% Si and 14% a-C.

A similar TGA study and data.analysis was performed for the sample grown at 823 K
followed by heat treatment ‘at 1273 K in Figure.3.9(B). At 823 K, the decomposition of
MeSiHCl, into HSiCl; afid  Si€Cly is insignificant.”* The sample probably contained a
reasonably high amount of:@-SiC but much less Si. For the first example, we assume that the
sample did not have Si at all; If so, the atomic composition is estimated to be 46% B-SiC,
34% a-SiC, and 20% a-C. Another'example-assumes that the sample contains some Si, 5% by
weight. Under this condition, the possible atomic composition is estimated to be 49% B-SiC,
25% a-SiC, 6% Si, and 20% a-C. Another estimated atomic composition, with 14% Si by
weight, is 58% B-SiC, 7% a-SiC, 16% Si and 19% a-C. Based on the analyses, we conclude
that SiC, including -SiC and a-SiC, was the major component in the tubular products. The Si
content in the samples should be far less than 20%. It is important to note that the temperature
of reaction affected the ceramic precursor structure and composition significantly. The higher
reaction temperature produced better mixed and bonded SiC precursor. In turn, after the heat
treatment, the better precursor generated better final product, containing more crystallized

B-SiC.
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3.3.4 Proposed Reaction Pathway

Based on the above information, we propose in Scheme 3.1 a pathway to summarize the
overall reaction steps. We suggest that the SiC tubes are grown via a VSRG pathway similar
to the one proposed before for the growth of one-dimensional radial heterostructure composed
of a CaF, core and an a-C shell.? In the current study, the reaction between MeSiHCI, and Ca
produced phase segregated radial heterostructure of CaCl, and SiC Hy on the substrate. The
ionic CaCl,, due to a high cohesive force, forms inner core. In addition, because the reaction
temperature employed in this study, 773 — 923 K, is significantly lower than the melting point

of CaCl,, 1048 K, CaCl; can only grow into small diameter seeds at the early growth stage.

Ca Metal Particles PVD a4 Ca,, Thin Film

JIJ
JIII I 973 K

 Si Wafer

MESEHCIE{Q] TT3 K-923 K, A. P.

"‘\
== CaCl, _
Tubular SiC éSiclH,}caCI‘@S'c’Hy
«—SIC,H,
§ -caci, P |
SiC Layer - pFr— :
 Si Wafer 1273 K, 0.13 Pa| | Si Wafer
~— —

Scheme 3.1 Reaction steps to form tubular SiC on Si wafer.

The seeds are wrapped inside the other product, soft polymeric shells of SiC,Hy, which are
also formed at the vapor-solid reaction interface. Since the inner seed diameter is restricted by
the polymeric shell, incorporation of more products to the composite seed does not enlarge it
isotropically but elongate it in one dimension. These factors work cooperatively to develop
the products into a closed-end cable-like radial heterostructure composed of a CaCl, core and
a SiCiHy shell. Then, at an elevated temperature under vacuum, the preceramic shell is

transformed into SiC nanocrystals while the CaCl, core evaporates and erupts from the cable
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ends. This would generate the tubes with the apparent open-end morphology.

3.4 Field Emission Property Studies

Field emission property of the tubes is evaluated.”> As shown in Figure 3.10A, a sample
grown on Si(100) at 873 K followed by heat treatment at 1273 K shows an excellent emission
property Ei, (turn-on field) 2.8 V/um and Eg, (threshold field) exceeding 16 V/pum. Another
sample, deposited at 923 K followed by heat treatment at 1273 K, showed an E, 2.5 V/um
and Ey, less than 7 V/um in Figure 3.10B. Clearly, the tubes grown at 923 K performed better
than the ones grown at 873K, even though they were heat-treated at the same temperature of
1273 K. For both samples, the Fowler-Nordheim plots of the curves showed linear sections
above E,. This suggests that their field emission mechanism is conventional.”® It is known
that the field enhancement™factor, B, is~strongly ‘dependent on the sample geometry.”’ >
Generally, samples with high one dimensional aspect ratio structures showed low turn on
values." In this study, employing'a work-funetion (@) value of 4.4 eV for SiC and slopes of
the F-N plots in the insets in Figure 3.8, the  values are estimated to be 1800 and 2900 for
the samples grown at 873 K and 923 K, respectively.’’ The reason why that the tubes grown at
923 K performed better, emitting higher current at lower field, is attributed to the higher
content of crystallized B-SiC in the product. As far as we know, the results discussed above
are the first field emission property data for SiC tubes. The data are much lower than most of

the reported data of other SiC nanostructures.” >
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Figure 3.10 Field emission J-E“curve and Fowler-Nordheim (FN) plot (inset). (A) a tubular
SiC material on Si(100) at 873 K and heat treated at 1273 K. (B) a tubular SiC material on

Si(100) at 923 K and heat treated at 1273 K.

3.5 Conclusions

In this study, we have synthesized SiC tubes via a VSRG pathway employing the vapor
of MeSiHCl, to react with Ca deposited on Si. The reaction is a solvent-free Yajima-type
process that takes place at the vapor-solid interface. For the reaction, the products CaCl, and
SiC Hy phase-segregate and undergo transformation into a cable-like radial heterostructure.
After heat treatment, which converts the preceramic SiCiH, shell material into SiC and

removes the CaCl, core, the layer of SiC tubes is fabricated on Si. From the tubes, emission of
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electrons with a current 10 pA/cm® can be obtained at an applied field as low as 2.5 V/um.
We suggest that the high performance is not only due to the high aspect ratio of the one
dimensional tubular morphology but also to the large field enhancing factor 3. This excellent
result indicates that the SiC tubes may have promising field-emitting applications for vacuum

microelectronic devices.
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3.7 Appendix

Composition Analysis

We assume that the samples may contain a-C, Si, a-SiC, and B-SiC. In the curve (A) in Figure

3.9, we observe a maximum 5% weight loss at 873 K. It is proposed that this is due to the

oxidation of C atoms in a-C. From 873 K to 1273 K, the weight increase is 8%. Then, the

weight increases 2% at 1273 K. From 1273 K to 425 K, the weight increases 3%. From 8§73 K

to 1273 K then to 425 K, the weight increases 13 % in total. We attribute this to the oxidation

of Si atoms in a-SiC and Si to form SiO,. The final weight is 108% of the original one. The

weight loss at 873 K is assumed to be all contributed by the oxidation of C. The assumptions,

equations, and results are shown below.

1. The weight % of -SiC is XsAssume 1t 1S resistant to oxidation and the weight % does
not change.

2. The weight % of a-SiCis y. Assume it can be fully oxidized to form SiO; and CO,. The
weight % after the oxidation is [M.W.(S103)/ M.W.(a-SiC)]*y, (60/40)y = 1.5y.

3. The weight % of Si is z. Assume it'‘can be fully oxidized to form SiO,. The weight % after
the oxidation is [M.W.(Si0,)/ A-W.(S1)]*2Z, (60/28)z

4. The weight % of a-C is w, which is the weight loss at 873 K. Assuming it can be fully
oxidized to form CO,, the weight % after the oxidation reduces to 0.

Two equations can be established for the initial and final weight %.

Initial weight %: X+y+z+w=100

Final weight %: X+ 1.5y + (60/28)z + 0 = Total final weight % found in TGA

For (A), w is 5. The total final weight % found in TGA is 108.

There are 3 variables to be solved but we can set up only 2 equations. Thus, we use the trial

and error method to derive possible compositions of (A). Possible compositions should offer

between 7 and 8 weight % increase relative to the initial weight %.
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Possible compositions of (A):

Trial 1 B-SiC a-SiC Si a-C Total
estimated initial weight % 84 0 11 5 100
weight % after oxidation 84 0 23.6 0 107.6
estimated atomic % 72 0 14 14 100
Trial 2 B-SiC a-SiC Si a-C Total
estimated initial weight % 83 2 10 5 100
weight % after oxidation 83 3 214 0 107.4
estimated atomic % 72 2 12 14 100
Trial 3 B-SiC a-SiC Si a-C Total
estimated initial weight % 79 8 8 5 100
weight % after oxidation " 12 17.1 0 108.1
estimated atomic % 69 7 10 14 100
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In the curve (B), we observe 7% weight loss at 873 K for the oxidation of a-C. From 873 K to
1273 K then to 425 K, the weight increase is 20 % for the oxidation of a-SiC and/or Si to
form SiO,. The final weight is 113 % of the original one. The trial and error method is used
again to derive the possible compositions of (B) offering an overall 13 — 14 weight % increase.
Since the product was prepared at low temperature, we assume that the a-SiC content should
be high while the Si content is low. Thus, even though Trial 4 can offer satisfactory
composition estimation, the result is unlikely because the amount of a-SiC in the trial is

assumed to be 0.

Possible compositions of (B):

Trial 1 B-SiC a-SiC Si a-C Total
estimated initial weight % &) 40 0 7 100
weight % after oxidation 53 60 0 0 113
estimated atomic % 46 34 0 20 100
Trial 2 B-SiC a-SiC Si a-C Total
estimated initial weight % 58 30 5 7 100
weight % after oxidation 58 45 10.7 0 113.7
estimated atomic % 49 25 6 20 100
Trial 3 B-SiC a-SiC Si a-C Total
estimated initial weight % 71 8 14 7 100
weight % after oxidation 71 12 30 0 113
estimated atomic % 58 7 16 19 100
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Trial 4 B-SiC a-SiC Si a-C Total

estimated initial weight % 75 0 18 7 100
weight % after oxidation 75 0 38.6 0 113.6
estimated atomic % 60 0 21 19 100
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Chapter 4

Synthesis of Pseudo Thin Plate Silicon Carbide Nanostructure- Another

Case of Yajima-Type Reaction at the VVapor-Solid Interface

4.1 Introduction

In Chapters 2 and 3, we fabricated cubical nanocages and tubular one-dimensional SiC
nanostructures via VSRG methods. NaCl and CaCl, acted as in-situ generated templates to
assist the SiC morphology formation.'” Here, we present another example showing in-situ
generated MgCl, can act as a template to assit the formation of large area pseudo thin plate
SiC nanostructure by employing vapors of organochloresilanes, MeSiHCl, and Me,SiCl, to

react with Mg metal at relatively low temperatures.

4.2 Experimental Section

A hot-wall reactor composed of a Eindberg HTF55122A tube furnace and a 27 mm
diameter quartz tube was used. RF power (13.56 MHz) was applied to the reactor through two
pieces of copper foil electrodes outside the furnace. Mg powder (Showa 99 %, 0.30 g, 12.5
mmole) in a 10 cm quartz boat was placed in the plasma region. The powder was treated with
hydrogen plasma (10 W, H, 20 sccm) under the assistance of a constant flow of H, 20 sccm at
room temperature for 1 h to remove surface oxide. Then, under 1 atm of Ar, the treated
powders were pushed into the reactor center. MeHSICl, was vaporized at 255 K under the
assistance of a constant flow of Ar (1 - 2 sccm) into the reactor to react with Mg metal at 823
K 1 atm for 14 h. Yellow powder was obtained after heat treatment at 1273 K for 1 h. In the
other case, black powder was obtained from Me,SiCl, reacting with Mg powder at 923 K for
14 h and then heat treated at 1273 K for 1 h.
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SEM and EDX data were collected using a JEOL JSM-6330F at 15 kV. TEM and ED
images were obtained on a JEOL JEM-2010 at 200 kV. HRTEM images were acquired on a
JEOL JEM-4000EX at 400 kV. XRD studies were carried out using a BRUKER AXS D8
ADVANCE diffractometer using Cu Kal radiation. FT-IR spectra were collected using a

Perkin Elmer Spectrum One.

4.3 Results and Disscussion
4.3.1 Characterizations of the yellow product prepared from Mg and MeSiHClI,
In Figure 4.1, a low-magnification SEM image of the yellow powder reveals numerous

thin plate structures in Figure 4.1A. The high-magnification SEM image in Figures 4.1B and
TLfr ™

C present that the hexagonal plates-i'w_rth- mumbergﬂs-.];artlcles The plates have a thickness of

r% " K| .‘
c.a. 50 nm and an edge length:"ofr c.a. -ﬂm. Th.e Eb .-spectrum confirms that the sample
== L | w '-u.._

contains Si, C, and traces of Nig and Cl, as Eewﬂ in Flgure“A 1D.

Figure 4.1 SEM images the yellow product prepared from Mg and MeSiHCIl, (A)

Low-magnification, (B) and (C)High-magnification, and (D) EDX.
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Low magnification images show that the sample contains one layer particles with a
diameter of 200 - 250 nm on the thin plate in Figures 4.2A and B. SAED reveals a slightly
diffused pattern with three distinctive rings in the inset of Figure 4.2B. This suggests that the
sample have a polycrystalline cubic phase structure. Starting from the most inside ring, these
rings are assigned to the reflections from SiC(111), SiC(220), and SiC(311) planes. They can
be assigned to cubic B-SiC with an estimated lattice parameter a = 0.44 nm.” HRTEM image
was shown in Figures 4.2 C and D. Some fringes spaced at 0.254 nm apart can be observed in
the particles and the thin plate layer. These are assigned to be originated from the (111) planes

of B-SiC. Obviously, particle and thin plate are the same composition, 3-SiC.

Figure 4.2 TEM images of yellow product prepared from Mg and MeSiHCI, (A) and (B)
Low-magnification TEM image and SAED inset in (B), (C) HRTEM image of particle from

the red square in part (B), and (D) HRTEM image of thin plate, black circle in part (B).

In addition, an FT-IR spectrum in Figure 4.3 shows a broad absorption at 813.9 cm™,
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which can be assigned to the Si-C stretching. An XRD pattern in Figure 4.4 shows major
B-SiC and minor Si patterns.>* Si appears to be extracted from the polymeric preceramic
precursor. In literature, in the preparation of B-SiC via the Yajima-type routes, this was
frequently observed at the high temperature processing stage.”’ In Chapter 2, we also
demonstrated that Si nanoparticles were obtained from the processing of rigid polysilane

precursor. We suggest that the product is B-SiC.

*
* 1619.6
3425.2 O-H
O-H

Transmittance (%)

139 SIC
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-1)

Figure 4.3 FT-IR spectrum of the yellow product prepared from Mg and MeSiHCl,. The

absorption bands marked with “*” are from absorbed H,O molecules.

69



=
T
=
o
»

Counts (a.u.)
Si (111)
SiC (311)

SiC (200)

SiC (222)

20 30 40 50 60 70 80
2-Theta (degree)
Figure 4.4 XRD partten of the yellow product prepared from Mg and MeSiHCl,. The peaks

marked with “*” are from thezXRD holder.

4.3.2 Characterizations of the black product prepared from Mg and Me,SiCl,

In Figure 4.5, a low-magnification SEM image of the black powder reveals many plates
with tens of micrometers in edge lengths in'Figure 4.5A. The high-magnification SEM image
in Figure 4.5B presents that the plate was composites numberous nanoparticles with dameters
of 200 — 300 nm and a thickness of c.a. 300 nm. The EDX spectrum confirms that the sample
contains Si, C, and traces of Mg and Cl, as shown in the inset of Figure 4.5B. Low
magnification TEM image also shows that the plate is formed by the particles connected
together in Figures 4.5C and D. SAED reveals a slightly diffused pattern with three distinctive
rings in the inset of Figure 4.5E. Starting from the most inside ring, these rings are assigned to
the reflections from SiC(111), SiC(220), and SiC(311) planes. They can be assigned to cubic
B-SiC with an estimated lattice parameter a = 0.44 nm.” HRTEM image is shown in Figures
4.5F. Some fringes spaced at 0.251 nm apart can be observed. These are assigned to be
originated from the (111) planes of B-SiC. Besides, an XRD in Figure 4.6 shows only B-SiC
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phase in the product.

and (D) low-magnification TEM images, () SAED, and (F) HRTEM image.

8IC {111)

8IC (220)

BIC {311)

Counts (a.u.)

20 30 4 5 6 70 80
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Figure 4.6 XRD partten of the black product prepared from Mg and Me,SiCls.
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4.3.3 Proposed Reaction Pathway

Based on the above information, we propose in Scheme 4.1 a pathway to summarize the
overall reaction steps. As we know, bulk MgCl, is easy to form lamellar shape based on Cdl,
layer structure. The more detail will discuss bellow. At the beginning, from the reactions
between MeHSiCl, and Me,SiCl, and Mg, the products MgCl, and preceramic precursor are
phase-segregated into a stacking layer heterostructure. After heat treatment, the precursor
material converts into SiC while MgCl, is removed. Thus, the pseudo thin plate SiC
nanostructure is fabricated. In the reaction between MeHSiCl, and Mg, not only one layer
particles was formed but also thin plates. We suggest that the Si-H bonds in the precursor,
MeHSiCl,, may be decomposed on the surface MgCl, to form the thin plates. After heat

treatment, thin plate SiC structureswas frbricated.

/\ H, Plasma

R.T

Magnesium Surface —Activated
Powders Magnesium Powders
MeSiHCl,
823-923K | +
Me,SiCl,
-MgCl,
1273 K / *— MgCl,
Pseudo 2D Thin Plate Si,C,xH,

SiC Nanostructures

Scheme 4.1 Reaction steps to form pseudo thin plate SiC nanostructures.

4.4 Comparison with Previous Reports through VSRG Process
By varing the active metals from Na, Ca, Mg, we can grow various SiC nanostructures at
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reaction temperature 523 — 923 K. These are below the melting points of the corresponding of
ionic salt products (NaCl, 1074 K; MgCl,, 985 K; CaCl,, 1045 K.) Ceramic polycarbosilanes
(soft and rigid ceramic polycarbosilane) from various organochlorosilanes reacting with the
metal reactants at different reaction temperatures have diverse affinity to the salt products. For
example, soft ceramic polycarbosilane is flexible to cover the salt products surface. Heat
treatment of the polycarbosilanes converts them to various SiC nanostructures according to
the shape of salt products. In contrast, rigid ceramic polycarbosilane is too hard to cover the
salt products. It is transformed into spherical SiC (nano) particles after heat treatment. In
nature, cubic shape bulk NaCl based on NaCl rock structure is commonly discovered in
Figure 6.7A.% For the same reason, bulk MgCl, is easy to form lamellar shape based on CdI,
layer structure as shown in Figuré 6.7B.” On theother hand, CaCl, is orthorhombic phase
rutile-like structure. For this salt, the spherical and planarshapes are most commonly occurred.
Because the reaction temperature is significantly lower than the melting point of CaCl,, 1048
K, CaCl, can only grow into small diameter seeds at therearly growth stage. The seeds are
wrapped inside the other produet, soft polymeric shells.of SiC Hy, which are also formed at
the vapor-solid reaction interface. Since thesinner seed diameter is restricted by the polymeric
shell, incorporation of more products to the composite seed does not enlarge it isotropically
but elongate it in one dimension. Therefore, CaCl, salt can be formed 1D nanowires in our

system.

Figure 4.7 Bulk morphology of (A) NaCl, and (B) MgCl,.*’
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4.5 Conclusions

We have successfully fabricated pseudo thin plate SiC nanostructure via VSRG method
employing the vapor of MeHSiCl, and Me,SiCl; to react with Mg metal. We suggested that
the pseudo thin plate SiC nanostructure was fabricated via the same phase segregation concept
discussed in chapters 2 and 3. In this chapter, like NaCl and CaCl,, MgCl, acts as a lamellar
template in-situ to assist the growth. Oncemore, we discover that nature of the salt

morphology play important role to shape the final products morphology.
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Chapter 5

Deposition of Mesoporous Silicon Carbide Thin Films from (MesSi),Sn -

Tin Nanoparticles as In Situ Generated Template

5.1 Introduction

In nature and laboratory, morphology and structure of many objects are shaped and
altered mainly by phase segregation. Interactions among different domains of the constituents
may perform cooperatively as hard and soft templates. The effects can be observed in systems
such as the formation of minerals,' block copolymers,” and nanosized inorganic and organic
structures.” In this report, we,wish to discuss how: fo, fabricate mesoporous silicon carbide
thin films on silicon substrates based o the methodology. Silicon carbide is an excellent
semiconductor material for-high temperature, high power and high frequency applications in
harsh environments.®’ Recently, many-new-routes have been developed to prepare silicon
carbide nanostructures and thin films. These include, solid-state carbothermal reduction of
silica, solution phase sol-gel synthesis ‘and preceramic process, and various chemical vapor
deposition techniques.” *'® Porous silicon carbide thin film on SiC or Si is potentially useful

19,20

for luminescence and sensing devices. To date, electrochemical etching of bulk silicon

carbide substrates in HF solution is the only method to fabricate it into the porous form onto

. . 1921
SiC or Si wafers.

However, the route is not suitable for the fabrication of porous SiC thin
films onto Si substrates. This is due to the high reactivity of Si towards the HF electrolyte,
which would cause preferential dissolution of the Si substrate.”* Porous SiC powders prepared
by carbothermal reduction are difficult to integrate into the device fabrication process

either.'*"® Clearly, a new method is needed to overcome the difficulty. Here, we demonstrate

the integration of a metal-organic chemical vapor deposition (MOCVD) process and phase
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segregation strategy to achieve this goal. We show that preceramic amorphous SixC; thin
films containing Sn nanoparticles can be deposited on Si substrates employing Sn(SiMes)4 as
the precursor. After the Sn nanoparticles are removed, the SiyC;« films are processed further

into mesoporous semiconducting B-SiC thin films.

5.2 Experimental Section

5.2.1 Materials.

The materials used in the present work included trimethylchlorosilane (Aldrich), lithium
ribbon (Aldrich, 99.9%), tin(IV) chloride (Aldrich), hydrofluoric acid (Aldrich, 48%),
tetrahydrofuran (Echo Chemical, HPLIC grade), acetone (Echo chemical, HPLC grade),
1,1,1-trichloroethane (Echo Chemical), buffered hydrefluoric acid (BOE) solution (Echo
Chemical), n-type silicon (100) wafer (1= 10.-Q2-cm), p-type silicon (111) wafer (7 - 30 Q-cm).

The MOCVD precursor Sn(SiMe3); was syfithesized using a literature route.*

5.2.2 Growth of Sn/amorphous SixCyx Thin Films;.|

The MOCVD experiments were performed in a hot-wall reactor composed of a Lindberg
55342-4 horizontal tube furnace and a 27 mm-diameter quartz tube shown in Figure 1. Radio
frequency (RF) power (13.56 MHz) was applied to the reactor through two pieces of copper
foil electrodes. After the cleaned Si wafers (1 cm % 1 cm) were placed inside the reactor, they
were further treated by H, plasma (40 sccm, 20 W, 66.7 Pa) at 923 K for 10 min to create a
surface favorable to thin film deposition. Sn(SiMes)s (0.5 g) was evaporated into the reactor at
333 K and 26.7 Pa under the assistance of a constant flow of H, (20 sccm). The deposition

was carried out at 923 K for 6 h to grow dark green thin films () on the wafers.
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5.2.3 Preparation of Samples I-P, I-P-HF, II, I11, and IV

Further processing of | by H, plasma (20 sccm, 10 W) at 923 K for 6 h followed by
dipping into HF,q) (48%) for 30 min generated I-P and I-P-HF, respectively. Then, it was
annealed at 1273 K for 1 h to produce 1. On the other hand, I-P and | were annealed at 1423

K for 1 h to produce Il and IV, respectively.

5.2.4 Preparation of n-type #SiC/p-type Si heterojunction

A precursor film | was deposited at 923 K for 90 min on p-type Si (7 — 30 Q-cm) via the
MOCVD process described above. After the film was directly annealed at 1423 K to remove
Sn particles embedded inside, IV was prepared. P was doped into the film IV by ion

implantation (5 x 10" P*"/cm” at 25keV)) using a Varian ES00HP implanter

5.2.5 Characterization

Scanning electron mieroscopic (SEM) and energy dispersive X-ray (EDX) data were
collected using a JEOL JSM=6330F at'15 kV. Transmission electron microscopic (TEM) and
selected area electron diffraction (SAED)images were obtained on a JEOL JEM-2010 at 200
kV. X-ray diffraction (XRD) studies were carried out using a Bruker AXS D8 ADVANCE
diffractometer using Cu Kal radiation. Fourier transform infrared (FT-IR) spectra were
carried out using a Perkin Elmer Spectrum One. Gas chromatography-mass spectrometry
(GC-MYS) data of volatile byproducts trapped at 77 K were measured using a HP 5890 series
II (GC) coupled to a Micromass TRIO-2000 and a JEOL JMS-D100. On-line residual gas
analysis (RGA) was obtained from a VG Quadruples Sensorlab 300D attached to the reactor.
Raman spectra of the samples were measured by using a Jabin Yvon T-64000 equipped with
an Ar laser (514.5 nm) and a triple monochromator. X-ray photoelectron spectroscopic (XPS)
measurements were carried out using a Perkin-Elmer PHI-1600 spectrometer with Mg K,
(1253.6 eV)radiation. Electron probe x-ray microanalysis (EPMA) data were measured from
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JEOL JXA-8500F. Secondary ion mass spectrometry (SIMS) was carried out using a Cameca
IMS-4f instrument.

Connection of Cu wires to the thin films and wafers was fabricated by applying silver
paste to form the contacts followed by heating in an oven at 383 K for 30 min. I-V characters
of the thin films were measured with a Keithley 2400 (DC +5 V). Sheet resistance of the films

was determined by four-point probe method using a CMT-SR 2000 N.

5.3 Results and Discussion
5.3.1 Growth and Characterization of Sn/amorphous SixC;.x Thin Films

The precursor Sn(SiMes)s was vaporized at 333 K into a horizontal hot-wall MOCVD
reactor (Figure 5.1) at 923 K to grow thin films on Si substrates. Starting from the precursor
inlet, nine pieces of Si wafers were placed at a distance of 5 cm apart inside the reactor. The
substrates were numbered from 1 to 9 as the.number' 1 substrate was at the most upstream
position, close to the end of the heated Zone, while the number 9 substrate was at the reactor

center.

Precursor

Generator| Controller

Figure 5.1 MOCVD reactor setup.
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Initially, thin films were grown on all of the substrates so that better deposition locations
inside the reactor could be chosen. Starting from sample 1, physical appearance of the films
ranged from gray, dark green with silvery white spots, dark green to black as shown in Figure

5.2.

Figure 5.2 Images of thin films depo: afefs placed at (A) 40 cm (position 1), (B) 35
cm (position 2), (C) 30 cm (position 3), D) 25 cm (position 4), (E) 20 cm (position 5), (F) 15
cm (position 6), (G) 10 cm (position 7), (H) 5 cm (position 8), and (I) O cm (position 9) away

from the center of the furnace.

From SEM studies, morphology and thickness of the films were obtained. From the
thickness as shown in Figure 5.3, corresponding film growth rates at these positions were
estimated to be 0.4 — 24 nm/min. EPMA and EDX spectra showed that all of the samples
contained various amounts of Sn, Si, and C. As shown in the EPMA data in Figure 5.4, this
ranges from 53.6 atomic % of Sn, 24.5 atomic % of Si and 21.9 atomic % of C for sample 1 to

3.5 atomic % of Sn, 59.4 atomic % of Si and 37.1 atomic % of C for sample 9.
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Figure 5.3 Thickness distributions, 6f the samples i the reactor.
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Figure 5.4 EPMA atomic % concentration of the samples grown from Sn(SiMes)4 at 923 K,

H, flow rate 20 sccm, and 26.7 Pa.
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For all samples, XRD studies showed reflections from Sn metal only. This suggests that
the metal was phase segregated from an amorphous composite containing Si and C. Since we
wished to employ films with reasonable growth rates, smooth surface, and balanced
distribution of Sn and the amorphous Si/C composite, we selected samples 3 - 5, which were
dark green in appearance, for the proposed study. These samples are denoted as sample | in
the discussion below. This sample and the ones processed from it are summarized in Table
5.1. Rest of the samples, grown at the positions 1, 2 and 6 - 9 did not fit the selection criteria
for further processing because they were too thin, too high or low in Sn content, and/or

contained high quantity of large-sized particles.

Table 5.1 Summary of samples.

Sample Processing Conditions Color Thickness .| Pore sizes Atomic %* Si/C
(um) (nm) ratio
Sn Si C

1 Sn(SiMes), decomposed at:923 K, H, | [Dark’ 5.6 - 33.6 294 374 0.8
20 scem, 26.7 Pa for 6 h green

I-P I treated with H, plasma at 923 K for |-Gray Not - Not measured -
6h measured

I-P-HF I-P treated with 48 % HF g at 298 K | Black Not 10-50° | Not measured -
for 30 min measured

1 I-P-HF annealed at 1273 K under | Black 3.0 10 - 50¢ 0.1 23.0 76.9 0.3
vacuum for 6 h

11 I-P annealed at 1423 K wunder | Yellow 3.5 10-100° | 0.3 42.0 57.7 0.7
vacuum for 1 h

v I (grown for only 90 min) annealed at | Yellow 0.6 20-100° | 0° 49.8 49.7 1
1423 K under vacuum for 1 h

* Atomic ratio were calculated from EPMA data. ° From position 4 in the reactor. ¢ Estimated

from SEM image. 4 Estimated from SEM and TEM images. ° Below detection limit.
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Typical surface morphology of |, characterized by SEM, is displayed in Figure 5.5A.
Elemental composition of I, determined by EDX, is shown in the inset of Figure 5.5A. It
indicates that | contains Sn, Si, C, and traces of O. The EPMA data in Figure 5.4 show that
the sample contained 33.6, 29.0 and 37.4 atomic % of Sn, Si, and C, respectively. A
representative XRD pattern of I, as shown in Figure 5.5B, can be indexed to Sn metal (JCPDS,
No. 04-0673).** The mean crystallite size of the metal is estimated to be 21.3 nm. This was

calculated from Scherrer equation by using the width data of the Sn(200) reflections.

Counts (a.u.)

20 25 30 35 40 45 50 55 60
2-Theta (degree)

&)

ol

Figure 5.5 (A) SEM, EDX (inse;tj', ancl (B) XR.]_)_pa'ttérn of I. | was grown from Sn(SiMes), at

923 K, H, flow rate 20 sccm, and 26.7 Pa.

XPS studies as shown in Figure 5.6 and 5.7 showed two binding energies of Sn 3ds,, electrons
at 486.9 and 484.9 eV. These were assigned to SnO, and Sn metal, respectively. The binding
energies of Si 2p and C 1s electrons were observed at 100.9 eV and 283.2 eV, respectively.”
The data suggest that Si and C atoms formed an amorphous Si,C;x matrix. Since Sn and Si
have the same the electronegativity value of 1.8, it is difficult to conclude whether direct

Sn-Si bonding existed in the film based on the XPS chemical shift data alone.*®
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Figure 5.6 XPS spectra of I, grown from Sn(SiMes)4 at 923 K, H; flow rate 20 sccm, and

26.7 Pa, as received. (A) Survey and (B) high resolution spectra.
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Figure 5.7 XPS spectra of | after Ar' sputtering for 90 s. (A) Survey and (B) high resolution

spectra.

In literature, it was reported that the Sn-Si vibration presented a Raman signal near 400
cm™.?” For |, there was no clear Raman band assignable to this vibration as shown in Figure
5.8. Raman shift at 439.3 cm™ and 489.5 cm™ were assigned to silica bands, ®; and Dy,

respectively.*® The FT-IR spectrum of | showed a broad absorption peak at 800.2 cm™, which
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Figure 5.8 (A) Raman spectrum of I, grown from Sn(SiMes), at 923 K, H, flow rate 20 sccm,

and 26.7 Pa. (B) curve fitting of (Aj).

can be assigned to the Si-C stretching mode as shown in Figure 5.12. Based on the above
information, the film | is designatedas Sn/amorphous SiyC;x (x = 0.44 - 0.51). Even though
the as-deposited film contained a significant quantity of Sn, it displayed low electrical
conductivity (this will be discussed below in Electrical Property Studies). This intriguing
observation suggests that in |, the Sn nanoparticles were dispersed evenly without contacting
each other. This morphology would not allow electric current to pass through easily.
Otherwise, if the film contained well-connected Sn particles, high electrical conductivity

should have been observed.
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5.3.2 Mesoporous amorphous SixCi.x (x = 0.3) Thin Films
Attempts to remove the Sn nanoparticles by evaporation under low pressure were
ineffective at 1273 K but successful at 1423 K. In another effort, we envisioned that by

forming channels in I, Sn might migrate to the surface for easier removal. This was explored

Figure 5.9 SEM and EDX of I-P, prepared byA freating I with H, plasma at 923 K. (A) Low

and (B) high magnification image, EDX of (C) black circle and (D) red sequare in (B).

by exposing | to Hp-plasma at 923 K. The plasma treated samples are designated as I-P.
Indeed, SEM images revealed that numerous spherical Sn particles with a diameter 100 — 500
nm formed on top of I-P as shown in Figure 5.9. Then, the samples I-P were dipped into an
HF solution to offer samples I-P-HF. The SEM image in Figure 5.10A confirms that the
spherical Sn particles were removed. The surface of I-P-HF appears to be uneven with
randomly distributed spherical pores of 10 - 50 nm in diameter. The EDX in Figure 5.10B

confirms that the Sn concentration in 1-P-HF was reduced significantly. In contrast,
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Figure 5.10 (A) SEM and (B) EDX of I-P-HF, prepared by treating | with H, plasma at 923

K followed by etching in HF ,q) at 298 K.

Figure 5.11 (A) SEM, (B) EDX, (C) cross-sectional SEM, and (D) TEM and ED (inset) of 11,

obtained by annealing I-P-HF at 1273 K under vacuum.
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apparently the other elements were not notably affected. Thus, we conclude that the film
I-P-HF shown in Figure 5.10A is mesoporous amorphous SixC; . After I-P-HF was annealed
at 1273 K, sample |l was obtained. It displays in Figure 5.11A basically the same mesoporous
surface morphology, without any shrinkage and collapse, as I-P-HF does in Figure 5.10A. An
EDX shown in Figure 5.11B indicates that Il contains Si, C, and O but without any Sn.
EPMA suggested that Il contained 23.0% Si, 76.9 % C, and only 0.1% Sn. The Si/C atomic
ratio of Il was 0.3. In the SEM image shown in Figure 5.11C, the cross section of Il, after
being removed from the substrate, is displayed. It reveals that the thin film has an average

thickness of 3 um. Figure 5.11D shows a TEM image of 11 lifted from the wafer. The image

Transmittance (%)

Si-C
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber (cm-")

Figure 5.12 FT-IR spectra of (A) I, grown from Sn(SiMes)4 at 923 K, H, flow rate 20 sccm,
and 26.7 Pa; (B) I-P, prepared by treating | with H, plasma at 923 K; (C) I-P-HF, obtained
by etching 1-P in HF,q) at 298 K; and (D) 11, obtained by annealing I-P-HF at 1273 K under

vacuum.
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reveals that the film contains numerous randomly distributed spherical pores of 10 - 30 nm in
diameter. SAED (inset) reveals that the film is essentially amorphous and does not show any
reflection spots from Sn. A FT-IR spectrum of Il in Figure 5.12 showed a broad absorption at
800.2 cm™, which can be assigned to the Si-C stretching. This suggests that the processing at

1273 K removed residual Sn to form mesoporous amorphous SiyC;x (x =0.3) I1.

5.3.3 Mesoporous £-SiC Thin Films

Sn nanoparticles can be evaporated successfully from | and I-P by heating them at 1423
K. In Figure 5.13, characterization of sample Ill, which was prepared by annealing I-P at
1423 K, is presented. In Figure 5.13A, the SEM image shows a mesoporous film surface with
irregular pores of sizes 30 - 100, ’nm. The EDX shown in Figure 5.13B indicates that 11
contains only Si and C. EPMA showedithat 1l contained*42.0% Si, 57.7 % C, and only 0.3%
Sn. The Si/C atomic ratio of Il was 0.7. The cross sectional SEM image shown in Figure
5.13C reveals that the filmthickness ofdll stays at approximately 3.5 um. After 111 was
separated from the wafer, a low-magnification TEM image in Figure 5.13D shows a projected
mesoporous structure with estimated porespaces. 10 - 80 nm. The SAED image in Figure
5.13E displays a ring pattern, which can be assigned to the reflections from (111), (220), and
(311) planes of polycrystals with a cubic phase. The lattice parameter a is estimated to be
0.435 nm, which is consistent with the literature value of B-SiC.*® A high resolution TEM
(HRTEM) image of the wall of a pore, magnified from the red square in Figure 5.13D, is
shown in Figure 5.13F. Some fringes spaced at 0.252 nm apart, which are originated from the
(111) planes of B-SiC, can be observed.”® In addition, XRD studies also confirmed that 111

was [-SiC as shown in Figure 5.14.
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Figure 5.13 (A) SEM, (B) EDX, (C) cross-sectional SEM, (D) low magnification TEM, (E)
SAED, and (F) HRTEM from the red-square area in (D) of Ill, obtained by annealing I-P at

1423 K under vacuum.
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Figure 5.14 XRD of Ill, obtained by annealing I-P at 1423 K under vacuum. (The peak

2

marked with “+” is from the samaple holder.)

5.3.4 Electrical Property Studies

Figure 5.15 shows the I-V-curves.derived from electrical characterization of the thin films. |
reveals a nonconductor type I-V'curve in Figure 5:15A. As the applied bias was swept from -5
to +5 V, the obtained current increased only from -1.4 to +200 pA. This conduction feature is
similar to that of well-dispersed metal nanoparticles, without contacting others, embedded in
insulating materials.”’ In Figure 5.15B, I-P annealed at 1073 K shows a slightly curved [-V
feature with an overall resistance of 386 Q. Since the value is between the values of common
metal and insulator, we propose that the Sn particles are loosely connected in this sample. In
Figure 5.15C, Il shows a non-linear I-V curve. At an applied bias of + 5 V, the current
passing through the junction between the film and the wafer in Il is 0.1 - 27 mA. The
resistivity, estimated from the sheet resistance, of Il is 1.03 Q-.cm. This is within the

literature values of undoped B-SiC thin films on Si wafers.**?!
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Figure 5.15 I-V characters of (A) I, grown from Sn(SiMes), at 923 K, H, flow rate 20 sccm,

and 26.7 Pa; (B) I-P annealed at 1073 K, prepared by treating | with H, plasma at 923 K and

annealed at 1073 K; and (C) I1}, ebtained by annealing 1-P at 1423 K under vacuum.

To evaluate potential*device applications, P-N junction diodes were fabricated from
mesoporous P-SiC films 1V, gtown on p-type Si wafers. EPMA showed that 1V contained
49.8% Si and 49.7 % C, which cerresponds to the Si/C atomic ratio of 1. The Sn content was
below the EPMA detection limit. I-V curves of the devices constructed from undoped and
P-doped IV are shown in Figures 5.16A and 5.16B, respectively. Even B-SiC is an intrinsic
n-type semiconductor, it is obvious that after the film was doped, the n-B-SiC/p-Si
heterojunction is significantly improved to show a diode-like rectifying behavior.”>** A SIMS
depth profile study in Figure 5.17 showed that C, P, and Sn secondary ion concentrations
dropped significantly at a depth ca. 0.6 - 0.8 um. This agrees well with the film thickness
observed using SEM, 0.6 pum. At the junction, the P atom concentration was ca. 2 x 10"
atoms/cm’. We suggest that the diode performance was indeed enhanced by the doping

process.
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Figure 5.16 I-V characters of (A) IV/p-type Si junction and (B) P doped-1V/p-type Si
junction. 1V was prepared by anncaling I (grown for only 90 min) at 1423 K under vacuum

for 1 h.
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Figure 5.17 SIMS depth profile of 1V, obtained by annealing | (grown for only 90 min) at
1423 K under vacuum. (The thin film-substrate interface is proposed to be at 0.6 — 0.8 um,

starting at the red line.)
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5.3.5 Reaction Pathway Elucidation

Volatile species generated in the MOCVD process were trapped at 77 K and analyzed by
GC-MS. The major components were identified to be HSiMes, Si;Mes, and [Me,SiCH;]»
(1,1,3,3-teramethyl-1,3-disilacyclobutane) as shown in Figure 5.18. In addition to these
molecules, on-line RGA data suggested that H,, CH4, C,H,, and C,H4, which could not be
trapped at 77 K, were also formed in the decomposition process. Since no Sn containing
molecules were detected in the gas phase byproducts and Sn crystallized into metallic
nanoparticles, we propose that the Sn-Si bonds in the precursor Sn(SiMes)s decomposed
extensively during the MOCVD process. Sn(SiMes)s might loose SiMes radicals sequentially

into metastable Sn(SiMes); and Sn(SiMes), species and finally into metallic Sn."**

00 (B)
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1 1o } « % (D)
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Figure 5.18 GC-MS traces of volatile byproducts trapped at 77 K. The peaks are identified to
be (A) air, (B) Me;SiH, (C) MegSiz, and (D) [Me,SiCHaz)a. (The peak marked with “+” are

unidentified.)

These silyl species, including the SiMe; radicals evolved and the silane byproducts observed,
probably decompose on the substrate surface to deposit the amorphous Si,C; layer. Due to a
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large size difference between the elements, the thermodynamic solubility of Sn in Si and C is
low.>>?° For example, thermal decomposition of alkyltin compounds generated elemental Sn
and C.*”* In this study, the formation of phase-segregated Sn and amorphous Si,Cy., is
attributed to the same reason. This contrasts to the solubility of Ge in Si and SiC.**** After
the removal of Sn nanoparticles, the amorphous Si,C, « layer was transformed into B-SiC by
thermal treatments.

A summary of this study is illustrated in a scheme in Scheme 5.1. Based on the
experimental observations, we suggest that the initially deposited thin film | is a composite of
sporadic Sn nanoparticles embedded in a preceramic amorphous SixCi.x layer. Then, upon
Hj-plasma processing at 923 K, | is converted to I-P. In the process, | is etched to form
volatile silanes and hydrocarbons ‘and to leave potes and channels inside the films. These
defects would allow fluidic Sn nanoparticles embedded in the preceramic amorphous Si,C;
layer to migrate to the surface easily. The Sn pdtticles'would agglomerate into larger ones in
order to reduce the surface-tension by.ostwald ripening,*=* Then, the Sn particles could be
removed from I-P by dipping it into-an HF solution te generate a mesoporous amorphous
Si,Cx thin film I-P-HF. After the film was annealed at 1273 K under vacuum to evaporate
residual Sn, amorphous SixC; (x = 0.3) Il retaining the mesoporous structure is formed. On
the other hand, a simple annealing of I-P at 1423 K generates porous 3-SiC Il by

evaporating Sn particles and crystallizing the SiC component in the film.
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Scheme 5.1 Reaction steps to f;tgrfn I1, mesoporous”amorphous Si,Cix (x = 0.3) and IlI,

B-SiC thin films. - iElS

5.4 Conclusions g

We have demonstrated a ne;)v strategy to fabricate Iﬁersoporous silicon carbide thin films by
growing a precursor film which éompositéé sporadic Sn nanoparticles embedded in
amorphous SixC; on Si at 923 K by MOCVD from Sn(SiMes)s. The unique phase segregated
film structure is attributed to the low solubility of Sn in SiC. The phenomenon parallels the
well-known phase-segregation found in many diblock and triblock copolymer systems.” The
precursor film can be processed further under hydrogen plasma, in HF(q), and at high
temperature to remove Sn from the deposited layer and convert it into a mesoporous SiC thin
film on Si. We also demonstrated how to fabricate p-n junction diodes from the mesoporous

n-type SiC thin film on p-type Si wafer. We expect that many unique devices may be

developed for future applications.
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Chapter 6

Synthesis of Gold Nanowires via Galvanic Displacement Reaction

6.1 Introduction

One dimensional gold nanowires have been attracted great attention due to its superior
optical, electronic and physical properties compare to bulk solid." So far, several methods for
the creation of gold nanowires have already been reported. These included, soft template,
surfactant directed growth form spherical seeds and hard templates such as porous alumina
oxide member, membranous polycarbonate, and carbon nanotube assisted growth.”” It is not
easy to produce high aspect ratio gold nanowires from surfactant directed growth method.
Also, it is inconvenient to rémove hard teémplates. Previous, our group reported a surfactant
assisted synthesis of single-crystalline cubic phase 3C Cu-nanobelt and hexagonal phase 4H
Ag belt-like materials via galvanic reduetions=-In-the reaction, metal salts were reduced by
bulk metal in the presence #0f - CTAC (cetyltrimethylammonium chloride). Here, we
demonstrated that by using the same methodology, high aspect ratio gold nanowires can be
grown on the surface of amorphous SixC;x. This is achieved via galvanic reductions of
HAuCly solution in the presence of CTAC by Sn nanoparticles embedded in amorphous

Si,Cix layer obtained from sample | in Chapter 5.

6.2 Experimental.
6.2.1 Synthesis of Gold Nanowires

Dark green thin film on Si wafer (from Chapter 5, sample I) was add to aqueous solution
of HAuCly (2 mM, 2 mL), and CTAC (7.2 mM, 2 mL). The mixture was then placed at room

temperature without stirring. After 20 h, the dark green thin film on Si wafer was removed
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and rinsed by deionized water. The surface color of the thin film on Si wafer turned from dark
green to brown red.
6.2.2 Characterization

SEM and EDX spectroscopic data were collected using a JEOL JSM-6330F at 15 kV.
TEM and ED images were obtained on a JEOL JEM-2010 at 200 kV. HRTEM images were
acquired on a JEOL JEM-4000EX at 400 kV. XRD studies were carried out using a BRUKER
AXS D8 ADVANCE diffractometer using Cu Kal radiation. The electric property of gold
nanowires were measured by multi-probe nano-electronics measurement system combined
with a field emission gun scanning electron microscopy, JEOL JSM-7000F, four needles
experimental probing device, Kammrath & Wiess GmbH, and I-V measurement system,

Keithley Model 4200-SCS.

6.3 Result and Discussion
6.3.1 Characterizations of:Gold Nanowires

Figure 6.1 shows the results ofithe brown red.thin films grown from HAuCl, in the
CTAC solution at room temperature. A low-magnification SEM image displays numerous
one-dimensional nanostructures with tens of micrometers in length on the surface in Figure
6.1. An EDX spectrum shown in the inset of Figure 6.1A indicates that it contained Si, C, Sn,
and strong Au intensity is addition to the original elements. In addition to, some particles and
triangular plate nanostructures, high-magnification SEM image shows one-dimensional
nanostructures with diameters of 60 - 100 nm in Figure 6.1B. A bright field TEM image
presents a typical nanowire with a diameter of 70 nm in Figure 6.1C. The SAED pattern in the
inset of Figure 6.1C insert shows a spot pattern revealing single crystalline nature of the
nanowire. The pattern was indexed to be viewing along the [-1,1,1] zone axis of a
face-centered-cubic (f.c.c.) structure. The lattice parameter a was estimated to be 0.405 nm,
close to the reported value of Au metal.” From the pattern, projected growth direction of the
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nanowire was determined to be along [1,1,0] direction. A high resolution TEM (HRTEM)
image of the area marked with red square in Figure 6.1C is shown in Figure 6.1D. The d
spacing was measured to be 0.238 nm, close to the value estimated from the literature data,
0.236 nm Au (111).” Figures 6.1E shows an XRD pattern of the sample. The intensity peaks
could be indexed to Au metal (JCPDS, No 04- 0784)° besides Sn metal (JCPDS, No 04-

0673).°

0=1.34x 107 Om

20 25 30 35 40 456 60 65 60 30 20 0 0 10 20 30
2-Theta V (mV)

Figure 6.1 Characterization of the dark green thin films reacted with HAuCly in the CTAC
solution.(A) low-magnification SEM image, and EDX (inset) (B) high- magnification SEM
image (C) low magnification TEM image and SAED (inset) (D) high resolution TEM image

(E) XRD partten, and (F) plot of current-voltage (I-V) curve of a gold nanowire.

The electrical property of an Au nanowire was measured by multi-probe nano-electronics
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measurement system combined with a field emission gun scanning electron microscopy. Two-
terminal current-voltage (I-V) curve of a gold nanowire is shown in Figure 6.1F. The
nanowire’s resistivity estimated to be 1.34x 107 Q-m, close to the reported value 1.5x 107

Q-m, but larger than the resistivity of bulk gold, 2x 10® Q-m.!

6.3.2 Proposed Growth Mechanism of Au Nanowires

Comparatively, the Sn metal foil, instead of Sn nanoparticles embedded in amorphous
SixCix to react with HAuCly in CTAC at the comparable conditions did not grow Au
nanowires. Particles and some dendridic structures were obtained. The preparation of Au
nanowies is dependent on the presence of CTAC. Without it, the uncontrolled growths could
produce particles structures only..A.generalized CTAC assisted growth is presented Scheme
6.1. It describes the overall growth proeess. This deseribes the Galvanic reduction of Au’" ()
by more active Sng to forfii Awnanowires. Thé-Au’ ) ions are reduced, then nucleate into
Au metal on the amorphous Si,C, « surface. The reaction is spontaneous due to a positive
redox potential E® = 1.13 V; for thereaction 2 AuClaaq) + 3 Sns) — 2 Aug) + 3 Sn™ g+
8C1'(aq).7 CTAC molecules probably ‘adsorbe selectively on crystallographically facets (100),

and (111) of a Au seed to form a bilayer interface structure.®’

- Amorphous
Si,C,, layer

Scheme 6.1 Propose the growth mechanism of Au nanowires.

Through the ionic ends of the surfactant molecules, one side of the CTAC bilayer binds to the
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Au surface while the other side interfaces with the aqueous medium. Between two ionic sides,
the aliphatic chains form an inner nonpolar sheet. This specific arrangement restricts the
deposition of Au atoms on the CTAC passivated facets. Consequently, the Au crystal grows

within the CTAC bilayer soft template and develops into a nanowire.

6.4 Conclusions
We have successful revealed that the Sn nanoparticles embedded in amorphous Si,C;
can be an excellent reductant to grown Au nanowires in a proper condition. In the future, we

will grow gold nanowires on various substrates for special applications.
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Chapter 7

Conclusions

Most materials come into nanoscale regime may reveal unique physical or chemical
perpoties. The shapes effect also must be considerded besides size effect. Now it is well
known that inorganic sp” carbon can form 0D fullerenes, 1D nanotubes, and stacked into 3D
graphite from basic 2D graphene build blocks in nature. Diamond, which is constructed by sp’
C, can be considered as a 3D bulk material. For all of theses carbon material, they reveal
distinctive perpoties different from others. The SiC material studied here is a group 14 —
group 14 binary compound. But it is not as_easy to form low dimensional structures as carbon
can do. Most studies report that.hard templates must bé.added to assist morphology formation.
In this thesis, we have demonstrated that 0D to 3D SiC nanostructures can be successfully
fabricated form self-templating ‘methods based on phase segregation at the reaction interface
as shown in Figure 7.1.

We have developed vapeor-liquid and vapor-selid reactions to prepare dersired SiC
nanostructures. Different preceramic precursors were obtained form various vapors of
organochlorosilanes to react with metal at varios reaction temperatures. These precramic
studies showed different affinities to the salt products. The final products revealed the
distinctive morphologies of the salt shapes. For example, three dimensional SiC cubic
nanocages can be obtained from the ractions forming NaCl as the in-situ template. Two
dimensional pseudo thin plates SiC and one dimensional tubular SiC can be obtained form
MgCl, and CaCl, templates, respectively. On the other hand, rigid preceramic polymers could
not cover the salt products. Thus, zero dimensional SiC nanoparticles are produced from the
reaction between MeSiCl; and sodium.

In addition, we extended the phase segregation idea to grow porous SiC thin films on Si
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wafers. We used Sn(SiMes)s as the MOCVD precursor to grow amorphous SixC; layer with
in-situ generated Sn nanoparticles. The results are summarized in Figure 7.2. The porous SiC
thin films were formed after the Sn naoparticles were removed.

Possible applications of the materials fabricated in this study are summarized in Figure 3.
One dimensional tubular SiC nanostructures are an excellent candidate for field emission
applications. From the tubes, emission of electrons with a current 10 pA/cm? can be obtained
at an applied field as low as 2.5 V/um. The data are much lower than most of the reported data
of other SiC nanostructures. This excellent result indicates that the SiC tubes may have
promising field-emitting applications for vacuum microelectronic devices. For another
potential device application, we also demonstrated the p-n junction diode property via
dopping P into the mesoporous n*type SiC thin film on p-type Si wafer. Furthermore, Sn
nanoparticles embedded in the ‘amoerphous SixCjx thin film can function as a reductant for the

growth of one dimensional Au nanowires from.a solution of, HAuCls and CTAC.
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Figure 7.1 SiC nanostructuré?'obt__,___ from Self-templating methods.
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Figure 7.2 Summarized the results from Sn nanoparticles embedded in amorphous SixC; «

thin films via Sn(SiMes)s as MOCVD precursor.
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Figure 7.3 Summarized the possible applications of the materials fabricated in this study.
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