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Silicon nanowires, silicon nanorods, and magnetic nanocrystals have shown 

interesting size, shape, mechanical, electronic, and/or magnetic properties and many have 

proposed their use in exciting applications.  However, before these materials can be 

applied, it is critical to fully understand their properties and how to synthesize them 

economically and reproducibly. 

Silicon nanowires were synthesized in high boiling point ambient pressure 

solvents using gold and bismuth nanocrystals seeds and trisilane as the silicon precursor.  

Reactions temperatures as low as 410 °C were used to promote the solution-liquid-solid 

(SLS) growth of silicon nanowires.  The silicon nanowires synthesis was optimized to 

produce 5 mg of silicon nanowires with average diameters of 30 nm and lengths 

exceeding 2 µm by adjusting the silicon to gold ratio in the injection mixture and reaction 

temperature. 

Silicon nanorods were synthesized using a solution-based arrested-SLS growth 

approach where gold seeds, trisilane, and a dodecylamine were vital to the success.  
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Dodecylamine was found to prevent gold seed coalescence at high temperatures – 

creating small diameter rods – and bond to the crystalline silicon surface – preventing 

silicon nanorod aggregation.  Furthermore, an etching strategy was developed using an 

emulsion of aqua regia and chloroform to remove the gold seeds from the silicon 

nanorods tip.  A thin silicon shell surrounding the gold seed of the silicon nanorod was 

subsequently observed. 

Multifunctional colloidal core-shell nanoparticles of iron platinum or iron oxide 

encapsulated in fluorescent dye doped silica shells were also synthesized.  The as-

prepared magnetic nanocrystals are initially hydrophobic and were coated with a uniform 

silica shell using a microemulsion approach.  These colloidal heterostructures have the 

potential to be used as dual-purpose tags, exhibiting a fluorescent signal that could be 

combined with enhanced magnetic resonance imaging contrast.  

Compositionally-ordered, single domain, antiferromagnetic L12 FePt3 and 

ferromagnetic L10 FePt nanocrystals were synthesized by coating colloidally-grown Pt-

rich or stoichiometricly equal Fe-Pt nanocrystals with thermally-stable SiO2 and 

annealing at high temperature.  Without the silica coating, the nanocrystals transform 

predominately into the L10 FePt phase due to interparticle diffusion of Fe and Pt atoms.  

Magnetization measurements of the L12 FePt3 nanocrystals revealed two 

antiferromagnetic transitions near the bulk Neél temperatures of 100K and 160K.  

Combining L12 FePt3 nanocrystals with L10 FePt nanocrystals was found to produce a 

constriction in field-dependent magnetization loops that has previously been observed 

near zero applied field in ensemble measurements of single domain silica-coated L10 

FePt nanocrystals.  Dipole interactions between FePt@SiO2 nanoparticles with varying 

SiO2 shell thickness was also explored. 
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Chapter 1:  Introduction 

The past 30 years has witnessed exceptional advancement toward understanding 

materials with nanometer size dimensions.  Nanoscience and technology has come to 

fruition with copious reports regarding surface, size, shape, and composition dependent 

properties of nanomaterials including topics of synthesis, assembly, interfacial sciences, 

quantum confinement, and magnetism, to name a few.1,2  Advancements in these fields 

are the result of continued development of characterization tools and techniques in 

addition to the design and synthesis of monodisperse nanoscale materials in a 

reproducible, controlled, and tunable manner.  One of the more interesting material 

systems helping to advance the fundamental knowledge of nanoscience and technology 

are nanometer size colloidally-grown inorganic crystals. 

Colloidal inorganic nanocrystals are crystals synthesized in either a continuous 

gas, liquid, or solid medium with one or more of their dimensions having nanometer 

lengths (1-100 nm).  These nanocrystals could possess insulating, semiconductor, or 

metallic properties and be of various shapes including, but not limited to, faceted spheres, 

cylinders, or rectangular platelets.  The nanocrystals often exhibit unique magnetic, 

optical, and electronic properties compared to their bulk or molecular counterpart and 

their potential use in variety of applications has intrigued scientist and researchers across 

biomedical, electronic and optoelectronic, and energy related fields.  Yet, significant 

challenges in commercializing these materials still exist due to low synthetic yields, 

costly production, and unreliable material properties. 

This dissertation focuses on developing solution-based — i.e. ambient pressure 

solvents and supercritical fluids — synthetic pathways to produce technologically 

relevant one-dimensional (1D) silicon nanostructures and magnetic nanocrystals.  The 
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synthesis, growth, surface chemistry, fundamental properties, and potential application of 

these nanomaterials will be discussed.   

 

1.1 SOLUTION-BASED SYNTHESIS OF NANOMATERIALS 

High temperature arrested precipitation is one of the most successful and widely 

applied approaches used to produce colloidal nanomaterials.  This technique relies on 

burst nucleation of a nanomaterial in the presence of organic capping ligands – that aid in 

passivating the nanomaterial surfaces throughout growth.3,4  Nucleation is typically 

achieved from the pyrolysis of a reactive precursor in a high boiling point solvent, 

although reducing agents are occasionally used.  The capping ligands have functional 

head groups with an affinity to associate with the nanomaterial of interest and provide 

size control and colloid stabilization by adsorbing and desorbing from nanomaterial 

surfaces throughout the reaction.  This type of chemistry is typically done in a glass 

reaction flask connected to a greaseless Schlenk line — a two part glass manifold 

containing separate inert gas and vacuum lines, see appendix A — under ambient 

pressure.  Typically, arrested precipitation results in nanomaterials with crystalline cores 

surrounded by hydrocarbon chains as illustrated in Figure 1.1.  A fundamental 

understanding regarding capping ligands and arrested precipitation is key in developing 

successful solution-based inorganic nanomaterials. 
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Figure 1.1: High resolution transmission electron micrograph (HRTEM) and cartoon 
illustration of an Au nanocrystal with hexathiol capping ligands on its 
surface created using arrested precipitation techniques. 

Solution-based syntheses of nanomaterials can be performed in either an ambient 

pressure solvents or supercritical fluids.  An ambient pressure solvent is a material above 

its melting point and below it boiling point at ambient pressure that solubilizes a solute.  

Typical ambient pressure solvents used in nanocrystal syntheses are organic liquids 

(either polar or non-polar) with densities between 0.8 - 1 g/cm3.  The fluid transport 

properties of an ambient pressure solvent are governed by its viscosity and diffusivity 

which are on the order of 10-2 g/cm·s and 10-5 cm2/s respectively.5  Ambient pressure 

solvents are cheap, easy to work with, relatively safe, and do not require much equipment 

to utilize.  The primary discussion regarding synthesis in this dissertation will revolve 

around the use of ambient pressure solvents. 

Supercritical fluids are liquids that are pressurized and heated above their 

thermodynamic critical point.  They can diffuse like a gas and dissolve materials like a 

liquid.  Supercritical fluids have a viscosity on the order of 10-4 g/cm·s, diffusivity of ~10-

3 cm2/s, and a density of ~ 0.3 g/cm3 which is highly pressure dependent.5  Supercritical 

fluids have also been shown to provide an excellent media to synthesize a variety of 



 4

nanomaterials including inorganic nanowires and nanocrystals and will sporadically be 

commented on throughout this dissertation. 

 

 

Figure 1.2: Generic pressure-temperature phase diagram.  Both liquids and supercritical 
fluids phases are used in solution-based syntheses of colloidal 
nanomaterials. 

 

1.2 ONE DIMENSIONAL SILICON NANOSTRUCTURES 

 Silicon (Si) is a group IV indirect bandgap semiconductor with an electron 

configuration of [Ne] 3s23p2 and diamond cubic crystal structure.  The covalent-

tetrahedral sp3 bonding formed between Si atoms result in a very high tensile strength.6  

Bulk silicon has an optical bandgap of Eg = 1.11 eV, a Bohr exciton diameter of aB=4 nm, 

and electron and hole carrier mobilities of µn= 1350 cm2/V-s and µp= 480 cm2/V-s, 

respectively.7  Si possesses a thermally and electrically stable oxide with conductive and 

valence band offsets well-suited for microelectronics applications. 
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One dimensional (1D) silicon (Si) nanostructures may be conceptualized as 

anisotropic structures of single crystalline Si with diameters on the order of 1-100 

nanometers and lengths definitively exceeding their diameter.  Si nanowires and nanorods 

are both examples of 1D Si nanostructures, but differ in terms of aspect ratios 

(length/diameter) and potentially electronic and optical properties.  Si nanowires are 

typically defined as having aspect ratios between 100 - ∞ , whereas Si nanorods aspect 

ratios range from 1.5 - 100.8  Many unique physical, optical, and electronic properties 

including mechanical flexibility,9 luminescence,10 and increased electronic transport 

properties11,12 have been observed with 1D silicon nanostructures, but challenges 

regarding surface passivation, diameter control, and mass production still plague many 

synthetic protocols. 

1.2.1 Seeded Growth of 1D Silicon Nanostructures 

1D crystalline semiconductor nanowires and nanorods synthesized in solution, 

typically use one of two growth techniques, seeded growth or high temperature arrested 

precipitation, depending on the crystal structure of the material of interest.13  Higher 

symmetry crystal structures, such as silicon’s diamond cubic structure, require seeded 

growth approaches to template 1D growth while suppressing homogeneous spherical 

nucleation.  Conversely, anisotropic crystal structures, such as hexagonal structures, can 

utilize the growth kinetic of more reactive crystalline facets by sequential injection of 

precursor with arrested precipitation techniques to promote anisotropic shapes.   

Silicon requires a metal seed to template and promote 1D growth.  This was first 

observed in 1964 by Wagner and Ellis when they grew silicon whiskers (high aspect ratio 

wires with diameters larger than 100 nm) in gas phase from Au.14  They named this 

growth mechanism vapor-liquid-solid (VLS) growth because of the three phases 

involved: vapor phase precursor, liquid phase seed, and solid phase whisker precipitate.  
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Thirty years later, Buhro and coworkers extended this same concept to solution phase 

synthesis by growing InP, InAs, and GaAs NWs with In seeds in an organic solvent at 

ambient pressure.15  This extension was coined solution-liquid-solid (SLS) growth as the 

reactant was delivered in a solution.  Furthermore, supercritical fluid-liquid-solid (SFLS) 

growth was documented in 2000 by the Korgel’s research group when they grew Si 

nanowires in supercritical hexane using Au seeds.16  Surprisingly, it was not until 2001 

when Wu and Yang directly observed the VLS growth of Ge nanowires in-situ with a 

TEM experiment that undeniably proved all “X” LS (X=V,S,SF) growth mechanisms.17  

Figure 1.1 illustrates the generic seeded growth mechanism for “X” LS 

(X=V,S,SF) synthesis of silicon nanowires with Au seeds.18  Three primary stages occur 

for liquid seeded 1D growth.  First, the silicon precursor must decompose into its 

elemental constituent and diffuse to the liquid Au metal seed.  Second, the Si atoms must 

alloy with the Au seed above the eutectic temperature (363 °C).  Au has finite solubility 

with Si and after the solubility limit is reached the onset of supersaturation forces Si 

atoms to precipitate out and crystallize at the Au-Si liquid seed surface promoting 

anisotropic growth of a wire or rod.  Thirdly, a continuous supply of Si atoms must be 

supplied to the alloyed Au-Si seed to ensure an equilibrium mass transfer in order to 

support straight and continuous 1D growth.  The length of the wire or rod is primarily 

dependent on the molar ratio between Au seeds and Si precursor supplied in the reaction.  

The diameter of a wire or rod is largely dominated by the size of the seed particle.19  

Controlling the diameter of the seed during the reaction is critical in obtaining nanometer 

diameter 1D nanostructures.  

 



 7

 

Figure 1.3: A schematic illustration of Au seeded Si nanowire growth with respective 
binary phase diagram. 

1.2.2 Silicon Nanowires 

Silicon nanowires with diameters ranging from 1-100 nm and lengths between 

0.5-20 µm have been produced using many different synthetic approaches including laser 

ablation,20 chemical vapor deposition (CVD) processes,19 and solution based 

methods.16,21  The resulting nanowires are typically single crystalline providing long 

continuous pathways for thermal and electrical transport.  Individual nanowires have an 

extremely high surface area to volume ratio and have been demonstrated useful in a 

variety of electrical devices.  Logic gates,22 single wire field effect transistors (FETs),23 

and memory devices24 were among the first demonstrated devices. These proof-of-

principle devices generated a lot of excitement, but challenges including placement and 

contact of individual nanowires, production cost, purity, and device reproducibility 

prevented many of these ideas to be commercialized.  Recent strategies have focused on 

overcoming some of these challenges by utilizing nanowire ensembles as opposed to 

individual nanowires, where the intrinsic properties of individual nanowires are 

maintained but demands on placement, contact, and impurities are relaxed and averaged 

over the ensemble.  This strategy is marketable to a different set of technologies such as 
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absorber layers for photovoltaics,25,26 woven conductive nanowires fabrics for wearable 

electronics, chemical and biological sensors,27 anodes materials for Li ion batteries,28 

backplanes of thin film transistors, and thermally resistive inorganic nanowire polymer 

blends.  Unlike single nanowires devices, these technologies require significant quantities 

of silicon nanowires at low cost which CVD or substrate limited growth approaches 

cannot provide.  Solution-based Si nanowire growth methods offer a scalable, 

inexpensive, and tunable system that can be extended to these types of technologies based 

on bottom-up techniques. 

Si has been one of the more challenging semiconductors to make in solution and 

not until recently has Si nanowires been synthesized in an ambient pressure solvent.21  

Previous methods to produce crystalline Si in solution required extreme temperatures and 

pressures that exceeded the critical point of the solvent—i.e., in supercritical hexane, 

toluene, or benzene at ~450 °C and ~100 bar of pressure.16,29-33  The need for these 

extreme conditions arise partly from the fact that the Si precursors are generally very 

stable.  For instance, a common Si nanowire precursor used in supercritical fluids, 

monophenylsilane, does not substantially undergo disproportionation reaction until 

temperatures exceed 450 °C.30  Similarly, SiH4 decomposes at temperatures greater than 

~400 °C and halogenated silanes and other organosilanes require even higher 

temperatures.34,35  It is therefore imperative to consider reactivity of the Si precursors and 

achievable reaction temperature when developing new solution-based Si nanowire 

synthetic strategies. 

Large quantities of Si nanowires using supercritical fluid based chemistry 

techniques has previously been reported by our group.29  Figure 1.4 shows 

characterization of such scaled-up Si nanowires synthesis in supercritical benzene using 

monophenylsilane and Au nanocrystal seeds.  These Si nanowires look ideal for 
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integration into devices — i.e. lengths over 50 µm, average diameters of 30 nm, and 

relatively straight morphologies—, but under closer inspection an amorphous 

polyphenylsilane layer was found to coat the surface of the nanowires.  The 

polyphenylsilane coating results from decomposition products associated with 

monophenylsilane that polymerizes and encapsulates the crystalline nanowire core with 

extended reaction times.  Exposure of the shell to air oxidizes the polymer and creates a 

polyphenylsiloxane shell, as characterized in Figure 1.4.  The shell isolates the crystalline 

wire from the environment and renders the material somewhat useless for electronic and 

sensing applications.  Synthetic strategies to produce large quantities of high quality Si 

nanowires in solution are therefore still in need. 
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Figure 1.4: Characterization of a scaled-up Si nanowires synthesis in supercritical 
benzene using monophenylsilane and Au nanocrystals seeds.  (A) 
Photograph of 30 mg of Si nanowires.  The boxes encompass Si nanowires 
that have a (blue) thick and (black) thin polyphenylsiloxane shell as seen in 
the high resolution TEM images of (D) and (E).  (B) SEM image of the Si 
nanowires.  Surface characterization including (C) ATR-FTIR, (F) HAADF-
STEM EDS, and (G) XPS were used to identify the chemical species and 
composition of the polyphenylsiloxane shell by comparing the thin and thick 
shelled nanowires. 

Trisilane (Si3H8), a non-carbon containing Si precursor, could be used to produce 

high quality and large quantities of silicon nanowires in solution without the 

polyphenylsilane shell.  Si3H8 is a pyrophoric liquid that is extremely reactive.  
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Decomposition of Si3H8 liberates Si atoms near 410 °C through silane pyrolysis 

pathways.  Utilizing the reactivity of Si3H8, it has recently been shown that both ambient 

pressure solvents and supercritical fluids can support Si nanowire growth, as will be 

discussed throughout this dissertation. 

1.2.3 Silicon Nanorods 

Similar to Si nanowires, Si nanorods with diameter ranging from 2 – 20 nm and 

aspect ratios between 3 -15 require metal seeds and relatively reactive precursors to 

promote anisotropic growth.  Additionally, Si nanorods synthesized in solution require 

capping ligands to prevent aggregation during growth.  The capping ligand chemistry is 

one of the most important and complex concepts for successful Si nanorod growth as the 

ligand must adsorb to the Si crystal but not hinder the precursor decomposition.  In 2003, 

Banin’s research group was the first to successfully link these two synthetic strategies —

i.e. seeded growth of nanowires and arrested precipitation of colloidal NCs — to 

demonstrate the growth of the first cubic-structured semiconductor nanorods, zinc blende 

InAs.36  Since this initial discovery, very few other cubic phase semiconductor nanorod 

systems have been synthesized.37-40  In 2009, we demonstrated the first and only Si 

nanorods synthesis using this arrested-SLS growth approach.8  We found that a primary 

amine worked well as a capping ligand for Si nanorods but thiols, tertiary amines, and 

phosphines were detrimental.  Producing Si nanorods with tunable size and shape in 

solution could be useful for many processes and technologies including nanocrystal inkjet 

printing, photovoltaic cells, polarized lasers, light displays, and even medical imaging. 

Si nanorods are interesting nanostructures because they span the size and shape 

regime between Si nanocrystals and nanowires.  Si nanocrystals can exhibit efficient 

visible photoluminescence.41-43  Si nanowires have been shown to have higher carrier 

mobilities than bulk along with ballistic transport properties.11,12  To our knowledge the 
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nanorod size and shape regime of Si has received little to no attention because of the 

difficulty of synthesizing the material, but nonetheless will be of importance to new 

electronic and optical devices.  Quantum confining Si nanorods in the radial direction – 

i.e. producing rods with diameters less than the Bohr exciton diameter of 4 nm – and 

varying the length could reveal interesting optical and electronic properties.  Optical 

spectroscopy studies done with quantum confined III-V and II-VI semiconductor 

nanowires, nanorods, and nanocrystals reveal polarized luminescence of short 1D 

nanostructures and unique optical properties when transitioning from 0D to 1D 

nanostructures.40,44-50  With this context in mind, another focus of this dissertation is to 

synthesize and describe the optical and electronic properties of Si nanorods.   

 

1.3 COLLOIDAL MAGNETIC NANOCRYSTALS 

Nanometer size magnetic materials are of continued interest for nanoscience and 

technology communities because of their remarkable size-dependent properties and 

potential use in novel applications.51  Realization of single ferromagnetic domains less 

than 5 nm in diameter, ferromagnetic interfacial phenomenon, and superparamagnetic 

materials have lead to the integration of nanometer size magnetic materials in 

technologies including high density digital information storage, giant magnetoresistance, 

spin-dependent electrical transport valves, magnetic resonance imaging (MRI) contrast 

agents, and magnetic separation applications.52,53  Additionally, the field is continuously 

growing as novel size-dependent magnetic properties are still being uncovered, such as 

unusual ferromagnetic effects in small diameter noble metal nanocrystals. 

Solution-based colloidal synthetic approaches provide one general and 

straightforward route for obtaining nanometer size magnetic materials with a wide range 

of shapes, chemical composition, and magnetic properties.51  In particular, arrested 
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precipitation methods — which, as mentioned above, results in organic capping ligands 

surrounding the nanocrystalline core — have been very successful at generating 

transition metal, metal oxide, and intermetallic nanocrystal compounds with sub-10 nm 

diameter and narrow size distributions, see Figure 1.5. 

  

 

Figure 1.5: TEM images of (A) FePt, (B) Fe0, (C) Ni, (D) FePt@SiO2, (E) Fe2O3, (F) 
CoPt, (G) Ag, (H) Bi, and (I) Au nanocrystals with diameters ranging from 
2 – 10 nm produced using arrested precipitation. 

1.3.1 Magnetic Measurement and Properties of Nanomaterials  

Magnetic properties of bulk materials can typically be categorized into one of the 

following types of magnetism: ferromagnetism, paramagnetism, antiferromagnetism, 
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ferrimagnetism, or diamagnetism.  However at the nanoscale, magnetic materials can be 

significantly influenced from surface effects and uncoupled atomic exchange interactions 

to create unique magnetic phenomenon.  Superparamagnetism, for example, is a form of 

magnetism that appears in small single domain ferromagnetic nanocrystals.54  This 

phenomenon is a result of thermal energy overcoming magnetic exchange energy of a 

magnetic domain in less time than the domain would typically take to relax – i.e. the Néel 

relaxation time.55,56  When the magnetic properties of superparamagnets are measured in 

a timescale that is longer than the Néel relaxation time, the magnetic properties resemble 

those of a bulk paramagnetic, but with definitively higher magnetic susceptibility.  FePt 

and Fe2O3 are example of materials that exhibit superparamagnetism as will be discussed 

throughout this dissertation. 

Magnetic properties of nanoscale materials are typically measured using a 

superconducting quantum interference device (SQUID).  A SQUID is a magnetometer 

that contains superconducting loops in which a material is drawn through.  The material 

creates distinguishable current within the loops that are correlated to a magnetization 

value.  Both temperature and externally applied magnetic fields may be varied in typical 

SQUIDs setups to determine how the magnetic material of interest interacts with the two 

independent variables.  SQUID measurement timescales are on the order of minutes.  

SQUIDs can also be extremely sensitive — detecting magnetic fields as low as 10-18 T—, 

but commercially available SQUIDs are less sensitive and require sufficient amounts of 

material to collect accurate measurements.  For this reason, ensembles of magnetic 

nanomaterials are measured in the magnetometer. 

Figure 1.6 illustrates two typical measurements made for superparamagnetic 

nanocrystal ensembles in a SQUID — i.e.  field-dependent and temperature-dependent 

magnetization sweeps.  In a field-dependent magnetization sweep an externally applied 
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magnetic field, H, is incrementally varied while measuring the magnetization, M, of the 

material at constant temperature.  For this illustration, the field-dependent sweep was 

taken at a temperature below the blocking temperature, which will be explained below.  

The saturation magnetization Msat, results from all the magnetic moments in individual 

magnetic nanocrystals aligning in one direction and is observed at very large H.  The 

remanent magnetization, Mr, is denoted as the magnetization at H=0 and helps decipher 

how magnetic moments of individual nanocrystals in the ensemble relax after being 

forced to align in one direction.  The coercivity Hc, is defined as the necessary applied 

field needed to create M=0, which for an ensemble of superparamagnets require an 

statistical average of equal and opposing magnetic moments of individual nanocrystals.  

In a temperature-dependent magnetization sweep the H is kept constant while the 

temperature is varied and the M is measured.  Depending on if the nanocrystal ensemble 

is cooled before or after the magnetic field is applied, denotes whether the temperature-

dependent sweep is considered zero-field cooled (ZFC) or field-cooled (FC), 

respectively.  The temperature at which the measurement time is equal to the Néel 

relaxation time is called the blocking temperature, TB.  TB can be locate in the 

temperature-dependent sweep where the ZFC and FC magnetization sweeps deviate.  

Below the blocking temperature, magnetization of the nanocrystal ensemble is “blocked” 

and therefore two different magnetization values are measured depending if the external 

magnetic field was applied before or after cooling the sample.  This is also why hysteresis 

is observed for the field-dependent sweeps measured at temperatures below TB. These 

measurements help elucidate the magnetic state of the material. 

 



 16

 

Figure 1.6: Illustration of a (A) field-dependent and (B) temperature-dependent 
magnetization sweep for a superparamagnetic nanocrystal ensemble in a 
SQUID. 

  Magnetism at surfaces and interfaces is extremely sensitive in nanometer size 

materials because of the large surface to volume ratio of atoms.57  In the special case of 

antiferromagnetic nanocrystals, for example, it has been postulated that uncoupled atomic 

magnetic moments at the surfaces could give rise to permanent magnetism.  This effect 

denoted superantiferromagnetism has not been definitively proven,58 but many reports 

suggest its existence while other surface related effects have been verified.  Surface 

effects including exchange coupling between antiferromagnetic and ferromagnetic 

interfaces, and uncompensated surface spins will be briefly commented on throughout 

this dissertation. 
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  Nanocrystal ensembles provide an ideal model for studying magnetic dipole 

interactions.  Dipole interactions scale quadratically with magnetic moment, µ, and 

cubically with separation distance, δ.  Most nanocrystals consist of single magnetic 

domain with large magnetic moments ranging from 103-105 µB/nanocrystal58 and their 

inter-nanocrystal spacing can be varied with relative ease by increasing the hydrocarbon 

chain length of capping ligand or dispersing nanocrystals into waxes, oxides, or other 

media with different concentrations.  Magnetization contributions from dipole interaction 

can therefore be determined by SQUID for ensembles of nanocrystals. 

1.3.2 Fe-Pt Nanocrystals and Silica Coating 

Intermetallic metal platinides (RxPt1-x, R=Fe, Ni, Co, and Mn) have a rich history 

of magnetic behavior.59   Their magnetic properties have been found to be very sensitive 

to composition and compositional order.60,61  Slight deviation from stoichiometric 

quantities of 25, 50, and 75 atomic % Pt can transform a compositionally ordered metal 

platinide from antiferromagnetic to ferromagnetic to weakly ferromagnetic (or 

paramagnetic) states.  Deviation in compositional order could also make a metal platinide 

paramagnetic.  Decreasing the size of these intermetallic materials to nanometer lengths, 

further enriches the magnetic complexity of these systems.62,63   

One of the most extensively studied metal platinides nanocrystals systems is Fe-

Pt.  Seminal reports in 2000 and 2004 from Sun and co-workers on colloidal synthetic 

routes for 3-7 nm diameter Fe-Pt nanocrystals made Fe-Pt nanocrystals accessible to the 

majority of the scientific community.64,65  The chemically-ordered L10 phase of FePt has 

since been of specific interest for high density magnetic information storage due to its 

“hard” magnetic properties including very high magnetocrystalline anisotropy (Ku ~ 6.6 x 

107 ergs/cm3 ), saturation magnetization (Ms=1140 emu/cm3), and maximum energy 

product (BHmax = 13 MGOe).52  FePt nanocrystals as small as 3 nm in diameter are 
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considered good candidates for magnetic information storage as they would be 

magnetically stable against thermal fluctuations for more than 10 years and could provide 

magnetic bit densities as high as 1 Tb/in2.  As-synthesized FePt nanocrystals, however, 

are chemically disordered superparamagnets with low magnetocrystalline anisotropy and 

must be annealed at relatively high temperatures (>550 °C) to induce chemical ordering 

to the L10 phase.  This can be accomplished by annealing dried films of nanocrystals, but 

the organic ligands (oleic acid and oleylamine) on the nanocrystals surfaces cannot 

withstand these temperatures and the crystals sinter into microcrystalline films, losing 

their initially small size and narrow size distribution.  Sintering can be prevented by 

encapsulating the Fe-Pt nanocrystals in a thermally stable and magnetically benign silica 

(SiO2) shell before annealing.62  This enables the nanocrystal to change crystalline phases 

and magnetic characteristics but retain its original size and narrow size distribution.   

Encapsulation within SiO2 is also advantageous for a variety of other magnetic 

nanocrystals studies.  For instance, by systematically varying the thickness of the SiO2 

layer, magnetic dipole interactions of L10 FePt@SiO2 nanoparticles were investigated.  

Additionally, Fe-deficient as-prepared Fe-Pt nanocrystals were encapsulated with SiO2 

and annealed at high temperatures to form chemically-ordered, single domain L12 FePt3 

nanocrystals.  The L12 FePt3 nanocrystals are antiferromagnetic which topic yielded an 

in-depth investigation of nanosize single domain antiferromagnets.  The silica 

encapsulation also transforms hydrophobic nanocrystals into hydrophilic nanoparticles.  

The hydrophilic nature of the SiO2 shell prompted interest into multi-functional 

biological contrast agents consisting of both magnetic resonance imaging (MRI) and 

optical contrast modalities.   
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1.4 DISSERTATION OVERVIEW 

The synthesis of silicon nanowire and nanorods in ambient pressure solvents are 

presented in Chapter 2 and 3, respectively.  Discussions involving silicon precursors, 

nanocrystal seeds, reaction temperature, reaction media, surface functionality and 

capping ligand chemistry are commented on throughout these chapters.  Chapter 4 covers 

the removal of gold nanocrystal seeds from Si nanorods tips and the resulting Si 

nanorod’s optical and photoconductive properties. 

Chapter 5 and 6 are devoted to colloidally grown magnetic nanocrystals and their 

respective magnetic properties.  Chapter 5 demonstrates the use of superparamagnetic 

iron platinum and iron oxide nanocrystals for MRI constant agents and discusses a silica 

coating procedure in detail.  The synthesis, magnetic properties, and a comparison of 

single domain antiferromagnetic L12 FePt3 nanocrystals to L10 FePt nanocrystals is 

presented Chapter 6.  An overview of magnetic dipole interactions of Fe-Pt nanocrystals 

coated with silica is also discussed in Chapter 6.  Chapter 7 summarizes the main 

conclusion of this dissertation and offers suggestions for future research work. 
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Chapter 2: Solution-Liquid-Solid (SLS) Growth of Silicon Nanowires§  

2.1 INTRODUCTION 

It is not by chance that the integrated circuits found in every home computer are 

made from Si.  The first transistor used germanium,1 but Si was later identified as a better 

material—Si is stable over a wider range of processing temperatures and conditions, and 

it forms a chemically and electrically stable oxide with the appropriate conduction and 

valence band offsets.  Si can be either p- or n- doped with impurities at a wide range of 

concentrations, and for optical sensing and photovoltaics it has a useful band gap energy 

(at 1.1 eV or ~1100 nm) near the red edge of the visible spectrum.2  One of the 

drawbacks of Si for some optoelectronic applications is that its indirect band gap makes it 

a very poor light-emitter.  Nanoscale Si, however, can exhibit efficient, visible 

photoluminescence, and might be useful for applications like light-emitting diodes and as 

emitter materials for displays, lighting and medical imaging.3  Narrow diameter Si 

nanowires should also have higher carrier mobilities than bulk Si, which would be useful 

for making faster, more powerful computers.4,5      

Colloidal approaches have been used to make a variety of semiconductor 

nanowires—of Group II-VI,6,7 III-V8-10 and IV11-13 semiconductors—by using metal 

nanocrystals to promote nanowire formation.14  Of these materials, Si has been one of the 

most challenging to make in solution, and currently the only solution-phase route that can 

produce large quantities of crystalline Si nanowires requires extreme temperatures and 

pressures that exceed the critical point of the solvent—i.e., by supercritical fluid-liquid-

solid (SFLS) growth in organic solvents at ~450 oC and ~100 bar in pressure.13,15,16  The 

need for these extreme conditions arises partly from the fact that Si reactants are 
                                                 
§ Portions of this chapter appear in Journal of the American Chemical Society  (2008), 130, 5436-5437 
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generally very stable.  SiH4 decomposes at temperatures greater than ~400 oC and 

halogenated silanes and organosilanes require higher temperature.17,18  Si nanowire 

synthesis requires a silicon reactant that decomposes below the boiling temperature of the 

solvent, as well as metal seed nanocrystals with a eutectic that forms at the reaction 

temperature.19,20  

Here, we demonstrate Si nanowire growth by the SLS mechanism using trisilane 

(Si3H8) as a reactant in octacosane (C28H58) or squalane (C30H62) and either gold (Au) or 

bismuth (Bi) nanocrystals as seeds.  Au forms a eutectic with Si at 363 oC and Bi forms a 

eutectic with Si at 264 oC (see Appendix B for Au-Si and Bi-Si phase diagrams), and the 

boiling temperatures of octacosane (C28H58, Tb=430 °C) and squalane (C30H62, Tb=423 

°C) both exceed these eutectic temperatures.  Figure 2.1 illustrates the seeded growth 

process of silicon nanowires using Au seeds.  To our knowledge, this is the first report of 

a colloidal synthetic route carried out in a solvent at atmospheric pressure that provides 

crystalline Si nanowires.  

 

 

Figure 2.1: Illustration of SLS growth of a Si nanowire.  Trisilane (Si3H8) decomposes to 
generate Si atoms, which are consumed by the Au seed to form a Au:Si 
eutectic that promotes wire growth.  Bi nanocrystal seeded nanowire growth 
proceeds via a similar reaction pathway.    

 



 25

2.2 EXPERIMENTAL DETAILS 

2.2.1 Materials, Supplies, and Characterization 

All chemicals were used as received unless otherwise stated.  Octacosane (C28H58, 

99%), squalane (C30H62, 99.0%), dodecanethiol (C12H25SH, ≥98%), gold 

tetrachloroaurate trihydrate (HAuCl4
.3H2O, 99.9+%), bismuth (III) 2-ethylhexanoate 

(C24H45BiO6), 1M lithium triethylborohydride solution in THF (Li(C2H5)3BH), sodium 

borohydride (NaBH4, 98+%), trioctylphosphine ([CH3(CH2)7]3P, 90.0%), toluene (C7H8, 

99.8%), methanol (CH3OH, 99.9%), tetraoctylammonium bromide (C32H68BrN, TOAB, 

98%), chloroform (CHCl3, ACS grade), anhydrous toluene (C7H8, 99.8%), and anhydrous 

benzene (C6H6, 99.8%) were purchased from Sigma-Aldrich.  Trisilane (Si3H8, 99.99%) 

was purchased from Voltaix.  Monophenylsilane (C6H8Si, MPS, 97.0%) was purchased 

from Gelest.  Triply distilled deionized water (DI-H2O) filtered with an 18.2 MΩ-cm 

resistance Barnstead E-pure unit was used for all aqueous preparations.  Squalane was 

further purified by freeze-pump-thaw methods under reduced pressure (300 mTorr). 

The silicon nanowires, gold nanocrystals, and bismuth nanocrystals were 

examined by transmission electron microscopy (TEM), scanning electron microscopy 

(SEM), energy dispersive x-ray spectroscopy (EDS), and X-ray diffraction (XRD) as 

described in Appendix C. 

2.2.2 Gold Nanocrystal Seed Synthesis 

2 nm diameter dodecanethiol-coated Au nanocrystals were synthesized by 

modifying a previously described literature method.21  In a typical procedure, 2.188 g (4 

mmol) of tetraoctylammonium bromide (TOAB) was dissolved in 80 mL of toluene in a 

125 mL Erlenmeyer flask.  In a separate Erlenmeyer flask, 305.8 mg (0.77 mmol) of 

tetrachloroaurate trihydrate was dissolved into 30 mL of DI-H2O.  The TOAB solution 
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was placed on a stir plate and a ¾” cylindrical Teflon stir bar was added to the 

Erlenmeyer flask.  The solution was stirred moderately at a rate of 600 RPM.  The 

aqueous tetrachloroaurate solution was added with the stirring organic TOAB solution 

and an emulsion was formed.  After 1 hour, the mixture was poured into a 250 mL 

separatory funnel and the aqueous and organic phases separated within 1 minute.  The 

organic layer was collected in a clean 125 mL Erlenmeyer flask.  The aqueous layer was 

discarded.  The toluene solution containing gold chloride ions was placed back on the stir 

plate and stirred moderately.  0.201 mL (0.84 mmol) of dodecanethiol was added to the 

gold chloride solution and stirred for 5 minutes.  In a 50 mL Erlenmeyer flask, 378.0 mg 

(10 mmol) of sodium borohydride was dissolved in 25 mL of DI-H2O and slowly added 

to the gold chloride solution.  The solution immediately turned dark red/purple/black, 

indicating the formation of 2 nm Au nanocrystal.  This mixture was stirred for 3 hours 

and poured into a 250 mL separatory funnel.  The aqueous phase was discarded and the 

organic Au nanocrystal dispersion was collected in 3-50 mL centrifuge tubes for 

purification.  The Au nanocrystal dispersion was centrifuged at 8,000 RPM (8228g RCF) 

for 5 minutes at room temperature to precipitate poorly capped nanocrystals and any solid 

byproducts.  The precipitate was discarded and the supernatant was collected in 

centrifuge tubes.  20 mL of methanol was added to each centrifuge tube, followed by 

centrifugation at 10,000 RPM (12857g RCF) for 5 minutes at 10 °C to precipitate the Au 

nanocrystals.  The nanocrystals collected as a pellet on the sidewall of the centrifuge 

tube.  The supernatant was discarded.  The Au nanocrystals were redispersed in 5 mL of 

chloroform and transferred to a centrifuge tube.  10 mL of methanol was added and the 

solution was centrifuged again at 10000 RPM for 5 minutes at 10 °C.  The supernatant 

was discarded.  The Au nanocrystals were redispersed in 1 mL of chloroform and 

transferred to a glass vial.  Approximately 150 mg of 2 nm diameter Au nanocrystals 
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were obtained, see Figure 2.2.  The chloroform was evaporated from the Au nanocrystals 

using a rotary evaporator.  Typically, stock solutions containing 30 mg of Au 

nanocrystals dispersed in benzene were prepared and stored in a glovebox under N2, prior 

to use.  

 

 

Figure 2.2: (A) TEM image and (B) size distribution histogram of 1.77 ± 0.6 nm 
diameter Au nanocrystal seeds used to seed silicon nanowires.  Inset shows 
a HRTEM image of the Au nanocrystals. 

2.2.3 Bismuth Nanocrystal Seed Synthesis 

The Bi nanocrystals used to seed Si nanowire growth were typically 10 nm in 

diameter and coated with trioctylphosphine as previously reported.10  In a typical 

experiment, a 50 mL 3-neck flask was transferred into a glovebox and loaded with 0.1 

mL of bismuth (III) 2-ethylhexanoate, 11 mL of anhydrous toluene, and 0.15 mL of 

trioctylphosphine.  The 3-neck flask was sealed and transferred to a standard greaseless 

schlenk line, where the solution was stirred at room temperature under N2.  Separately, 

0.6 mL of reducing agent, 1M lithium triethylborohydride in THF (superhydride), was 
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plunged into a syringe within a glovebox.  After the reaction solution was stirred for 15 

minutes, superhydride was injected through the reaction flask’s septa into the solution at 

room temperature.  The solution instantaneously turned black, indicative of bismuth 

nanocrystals.  The reaction was allowed to proceed at room temperature for 30 minutes 

while continuously stirring.  The Bi nanocrystals were isolated by centrifuging the 

reaction mixture, without the addition of any anti-solvent, at 8000 rpm for 8 minutes.  

The nanocrystals dropped out of solution, and the supernatant was discarded.  The 

precipitate was redispersed in 5 mL of chloroform with mildly sonication for less than 1 

minute.  2.5 mL of methanol was added to the dispersion and the mixture was centrifuge 

again at 8000 rpm for 5 minutes to remove any additional byproducts.  The supernatant 

was discarded and the precipitate was dispersed back into 3 mL of chloroform.  The 

chloroform was evaporated from the Bi nanocrystals using a rotary evaporator.  A typical 

experiment produced ~ 35 mg of Bi nanocrystals, see Figure 2.3.  Stock solutions 

containing 1.5 mg of Bi nanocrystals dispersed in benzene were prepared and stored in a 

glovebox under N2, prior to use. 
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Figure 2.3: (A) TEM image and (B) size distribution histogram of 12.9 ± 2.4 nm 
diameter Bi nanocrystal seeds used to seed silicon nanowires.  Inset shows a 
HRTEM image of a Bi nanocrystal. 

2.2.4 Silicon Nanowire Synthesis 

 In a typical experiment, 5g of octacosane or 5 mL of squalane and a 1/2” x 3/8” 

glass stir bar is added to a 50 mL four neck flask under ambient conditions.  A condenser 

and stopcock valve are fitted and sealed to the four neck flask using vacuum grease and 

clips, then attached to a standard schlenk line manifold with 1/4” ID tubing.  A stir plate 

and heating mantle powered by a 120 Watt (Star Energy Co.) variac are then raised 

underneath the four neck flask using a 6”x 6” jack stand.  The variac was controlled using 

an Omega CN76000 autotune feedback temperature controller.  An aluminum (k type - 

Omega Engineering Inc.) thermocouple is inserted through a septum of one of the three 

remaining necks to complete the feedback loop.  Octacosane is melted (m.p. 60 °C) and 

degassed under vacuum at 115 °C for 30 minutes with moderate stirring.  Squalane is 

degassed at 115 °C for 30 minutes.  The pressure reaches ~350 mTorr at the end of the 
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degassing period for both solvents.  After degassing, water is circulated through the 

condenser and N2 purged into the four neck flask.  Octacosane or squalane is then heated 

to the desired reaction temperature, which ranged between 390 - 430 °C for these 

experiments.  The reflux temperatures of squalane and octacosane are 423 °C and 430 °C, 

respectively. 

The reactant solution is prepared in a N2 filled glovebox (Mbraun-UniLab model).  

A typical reaction that produced a good yield of high quality nanowires was carried out 

using a mixture of 0.17 mL (2.5 mmoles) trisilane with 0.23 mL of 20 mM Au or Bi 

nanocrystals seeds in anhydrous oxygen-free benzene.  The reactant solutions are mixed 

by shaking for 30 seconds.  The reactant solution is then loaded into a 1 mL syringe with 

a 4” long needle (20.5G).  The syringe is sealed inside a gallon-size Ziplock bag before 

removing from the glovebox.  The stopcock valve on the four neck flask is closed to 

create a N2 blanket inside the reaction vessel, and then the syringe is removed from the 

glovebox and rapidly injected through the Ziplock bag and septa into the four-neck flask.  

The end of the needle is submerged into the solvent prior to reactant injection.  Within 1 

minute after injecting the reactant mixture, the pressure builds in the flask due to 

hydrogen evolution from the reaction and the septum of the four neck flask begins to 

bulge.  At this point the stopcock valve must be slowly opened release the pressure.  Note 

also that the reaction is highly exothermic and the temperature increase can be 

significant.  The reaction is typically allowed to incubate at the injection temperature for 

10 minutes before cooling the reaction flask to 60 °C.   

2.2.5 Purification of Silicon Nanowires 

 When octacosane is used as the solvent, 20 mL of toluene is injected into the 

reaction flask once the solution is cooled to 60 °C.  This prevents solidification of the 

solvent, which makes retrieval of the material very difficult.  This solution is then 
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centrifuged at 8000 rpm for 1 minute at slightly elevated temperature, at 35 °C.  A 

brownish/black precipitate is left on the side wall of the centrifuge tube after 

centrifugation.  The supernatant is discarded.  The precipitate is then redispersed in 5 mL 

of chloroform, heated to 35 °C and centrifuged again at 8000 rpm for 1 minute.  The 

supernatant is discarded.  The Si nanowire product is washed again by redispersing with 

5 mL chloroform, followed by the addition of 5 mL of ethanol and then centrifugation for 

5 minutes at 8000 rpm and 35 °C.  After two more of these washing steps, the Si 

nanowires were redispersed in 2 mL of chloroform and stored for future characterization. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Synthesis and Structural Analysis 

Figures 2.4 and 2.5 show TEM and SEM images of Si nanowires synthesized by 

injecting either Au or Bi nanocrystals along with Si3H8 into octacosane heated near 

reflux.  Using this approach, approximately 5 mg of Si nanowires are produced in a 

reaction carried out in 5 mL of solvent (See Figure 2.5). The nanowires are crystalline 

with diamond cubic structure (Figure 2.4 and 2.6).  They are also relatively clean with no 

significant amounts of amorphous or particulate byproduct and predominantly straight 

with diameters typically ranging between 20 and 30 nm (See Figure 2.4) and lengths 

greater than 1 µm (Figure 2.4C and 2.5).  Figure 2.4D shows an example of one Si 

nanowire that is longer than 3 µm.  It was determined through high resolution 

transmission electron microscopy that the principle growth direction was <111> (Figure 

2.4B), but it is worth noting ~20% of the nanowires (like the one in Figure 2.4A) had a 

<110> growth direction.  

 



 32

 

Figure 2.4: TEM images of Si nanowires synthesized in hot octacosane at ambient 
pressure by Si3H8 decomposition in the presence of either Au or Bi 
nanocrystals.  (A) An Si nanowire synthesized at 410 °C with Au 
nanocrystal seeds; (B) one Si nanowire with a Au seed at the tip; (C) Si 
nanowires grown using Bi nanocrystals as seeds (EDS confirmed that the 
dark particles at the tips of the wires are composed of Bi, confirming that the 
nanowires grow by the SLS mechanism); (D) an Si nanowire (Bi seeded) 
longer than 3 µm.  
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Figure 2.5: (A,B) Photographs of 4 mg of Si nanowires (synthesized by adding Si3H8 and 
Bi nanocrystals to octacosane at reflux) dispersed in chloroform.  The 
nanowires settle from solution after ~10 min, as in (A), but readily 
redisperse with light sonication as shown in (B).  (C-E) SEM images of the 
Si nanowires obtained by adding Si3H8 and Bi nanocrystals to octacosane at 
430 oC.  (The reactions were carried out for 10 min with an Si:Bi atomic 
ratio of 1600:1.  The average nanowire diameter and length are 25.8 ± 5.3 
nm and 2.0 ± 0.9 µm, respectively.)   
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Figure 2.6: XRD from 2 mg of Si nanowires made by Si3H8 decomposition under 
ambient pressure in refluxing squalane in the presence of Au or Bi 
nanocrystals.  The diffraction patterns indexes to diamond cubic Si [pdf # 
027-1402].  The peak labeled with “*” correspond to the {111} diffraction 
peak of Au.  The peaks labeled with “!” correspond to rhombohedral Bi [pdf 
# 044-1246]. 

EDS spectra were acquired from the tips of Si nanowires with visible nanocrystal 

seeds.  Figure 2.7 shows two examples of such data, taken from Si nanowires formed in 

the presence of Au or Bi nanocrystals.  The seed metal is present at the tips of the 

nanowires in both cases, confirming that the nanowires have grown by the SLS 

mechanism.   
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Figure 2.7: Energy dispersive X-ray spectra (EDS) and corresponding (Insets) HRTEM 
images of metal nanocrystal seeds located at the tips of two Si nanowires.  
The top nanowire was seeded with Au nanocrystal seeds and the bottom 
nanowire was seeded with Bi.  The EDS spectra indicate that Au or Bi are 
located at the tips of the nanowires, confirming that the nanowires grew by 
the SLS mechanism.  The observed Cu and C signals result from the Cu grid 
and the C support of the TEM grid.   

2.3.2 Effects of Reaction Time and Temperature on Silicon Nanowire Formation 

The nanowire growth process was found to be insensitive to the metal:Si eutectic 

temperature.  Figure 2.8 show the products formed at different temperatures by reacting 
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trisilane in the presence of Au nanocrystals at a 1:1600 Au:Si molar ratio using 

octacosane as the solvent.  Nanowires formed only when the reaction temperature 

exceeded 410 oC.  This temperature is 47 oC above the Au:Si eutectic temperature.  The 

use of the lower melting point metal seed, Bi, did not result in lower nanowire growth 

temperatures.  It therefore appears that Si3H8 decomposition is the limiting process in 

nanowire growth.  This is similar to the Au-seeded SFLS growth of Si nanowires using 

phenylsilanes as reactants, in which reactant decomposition kinetics set the growth 

temperature near 450 oC.15,16 

 

 

Figure 2.8: (A-E) TEM images of the SLS reaction products obtained from injecting 
trisilane and Au nanocrystals seeds at different temperatures.  All reactions 
were carried out in octacosane with trisilane and Au nanocrystals at a Au:Si 
atomic ratio of 1:1600.   

The formation of silicon nanowires also seemed to be independent of reaction 

time.  Typically reaction times spanned a 10 minute timeframe to ensure complete 

decomposition of trisilane, but visual observation suggested that nanowires form 

immediately after injecting the reactants.  The solution prior to reactant injection which 

was transparent and colorless immediately transformed into a brown or black opaque 

dispersion, indicative of silicon nanowires.  This hypothesis was confirmed by a series of 

experiments as a function of reaction incubation time.  Figure 2.9 shows the results of 

these experiments.  The nanowire morphology and length was not found to markedly 

change with increasing reaction time. 
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Figure 2.9: (A-C) TEM images of Si nanowires obtained from reactions of trisilane and 
Au nanocrystals seeds carried out in octacosane at 430 °C (Au:Si atomic 
ratios of 1:1600) after different reaction times.  The “quenched” reaction 
was removed from the heating mantle immediately after reactant injection.   

2.3.3 Trisilane Decomposition 

The identification and ultization of trisilane as the silicon precursor was crucial in 

the development of the silicon nanowire synthesis in ambient pressure solutions.  For 

instance, when trisilane was substituted with monophenylsilane (MPS, a successful 

silicon precursor for silicon nanowire growth in supercritical fluids) in identical reactions, 

silicon nanowires did not form.  Figure 2.10 shows TEM images of the product from a 

series of experiments where either MPS or trisilane was reacted with Au nanocrystals 

seeds in refluxing octacosane at 430 oC.  Although the onset of one dimensional growth 

could be observed in the experiments using MPS as the silicon precursor, the continued 

growth to produce nanowires and mitigate substantial byproducts, such as amorphous 

silicon or un-reacted gold, could not be controlled.  In contrast, trisilane decomposition in 

octacosane at 430 oC always led to crystalline Si nanowires, as in Figure 2.10, although 

morphology was difficult to control.  Similar reaction products were observed when Bi 

nanocrystals were used as seeds. 
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Figure 2.10: TEM images of Si reaction products from reactions at 430 °C in octacosane 
with Au nanocrystals and either monophenylsilane (A,B) or trisilane (C,D) 
as the Si reactant.  The Au:Si atomic molar ratio used for the reactions is 
listed in each figure.   

It is presumed that trisilane yields Si nanowires in ambient pressure solutions and 

MPS doesn’t because of their respective decomposition kinetics.  MPS is known to 

undergo a disproportionation reaction where other mono-, di-, or tri- phenylsilanes are 

needed to participate in the decomposition to yield silane.15  Silane is then decomposed 

into elemental Si and hydrogen gas,22-25       

    24 2HSiSiH +→      (1),                     

where the elemental Si contributes to nanowire growth. 
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Thus, because of this disproportionation mechanism MPS decomposition kinetics 

is relatively slow.  Trisilane on the other hand, can thermally decompose into silane and 

disilane directly,23,26 

   62283 HSiSiHHSi +→     (2), 

   44283 SiHHSiHSi +→     (3),      

through a 1,2-hydrogen shift mechanism illustrated in Figure 2.11.26 

 

 

Figure 2.11: 1,2-hydrogen shift mechanism for Si3H8 decomposition.26 

Additionally, byproducts from the pyrolysis of trisilane decompose into elemental 

Si and can also contribute to Si nanowire growth.  For instance disilane decomposes into 

silane via 1,2-hydrogen shift mechanism, 

   4262 SiHSiHHSi +→     (3),         

which eventually yields elemental Si.27,28  The concentration or availability of silicon 

from trisilane decomposition is much larger than that of MPS and is therefore one reason 

nanowire growth in ambient pressure solutions is achievable with trisilane. 
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Since trisilane decomposition proceeds through silane intermediate and silane is 

the rate limiting step to achieve elemental Si, it is important to understand silane 

decomposition pathway.  Although most theoretical and experiments evidence shows 

silylene (SiH2) is produced throughout decomposition of monosilane, 

   224 HSiHSiH +→      (5),       

debates remain.22,24,29  If silylene is indeed produced, the decomposition of silylene (and 

presumably other silylenes such as disilylene) could directly produce atomic Si and 

hydrogen gas as proposed by17 

   22 HSiSiH +→      (6).    

Silylenes (SixH2x) could also react with other polysilanes (SixH2x+2), if available, through 

an insertion mechanism to form higher ordered polysilanes.  It is worth noting that if 

these higher ordered polysilanes are produced, in our reaction environment, they would 

indefinitely break back down and produce silane, 

  42421222 SiHHSiHSiHSiSiH xxxxxx +→→+ +++   (7),      

because higher ordered polysilanes are more susceptible to thermal pyrolysis than lower 

ordered silanes.18,22,24,26,29  Regardless of the intermediate decomposition steps, numerous 

reports support the overall decomposition mechanism for polysilane pyrolysis into atomic 

Si and hydrogen gas as shown in equation 8.24 

   222 )1( HnnSiHSi xx ++→+     (8).  

To summarize the decomposition of trisilane for usage of a silicon precursor for 

nanowire growth, we believe Si3H8 decomposition proceeds through the formation of 

various polysilane (SinH2n+2) intermediates, silylene (SiH2), and silyl radicals.26  All of 

these reaction intermediates eventually reduce to silane (SiH4) via the 1,2-hydrogen shift 

reaction mechanism,26 which then decomposes to Si.  Si3H8 (~300-310 °C) and other 

polysilanes decompose at lower temperature than SiH4, which requires temperatures 
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exceeding 400 °C.17,23,25-27  A significant yield of crystalline nanowires was only 

observed when reactions were carried out at temperatures higher than 410 °C, which is 

consistent with in situ SiH4 decomposition being the limiting step in the nanowire growth 

process. 

2.3.4 Silicon Nanowire Growth in Supercritical Fluids using Trisilane 

It is also worth mentioning that precursor decomposition kinetics can not solely 

explain the results of the synthesis of silicon nanowires formation using trisilane in 

ambient pressure solutions.  Equally as important are the transport properties of the 

decomposed reactant to the metal seed to promote nanowire growth.  These transport 

properties are enlarge described by the diffusivities of the reaction medium or solvent.  

For instance supercritical fluids typically have diffusivities 100x larger than ambient 

pressure solutions.30  The difference in diffusivities could help explain why MPS does not 

yield nanowires in ambient pressure solutions, but works quite well to produce high 

quality and large quantities of nanowires in supercritical fluids at similar temperatures.16  

One the other hand, it can also help explain why trisilane works well as a Si precursor to 

grow Si nanowires in ambient pressure solutions, but under the same conditions in a 

supercritical fluid only homogenous nucleation of amorphous Si particles is observed (i.e. 

the decomposition kinetics and fluid transport properties are too quick for wire growth 

and homogenous nucleation of Si atoms occurs).  In fact, by increasing the Au seed 

concentration in a supercritical fluid reaction and using trisilane as the silicon precursor, 

it is possible to take advantage of the faster transport properties of the supercritical fluid 

try grow silicon nanowires as opposed to homogenously nucleating amorphous silicon.  

Figure 2.12 illustrates this concept and shows a silicon nanowire reaction done in 

supercritical toluene at 420 °C with trisilane and a Si:Au molar ratio of 40:1.  Thus, the 

take home message regarding silicon nanowire growth using trisilane is an equilibrium 
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balance between reaction medium transport properties and precursor decomposition 

kinetics is necessary to sustain wire growth and mitigate byproducts.  

 

 

Figure 2.12: (A,B) SEM and (C,D) HRTEM images of silicon nanowires produced in 
supercritical toluene at 420 °C with trisilane as the Si reactant.  A Si:Au 
molar ratio of 40:1 was required to achieve substantial 1D growth.  Inset 
shows 100 mg of dried silicon nanowires produced in a 45 second reaction.  
These results illustrate the importance of trisilane decomposition kinetics 
and fluid transport properties.    
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2.3.5 Effects of Solvent, Metal Seed, and Precursor Metal:Si ratio on Si Nanowire 
Formation 

At similar reaction temperatures, equivalent Si nanowire quality and trisilane 

conversion (2 – 4 %) was obtained for reactions carried out in either octacosane or 

squalane and using either Au or Bi nanocrystals as seeds.  Figure 2.13 shows Si 

nanowires obtained from trisilane decomposition reactions in squalane or octacosane in 

the presence of either Au or Bi nanocrystals.  There was no observable difference in 

nanowire morphology.  

  

 

Figure 2.13: TEM images of Si nanowires obtained from reactions of trisilane in 
octacosane (430 °C) or squalane (423 °C) using Au (A,B) or Bi (C,D) as the 
seeds (metal:Si atomic ratios were 1:1600).   
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Figure 2.14 shows TEM images of products obtained from reacting Au or Bi 

nanocrystals seeds and trisilane in octacosane at 430 °C as the metal seed:Si molar ratio 

was varied.  An Au:Si and Bi:Si molar ratio exceeding 1:300 and 1:650, respectively, 

were found necessary to promote nanowire growth.  Below these ratios, one dimensional 

nanostructures were not produced.  The best quality nanowires resulted from a Au:Si or 

Bi:Si ratio of 1:1600.  Surprisingly, no effect on morphology or length was observed for 

nanowire reactions as the Si concentration was increased, but a slight increase in diameter 

was observed as seen in Figure 2.15.  

 



 45

 

Figure 2.14: TEM images of the reaction products obtained with various (A,C,E,G) 
Au:Si and (B,D,F,H) Bi:Si ratios.  Reactions were carried out at 430 °C in 
octacosane with trisilane as the Si precursor.  
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Figure 2.15: Silicon nanowire diameter dependence on reactant Si:metal atomic molar 
ratio. 

 

2.4 CONCLUSION 

In conclusion, large quantities of crystalline Si nanowires can be obtained by SLS 

growth using trisilane as a reactant with either Au or Bi nanocrystals as seeds in high 

boiling point solvents, octacosane or squalane.  In contrast to the use of organosilanes for 

Si nanowire growth in solution, Si3H8 is sufficiently reactive to yield nanowire growth in 

a solvent under ambient pressures and provides a reactant that gives no carbonaceous 

byproduct.  The reaction scheme outlined here provides many future possibilities for 

exploring Si nanowire doping, diameter and length control, surface passivation and scale 

up using solution-based processes.   
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Chapter 3:  Colloidal Silicon Nanorod Synthesis§ 

3.1 INTRODUCTION 

A wide range of synthetic strategies have been developed to make nanomaterials 

with controlled dimensions.1,2  Among these, colloidal solution-phase routes have been 

particularly successful, supplying significant quantities of various semiconductor and 

metal nanocrystals with exquisite control of the size and shape.3,4  This synthetic control 

has enabled a fundamental understanding of how size and shape influence the optical and 

electronic properties of materials in the quantum size regime, as well as providing a 

unique class of materials of technological relevance with properties that differ from those 

of bulk materials found in nature.5-8   

In the case of silicon (Si)—one of the most interesting and technologically 

relevant semiconductors—nanocrystals (quantum dots)9-12 and nanowires (quantum 

wires)13,14 have been made using solution routes; however, the synthesis of quantum-size 

Si nanorods with control of both width and length has not been demonstrated.  This 

chapter describes the first synthesis of colloidal, crystalline Si nanorods.  The Si 

nanorods are produced by a new ligand-assisted solution-liquid-solid (SLS) growth 

process.      

We recently showed that crystalline Si nanowires can be made by gold (Au) 

nanocrystal-seeded solution-liquid-solid (SLS) growth in high boiling solvents using 

trisilane (Si3H8) as a reactant.14  Since one seed particle yields a single nanowire in the 

SLS process, a clear path to reducing the Si nanowire length into the nanorod size 

regime15 is to increase the number of seed particles relative to the amount of Si in the 

reaction.  In practice, however, simply increasing the Au:Si molar ratio does not work to 
                                                 
§ Portions of this chapter appear in Nanoletters  (2009), 9, 3042-3047 
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produce nanorods.  Like nanocrystals, nanorods are highly prone to aggregation because 

of their small size, and reactions carried out without capping ligands produce only useless 

clumps of material.  Capping ligands have been used to effectively stabilize the SLS 

synthesis of nanorods of InAs, InP and GaAs,16-19 but there are known capping ligands 

like trioctylphosphine typically used for nanocrystal synthesis, whereas for Si nanorods, 

the choice of capping ligand chemistry for these materials is not obvious.  A wide variety 

of organic ligand passivation chemistry exists for Si surfaces;20 however, for colloidal Si 

nanocrystals, the most successful ligand passivation schemes have usually applied the 

capping ligands after the synthesis, by a post-synthesis hydrosilylation with alkenes for 

example.21-23  SLS synthesis of Si nanorods, however, requires the presence of capping 

ligands during the synthesis, to adsorb to the nanorods as they grow to prevent 

aggregation.  The ligands also must not disturb the Si reaction chemistry.  We have 

discovered that the aliphatic primary amine, dodecylamine, is a suitable capping ligand 

for SLS growth of Si nanorods.   

 

3.2 EXPERIMENTAL DETAILS 

3.2.1 Chemicals and Characterization 

Octacosane (C28H58, 99%), squalane (C30H62, 99%), trioctylphosphine (C24H51P, 

90%), dodecylamine (C12H25NH2, 98%), dodecene (C12H24, ≥99.0%), dodecanethiol 

(C12H25SH, ≥98%), anhydrous toluene (C7H8, 99.8%), anhydrous benzene (C6H6, 99.8%), 

anhydrous ethanol (C2H6O, ≥99.5% denatured), anhydrous chloroform stabilized by 

pentenes (CHCl3 99%) and benchtop chloroform (CHCl3, ACS grade) were purchased 

from Sigma-Aldrich.  Trioctylamine (C24H51N, >99.0%) was purchased from Fluka.  

Triply distilled deionized water (DI-H2O) filtered with an 18.2 MΩ-cm resistance 
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Barnstead E-pure unit was used for all aqueous preparations.  Trisilane (Si3H8, 99.99%) 

was purchased from Voltaix and should be used with extreme caution as it is a 

pyrophoric liquid with high vapor pressure.  Cyclopentasilane (Si5H10, 3:1 molar ratio of 

Si5H10:benzene) was manufactured by Dr. Roland Roesler’s research group in the 

chemistry department of University of Calgary.  All chemicals were used as received 

except for squalane, which was further purified by three freeze-pump-thaw cycles under 

reduced pressure (400 mTorr). 

The silicon nanorods were examined by TEM, XRD, XPS and ATR-FTIR 

spectroscopy as described in Appendix C.  Special care was taken not to expose the 

silicon nanorods to air prior to characterizing their surfaces with XPS and IR.   

3.2.2 Gold Nanocrystal Preparation  

2 nm diameter dodecanethiol-coated Au nanocrystals were synthesized according 

with the procedure outlined in chapter 2.  Typically, stock solutions containing 300 mg of 

Au nanocrystals dispersed in dodecylamine were prepared and stored in a glovebox under 

N2, prior to use.   

 3.2.3 Silicon Nanorod Synthesis 

All chemical manipulations were performed on a standard greaseless Schlenk line 

contained within a MBraun Unilab glovebox (< 0.1 ppm O2) – see Appendix A for 

photograph.  The glassware was cleaned in a potassium hydroxide-isopropyl alcohol 

basebath and washed with nitric acid, followed by rinsing with DI-H2O and dried with 

compressed air.  Such precautions were necessary to ensure the safe use of trisilane, a 

pyrophoric liquid, and prevent oxygen or other contaminants from affecting the synthesis. 

In a typical experiment, 8 mL of high boiling point solvent (octacosane [b.p. 

430°C], squalane [b.p. 420°C], trioctylamine [b.p. 380°C], or trioctylphosphine [b.p. 
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380°C]) and a glass stir bar were added to a 50 mL four neck flask fitted with a 

condenser and stopcock valve.  The sealed vessel was attached to the Schlenk manifold 

and remained isolated from the glovebox atmosphere during synthesis.  The reaction 

temperature was controlled with an Omega CN76000 autotune feedback temperature 

controller in combination with a 120 Watt (Star Energy Co.) variac and aluminum 

thermocouple (k type, Omega Engineering Inc.).  The high boiling point solvent was 

heated to 110°C and degassed under vacuum for 30 minutes, while stirring moderately 

(600 RPM).  After degassing, the reaction vessel was purged with N2 and remained under 

dynamic gas flow (1 psig) as the solvent was heated between 360°C to 430°C depending 

on the reaction conditions and solvent. 

The reactant solution was prepared in the glovebox.  Stock solutions of Au 

nanocrystals in dodecylamine with concentrations of 109 mg/mL, 54 mg/mL, or 36 

mg/mL were first prepared  (Some exploratory reactions were also carried out using stock 

solutions of Au nanocrystals dispersed in dodecanethiol, didodecylamine, 

tridodecylamine, anhydrous benzene, or dodecene).  In a 3 mL glass vial, 0.125 mL (1.0 

mmol) of trisilane, 0.275 mL of the Au nanocrystal/dodecylamine stock solution and 0.05 

mL of additional dodecylamine were mixed to form the reactant solution.  The Si:Au 

molar ratio was varied by changing the concentrations of Au nanocrystal stock solution 

and keeping the volumetric amounts of trisilane and Au nanocrystal stock solution 

constant, 0.125 mL and 0.275 mL respectively.  Once mixed, 0.4 mL of the reactant 

solution was drawn into a disposable syringe equipped with a 6” needle (20.5G).  

Immediately prior to injection, the stopcock valve was closed to isolate the reaction 

vessel and create a blanket of N2.  The reaction solution was then quickly injected 

through a septum into the hot solvent, making sure that the needle tip was completely 

submerged in the solvent prior to injection.  Immediately after injection, the heating 
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mantle was removed and the stopcock valve was re-opened to allow continuous N2 flow 

while cooling to room temperature. 

3.2.4 Separation and Clean-Up of Silicon Nanorods   

Atomospheric exposure of the nanorod product was avoided by collecting the 

reaction solution in a 50 mL centrifuge tube and sealing it in the glovebox.  

Centrifugation was typically conducted outside the glovebox, but the centrifuge tube was 

brought back into the glovebox before opening to collect the precipitated product.  It 

should be noted that the O2 level in the glovebox never rose above 0.1 ppm when the seal 

was cracked, indicating that air did not seep into the headspace of the centrifuge tube 

during centrifugation.  When octacosane was used as the solvent, 10 mL of anhydrous 

toluene was added to the reaction flask after it cooled to 60 °C, to prevent the solvent 

from solidifying.  (When squalane, trioctylamine, or trioctylphosphine were used as 

solvents, only 5 mL of anhydrous toluene was added to collect the product.)  The Si 

NR/octacosane solution was transferred to a 50 mL centrifuge tube and centrifuged for 1 

minute at 8000 rpm (8228g RCF) and 35 °C. (When squalane, trioctylamine, or 

trioctylphosphine was used as solvents, the product was centrifuged for 5 minutes at 10 

°C, as opposed to 1 minute at 35 °C.)  A brownish/black precipitate remained on the sides 

of the centrifuge tube after centrifugation.  The supernatant was discarded.  The 

precipitate was redispersed in 5 mL of anhydrous toluene, heated to 35 °C and 

centrifuged again at 8000 rpm for 1 minute.  The supernatant was discarded and 

precipitate was collected.  After the initial separation process, the Si nanorods 

synthesized in all of the high boiling point solvents were further cleaned using the 

following procedure.  The Si nanorods were redispersed in 3 mL of anhydrous toluene.  3 

mL of anhydrous ethanol was added and the solution was centrifuged for 5 minutes at 

10000 rpm (12857 g RCF) and 10 °C.  This was repeated twice until the supernatant was 
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clear, colorless and transparent.  Finally, the Si nanorods were redispersed in 3 mL of 

anhydrous chloroform and stored under N2 until further use.  Typically, 10 mg of Si 

nanorod product is obtained, corresponding to ~8% conversion of trisilane to Si. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 Synthesis and Structural Analysis  

Figures 3.1 and 3.2 show transmission electron microscopy (TEM) images of Si 

nanorods produced by Si3H8 decomposition in the presence of 2 nm diameter, 

dodecanethiol-capped Au nanocrystals and dodecylamine at 420 oC in squalane.  The 

nanorods are composed of crystalline (diamond cubic) Si, each having a gold seed 

particle at its tip.  Figure 3.3 shows X-ray diffraction (XRD) data, also confirming that 

the nanorods are crystalline, diamond cubic Si.  Because of the relatively large 

concentration of Au needed to generate nanorods in the reactions, the XRD patterns also 

have significant Au peaks.  The Si nanorods readily disperse in organic solvents and 

remain dispersed without gravitational settling for several hours.  
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Figure 3.1: TEM images of Si nanorods made with a Si:Au molar ratio of 40:1 in 
squalane at 420 °C.  Insets in (A): A photograph of a 10 mL Si nanorod 
solution in chloroform (2 mg/mL) and a histogram of the nanorod diameter 
determined from the TEM image.  The average nanorod diameter is 7.0±1.0 
nm with aspect ratios ranging from 2.1 to 5.0.  In (B), the Au seed and Si 
nanorod are outlined for clarity and the crystallographic growth direction is 
labeled.  (C) Schematic illustration of the capping ligand assisted SLS 
growth of Si nanorods.  Dodecylamine coats the Si nanorod and Au seed 
surfaces, while trisilane decomposes to Si to grow the nanorod.   
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Figure 3.2: High resolution TEM images of Si nanorods synthesized in squalane at 420 
°C.  The lower contrast crystalline part of the nanorod is Si and the darker 
higher contrast tip is Au.  Images (E-G) show Si nanorods with kinks.  The 
nanorod in (E) exhibits a twin defect and the nanorods in (F,G) are bent, but 
do not have any obvious crystalline defects.  
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Figure 3.3: XRD of Au seeded Si nanorods synthesized by adding Au nanocrystals and 
trisilane in dodecylamine to squalane at 420 °C.  Diffraction peaks 
corresponding to diamond cubic Si (PDF# 027-1402, a=b=c=5.43088 Å) 
and Au (PDF# 01-071-4073, a=b=c=4.07894 Å; peaks labeled with ∗) are 
labeled. 

The nanorod length could be varied from 5 nm up to 75 nm by tuning the Si:Au 

molar ratio in the reaction.  Figure 3.4 shows examples of nanorods made with lengths 

from 50 to 14 nm and aspect ratios between 6.8 and 2.3 by adjusting the Si:Au ratio from 

60:1 to 20:1.  The nanorod diameter was also found to depend on the reaction 

temperature and the solvent.  Reactions carried out at 380 oC in trioctylamine (TOA) 

yielded Si nanorods with average diameter typically two to three times larger than the 

original 2 nm diameter Au seeds, Figure 3.5.  When reactions were carried out at 

temperatures slightly higher than 380 oC in squalane or octacosane, the nanorods were 

slightly thicker, with diameters of about 7 to 9 nm.  When a reaction had significant Au 

agglomeration, the Au XRD peaks were quite narrow and the nanorods had 

correspondingly broad diameter distributions.      
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Figure 3.4: TEM images of Si nanorods synthesized with systematically varied length 
and ratios of length to diameter, or aspect ratio L/D, of (A) 
L/D=16.7nm/7.2nm=2.3, (B) L/D=14.0nm/8.7nm=1.6, (C) 
L/D=23.7nm/7.0nm=3.4, (D) L/D=25.9nm/8.3nm=3.1, (E) 
L/D=32.7nm/6.8nm=4.8, and (F) L/D=49.7nm/7.3nm=6.8.  The nanorods 
were grown by adding Si3H8 and Au nanocrystals in dodecylamine with 
molar Si:Au ratios of (A,B) 20:1, (C,D) 40:1, or (E,F) 60:1 to (A,C,E) 
squalane at 420 °C or (B,D,F) octacosane at 430 °C. 
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Figure 3.5: TEM image of Si nanorods made with a Si:Au molar ratio of 40:1 in 
trioctylamine at 380 oC.  Inset shows a histogram of the nanorod diameter 
determined from the TEM image.  The average nanorod diameter is 5.4±0.9 
nm with aspect ratios ranging from 1.5 to 3.0. 

The Si nanorods were predominantly straight, with <111> growth directions 

(Figures 3.2B and 3.2C).  There were also nanorods with <110> growth direction, 

particularly those with aspect ratios less than 3.  There were also cases of growth 

directions without any obvious corresponding lattice direction.  Some nanorods were 

kinked and the kinks were often associated with a twinning defect, as has been observed 

for SLS-grown nanowires.24  But the majority of the kinked nanorods did not have 

obvious crystallographic defects; however, a twin would not be visible if the nanorod 

unless imaged down the proper crystallographic zone axis.   

The nanorods provide a good model system to examine the Au/Si interface 

morphology.  The shorter acorn-shaped nanorods like those in Figure 3.2A exhibited a V-

shaped Au/Si interface; whereas, most of the higher aspect ratio nanorods, like those in 
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Figures 3.2B and 3.2G exhibited nearly flat Au/Si interfaces.  Some of the higher aspect 

ratio nanorods, like the one in Figure 3.2C and 3.2E, also have V-shaped Au/Si 

interfaces.  The nanorods can potentially provide useful information about the Au/Si 

interface in the early stages of XLS (X=V, S, or SF) growth of Si nanowires from Au 

seeds of various diameters, similar to the data obtained in recent in situ TEM studies of 

VLS nanowire growth.25,26 

3.3.2 Trisilane Conversion   

The highest conversion of trisilane to Si nanorods was found to be only about 

10%.  Figure 3.6 shows the measured nanorod aspect ratios plotted against the Si:Au 

molar ratios of the reactants for experiments conducted at different temperatures 

determined by the reflux temperature of the solvent.  These values were then compared to 

those expected if each Au nanocrystal seeded one 6 nm diameter nanorod with 100% 

conversion of injected trisilane to Si.  When Si:Au molar ratios of 60:1 were used in the 

synthesis, the trisilane conversion was observed to increase with increased reaction 

temperature (trioctylamine b.p. 380 °C, squalane b.p. 420 °C, octacosane b.p. 430 °C).  

Additionally, there appears to be a limiting length of about 30 nm for nanorods grown in 

trioctylamine.  Coordination of trioctylamine with either the Si nanorod (arresting the 

growth) or Si reactants (preventing continuous growth) might be responsible for this 

observation.  The Si nanorod length did not appear to be similarly limited when reactions 

were carried out in octacosane or squalane.   
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Figure 3.6: Average Si nanorod aspect ratio plotted versus the reactant Si:Au molar ratio 
for reactions carried out in three different solvents: octacosane 430 °C (dark 
blue triangles), squalane 420 °C (blue squares), or trioctylamine 380 °C 
(green diamonds).  These data are compared to the expected nanorod aspect 
ratio (●), determined by assuming that each Au nanocrystal yields only one 
nanorod with 6 nm diameter and 100% conversion of trisilane to Si.    

3.3.3 Influence of Capping Ligands on Silicon Nanorod Formation 

Dodecylamine was found to be critical to the Si nanorod synthesis.  Other capping 

ligands were explored, including dodecene, tridodecylamine, and dodecanthiol, but none 

of them could be used to yield nanorods.  Figure 3.7 shows TEM images of reaction 

products obtained from four such experiments.  Anhydrous benzene led to nanowire 

morphologies, but the length and diameter were not controllable and there was a lot of 

aggregation.  Dodecanethiol appeared to prevent the growth of Si nanorods altogether.  

Dodecene led to very large diameter, polydisperse Si nanorods.  Tridodecylamine gave 

only ill-defined Si nanowires and large clumps of product. 
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Figure 3.7: TEM images of the product of attempted Si nanorod reactions in octacosane 
at 430 °C, by dissolving Au NCs in (A) anhydrous benzene, (B) 
dodecanethiol, (C) dodecene, or (D) tridodecylamine and mixing with 
trisilane in a 40:1 Si:Au ratio.  

  Trioctylphosphine was also tested as an alternative coordinating solvent.  A 

coordinating solvent can act as a capping ligand in addition to a solvent.  In this 

experiment, Au nanocrystals dispersed in dodecylamine was mixed with trisilane and 

injected into refluxing trioctylphosphine [b.p. 380 °C].  Figure 3.8 shows the reaction 

product, where no nanorods were formed.   
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Figure 3.8: TEM image of the reaction product obtained when a reactant solution of Au 
nanocrystals and trisilane in dodecylamine was injected into 
trioctylphosphine at 380 °C.  

It was determined that dodecylamine plays two important roles in the silicon 

nanorods reactions.  First of all, it was found to help stabilize the gold nanocrystals and 

prevent their aggregation in the reaction medium.  Au aggregation during the synthesis 

leads to poor size control and can prevent nanorod formation.  Amines are known to be 

good capping ligands for Au nanocrystals.27 The Au nanocrystals are capped with 

dodecanethiol when they are fed into the growth media, but because of the high reaction 

temperatures, additional ligands are needed in solution to prevent their aggregation.  

Dodecanethiol would probably work for this purpose as well, but the thiols appear to 

interfere with trisilane decomposition, as shown above.  Figure 3.9 shows the reaction 

products of the control study that proves dodecylamine prevents Au seed agglomeration 

and coalescence at high temperature.  When 2 nm diameter Au nanocrystals seeds 

dissolved in dodecylamine or in benzene were injected into squalane at 380 oC without 
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trisilane, the Au nanocrystals in dodecylamine grew to 4 to 6 nm in diameter; whereas, 

Au nanocrystals that were dispersed in benzene without dodecylamine immediately 

coalesced into large polycrystalline Au agglomerates.  It is interesting to note that 

approximately 8 to 27 of the Au seeds must coalesce to produce Au nanocrystals that are 

4 to 6 nm in diameter.   

 

 

Figure 3.9: (A) TEM image of 2 nm diameter Au nanocrystals seeds used in the Si 
nanorod experiments.  (B) Coalesced Au produced by injecting 2 nm Au 
nanocrystals dissolved in benzene into squalane at 380 °C.  (C) Aggregated 
5-6 nm diameter Au nanocrystals after injecting 2nm Au seed nanocrystals 
dissolved in dodecylamine into trioctylamine at 380°C.  (D) HRTEM image 
of excess free Au nanocrystals. 

3.2.4 Surface Characterization of Silicon Nanorods   

The second role dodecylamine play in the nanorod synthesis is to adsorb to the Si 

nanorods surfaces to form a steric barrier to aggregation.  The adsorption of 

dodecylamine on the Si nanorod surfaces was examined by X-ray photoelectron 
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spectroscopy (XPS) and attenuated total internal reflectance Fourier infrared (ATR-

FTIR) spectroscopy.  Amines are known to chemisorb to Si surfaces,28-30 so it is not 

surprising that dodecylamine works as a good capping ligand.  The amine appears to 

bond fairly strongly to the Si surface to prevent oxidation (see XPS data discussed 

below).  Additionally, TEM images show the nanorods having sharply defined surfaces 

without any noticeable surface layers of oxide or other amorphous species (See Figure 

3.2 for example).   

XPS provides information about the nature of the Si surface and how the amine is 

bonded.  An XPS survey scan of the Si nanorods on a Ti substrate shown in Figure 3.10. 

The O 1s, C 1s, Si 2p, and Si 2s regions are labeled.  The O 1s peak corresponded to Ti- 

oxides contribution from the substrate.  C 1s contributions are associated hydrocarbon 

derived from the solution phase reaction and residual carbon content inherent with the 

equipment.  XPS peaks with Si 2p and N 1s binding energies required a more in-depth 

analysis.  Figure 3.11 shows the high resolution scans of the Si 2p and N 1s binding 

energy regions from the silicon nanorods.  In the Si2p region, there is a strong peak at 

99.3 eV corresponding to zero-valent Si, and a weak shoulder from 101.3 to 103.3 eV, 

related to oxidized Si species (Si2+ (101.3 eV), Si3+ (102.1 eV), and Si4+ (103.3 eV)).31,32  

The strong intensity of the 99.3 eV signal relative to the shoulder shows that the extent of 

oxidation on the nanorod surface is relatively minor.  The oxidized Si signal could derive 

from a number of possible surface compositions, including Si3N4, SiC, SiO2 or SiOx 

suboxides.31,33-35  SiO2 would have given rise to a signal at slightly higher binding energy 

than what is observed (at 103.3 eV), indicating that the surfaces are nearly free of SiO2.  

There could be a suboxide species on the Si surface, but the presence of N indicates that 

the higher energy shoulder in the Si 2p region probably corresponds to Si-N bonding 

from the amine to the surface of the Si nanorods.  In the N 1s region, the XPS peak at 
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397.2 eV has slightly lower binding energy than expected for N in Si3N4 (397.4 eV).  

This small shift indicates that the N atoms are in a slightly more electropositive chemical 

environment than in bulk Si3N4 and have lower bonding coordination than in α or β- 

Si3N4.31   

 

 

Figure 3.10: XPS survey scan of Si nanorods synthesized in squalane with a Si:Au ratio 
of 40:1. 

 

Figure 3.11: XPS of Si nanorods synthesized in squalane at 420 °C with a reactant 
mixture of trisilane and Au nanocrystals in dodecylamine (Si:Au molar ratio 
40:1).  The nanorods were exposed to ambient atmosphere for less than 3 
minutes prior to acquiring the XPS data.  The Si 2p region is deconvoluted 
by fitting three Voigt profiles (30% Gaussian) corresponding to Si0 (99.3 
eV, red), Si-N (101.7 eV, blue), and Si4+ (103.3 eV, green) using CasaXPS 
software.  Additionally, the N1s peak was fit to Si3N4 (397.4 eV, blue) 
using a Voigt profile (30% Gaussian).   



 67

ATR-FTIR spectra (Figure 3.12) also confirmed that dodecylamine is bonded to 

the Si nanorod surfaces.36 The alkyl hydrocarbon stretches are present, including the 

asymmetric and symmetric CH2/CH3 stretches between 2840-2975 cm-1, methyl 

symmetric rocking between 1390-1370 cm-1, and methyl asymmetric rocking/CH2 

scissoring at 1480-1440 cm-1.  N-H deformations (1650-1580 cm-1) are also observed, 

indicating that dodecylamine is present.  The N-H stretches at wave numbers greater than 

3000 cm-1 were not observed, most likely because of the larger signal noise in this energy 

range and weak absorbance associated with this stretch.  Vibrational modes due to Si-N 

bonding, however, are masked by a relatively broad featureless absorbance peak 

spanning 1200-750 cm-1, so XPS provides the most definitive proof of direct Si-N 

bonding to the capping ligands.  

   

 

Figure 3.12: ATR-FTIR spectra of Si nanorods synthesized in squalane at 420°C with a 
reactant mixture of trisilane and Au nanocrystals in dodecylamine (Si:Au 
molar ratio 40:1).  

Silicon hydrides (Si-H (2090 cm-1) and Si-H2 (2150 cm-1) stretches) were also 

observed in the ATR-FTIR spectra, showing that the nanorods are partially hydride 

terminated.  Trisilane decomposition evolves significant hydrogen, which could adsorb to 
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the Si nanorod surfaces.  Dodecylamine could also contribute hydrogen when it bonds to 

the Si surface.       

3.2.5 Silicon Nanorod Synthesis using Cyclopentasilane 

Silicon nanorods were also produced in squalane using cyclopentasilane as the 

silicon precursor, gold nanocrystals as seeds, and dodecylamine as the capping agent.  

Similar to trisilane, cyclopentasilane is composed of only Si and H and is a pyrophoric 

liquid at room temperature.  Unlike the linear polysilane chain of trisilane, 

cyclopentasilane has a strained 5 member ring of silicon that could add additionally 

reactivity compared to the typical linear polysilane.  For this reason, cyclopentasilane was 

thought to be a suitable silicon reactant for producing silicon nanorods and possibly even 

silicon nanocrystals.  Figure 3.13 shows the material characterization of a silicon nanorod 

experiment using cyclopentasilane as the silicon precursor.  From TEM and XRD it is 

shown that cyclopentasilane worked well as a silicon precursor producing crystalline 

silicon nanorods at 420 °C.  Additionally, the conversion of cyclopentasilane to silicon 

nanorods (~15%) was found to be slightly higher than when using trisilane (~10%).  

Preliminary experiments to try and homogenously nucleate silicon nanocrystals in 

ambient pressure solutions using cyclopentasilane did not work.  Limited quantities of 

cyclopentasilane and the lack of commercial availability prevented further exploration. 
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Figure 3.13: (A) TEM and (B) XRD of silicon nanorods produced by injecting a 40:1 
Si:Au ratio of cyclopentasilane and gold nanocrystals dispersed in 
dodecylamine into squalane at 420 °C.  Inset in (A) show the molecular 
structure of cyclopentasilane and a photograph of a dispersion of the silicon 
nanorods in chloroform. 

3.2.6 Silicon Nanorod Synthesis in Supercritical Toluene 

Silicon nanorods were synthesized in supercritical toluene at 420 °C using 

trisilane, gold nanocrystals, and dodecylamine.  Unlike the ambient pressure solvent 

reactions conducted on the schlenk line, the supercritical fluid reactions require 

substantially more equipment including an HPLC pump, stainless steel tubing, and thick 
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Ti reactor — see appendix A for description.  The silicon nanorods in supercritical 

toluene reaction was conducted in a flow-through configuration with pressures 

maintained between 1000 – 1250 psig.  A 1 mL solution of 40:1 Si:Au molar ratio of 

trisilane and Au nanocrystals seeds dispersed in dodecylamine was prepared and loaded 

into a 1 mL injection loop.  Once the reactor reached 1000 psig and 420 °C, the reactant 

was flowed into the reactor at a 2.0 mL/min rate and incubated for 45 seconds.  The 

reactor was immediately removed from the heating block and cooled to room 

temperature.  Figure 3.14 shows TEM and XRD results of such experiment.  Clearly 

crystalline Si nanorods were produced, although larger Si nanowires and crystalline Si 

clumps were also produced creating the light brown suspension seen in the inset of Figure 

3.14A.  Of the product that was silicon nanorods, the morphologies were comparable to 

nanorods made using similar conditions in ambient pressure solvents — diameters ~ 5-7 

nm and lengths ~25 nm.  Additionally, the yield was much higher in the Si nanorod 

supercritical toluene reactions, producing over 25 mg per reaction.  Further optimization 

would be needed to mitigate unwanted byproducts. 
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Figure 3.14: (A) TEM and (B) XRD of silicon nanorods produced by injecting a 40:1 
Si:Au ratio of trisilane and gold nanocrystals dispersed in dodecylamine into 
supercritical toluene at 420 °C.  Inset in (A) shows a photograph of a 
dispersion of the silicon nanorods in chloroform. 

 

3.4 CONCLUSION 

In conclusion, Si nanorods with average diameter as small as 5 nm and lengths up 

to 75 nm were synthesized by a ligand-assisted SLS growth process.  Au nanocrystals 

were used as seeds with Si3H8 a as a reactant.  Dodecylamine was employed as a capping 
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ligand and is vital to the synthesis.  XPS and FTIR showed that the Si nanorod surfaces 

were coated with dodecylamine and were also partially hydride terminated.  

Dodecylamine prevents aggregation of the nanorods.  It also stabilizes the gold 

nanocrystals and maintains a relatively monodisperse distribution of the seeds at high 

temperatures.  The nanorod length and diameter could be tuned by adjusting the Si:Au 

molar ratio of the reactants, reaction temperature, solvent.  An investigation of the 

nanorod optical properties and the role of the metal seed particles and defects on coaxing 

light emission from these unique nanostructures is presented in Chapter 4.   
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Chapter 4:  Gold Seed Removal, Optical Properties, and 
Photoconductivity of Silicon Nanorods§ 

4.1 INTRODUCTION 

Vapor-liquid-solid (VLS),1 solution-liquid-solid (SLS) and supercritical fluid-

liquid-solid (SFLS) processes rely on the use of metal seeds particles to induce the 

growth of semiconductor nanowires.2,3  These approaches yield crystalline nanowires 

with very high aspect ratios and few crystallographic defects.  However, the metal seeds 

remain attached to the ends of the nanowires, which can be a problem, particularly when 

gold (Au)—the most common seed metal for silicon (Si) nanowires—is used.  Au forms 

a deep trap level in Si that can seriously deteriorate the performance of electronic and 

optoelectronic devices like transistors, optical detectors and photovoltaics, to name a 

few.4  Au can also quench light emission, as observed for Si nanowires grown with Au 

seeds,5 CdSe nanorods decorated with Au nanocrystals,6 and Si nanocrystal thin films 

implanted with Au.7  Many technologies using Si nanowires will require removal of the 

Au tips.  Unfortunately, methods to remove the metal seeds from the tips of the 

nanowires are not well developed.8,9     

Due to a variety of factors, chemical removal of the metal seeds from the tips of 

Si nanowires is very challenging.  First of all, etching must be selective for Au and not 

damage Si.  Most common Au etchant solutions are highly oxidative and require 

modification to alleviate nanowire damage.  Woodruff and coworkers, for example, 

recently demonstrated Au seed etching from Ge nanowires by modifying aqueous 

triiodide (I-:I2:I3
-) solutions.10  When used independently, triiodide removed Au, but also 

significantly degraded the nanowires.  However, addition of dilute HCl to the triiodide 

                                                 
§ Portions of this chapter appear in Nanoletters  (2010), 10, 176-180 and Nanoletters  (2009), 9, 3042-3047 
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mixture, enabled Au seed removal with only limited nanowire corrosion, presumably by 

forming a protective chloride surface layer.  Au etching also requires nanowires that are 

uniformly dispersed to provide even etching rates throughout the sample.  This means 

that the etching solutions may require modification, depending on the wettability of the 

nanowire surface, which can range from hydrophilic to hydrophobic depending on how 

the nanowires are modified after synthesis.11  And finally, as we elucidate in this chapter, 

there can be an impenetrable Si shell that surrounds each Au seed and prevents access of 

the chemical etchant.  The existence of this Si shell—and its importance to metal seed 

removal—has not previously been recognized; however, anecdotal experimental evidence 

in the literature certainly reveals its existence.9,12  For example, in recent attempts to etch 

Au from large (~ 1 µm) phase-segregated Au-Si particles with triiodide, Ferralis and 

coworkers found that etching was selective, but incomplete, as interpenetrating Si tendrils 

and a partial Si shell prevented the etchant from reaching all of the Au in the particle.12 

Putnam and coworkers recently demonstrated Au seed removal from very large diameter 

(~ 2 µm) VLS-grown Si nanowires using a hydrofluoric acid (HF) pretreatment, followed 

by a 9:1 triiodide:hydrochloric acid (HCl) mixture without noticeable damage to the 

nanowires.8  HF is an interesting additive because it does not react with Au, but does 

remove Si and SiO2.13  Although not addressed in their paper, the need for HF in the 

etchant solution points to the existence of a Si shell around the Au seed in their system.  

It is very likely that Au seed removal from Si nanowires grown by any VLS-like process 

requires the penetration of this shell by the etchant.   

We use Au-seeded, SLS-grown Si nanorods as a model to develop and study Au 

tip removal from metal seeded Si nanowires.  It is more difficult to accurately evaluate 

the efficacy of Au seed removal from high aspect ratio nanowires, especially when the 

nanowires are deposited as a mat on a substrate, because the nanowire tips are quite 
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dispersed in the sample due to the relatively low initial amount of Au compared to Si in 

the sample.  Si nanorods on the other hand provide a convenient model system for testing 

Au etching chemistry and determining the Au etching efficacy with a high statistical 

accuracy using transmission electron microscopy (TEM).   

In this chapter, aqua regia, a known Au etchant,37 was investigated to remove the 

Au seeds from the tips of the Si nanorods.  Additionally the optical and optoelectronic 

properties of the silicon nanorods before and after removal of the Au seeds were 

investigated.  Almost 90-95 % of the Au tips could be removed from the nanorods, but no 

photoluminescence was observed.  Photoconductivity current was increased by ~ 40,000 

at an applied potential of 1 V. 

 

4.2 EXPERIMENTAL ASPECTS 

4.2.1 Chemicals, Materials, and Structural Characterization 

Nitric acid (HNO3, 99.9%) and hydrochloric acid (HCl, 99.9%) were purchased 

from Fisher Scientific.  Ethanol (C2H6O, ACS grade) and chloroform (CHCl3, ACS 

grade) were purchased from Sigma-Aldrich. Triply distilled deionized water (DI-H2O) 

filtered with an 18.2 MΩ-cm resistance Barnstead E-pure unit was used for all aqueous 

preparations. 

Silicon nanorods coated with dodecylamine were prepared in-house according to 

the procedures outlined in chapter 3.  The silicon nanorods were examined by TEM, 

XRD, and XPS as described in Appendix C. 

4.2.2 Gold Etching 

The Au seeds were etched from the tips of the Si nanorods using an aqua regia 

microemulsion.  In a typical preparation, 3 mg of Si nanorods were added to 10 mL of 
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chloroform in a Teflon beaker.  10 mL of aqua regia (1 part HNO3: 3 parts HCl) were 

added to the Si nanorod dispersion, forming a biphasic mixture of a denser chloroform-

rich phase and a top aqua regia layer.  The majority of the nanorods partitioned to the 

solvent/solvent interface.  An emulsion was induced by rapidly stirring the mixture (~500 

rpm), causing chloroform pockets to form in an aqua regia matrix.  The mixture was 

stirred for 1-24 hrs before allowing the emulsion to separate.  The aqua regia layer was 

then extracted and discarded.  The isolated chloroform layer was washed three times with 

20 mL aliquots of DI-H2O to remove residual ions.  The aqueous waste was always 

discarded.  

It should noted the microemulsion etching method was sensitive the Si nanorod 

loading.  Best results were obtained when 3 mg of Si nanorods were combined with a 

biphasic mixture containing 20 mL of both chloroform and aqua regia.  Increasing the 

nanorod loading resulted in permanent emulsions that hindered product recovery. 

4.2.3 Absorbance and Photoluminescence Measurement  

UV-vis absorbance and photoluminescence spectra were acquired for both 

solution phase dispersions and solid films at room temperature using a Varion Cary 50 

Bio UV/Vis spectrophotometer and Varion Cary Eclipse Fluorescence 

spectrophotometer.  The solution phase dispersions were prepared in quartz cuvettes with 

a 1 cm path length using choloform or ethanol as solvents.  Nanorod films were prepared 

by dropcoating nanorods from a concentrated dispersion of chloroform onto a 1 cm2 

diameter quartz substrate.  Absorbance spectra were scanned from 400 - 1300 nm with 1 

nm resolution.  Florescence measurements were excited with a light of wavelength 350 

nm and the spectra was acquired between of 400 - 900 nm with a 5 nm slit width. 
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4.2.4 Photoconductivity Experiment 

Interdigitated electrodes (IDEs) were prepared by depositing Au onto glass 

substrate with 250 micron contact pads and interdigitated spacings of ~ 250 nm.  Films of 

nanorods were deposited by dropcasting a concentrated Si nanorod chloroform dispersion 

onto the IDE.  The photoconductivity measurements were acquired by connecting a 

Keithley 4200SCS controller to the IDE contact pads with alligator clips and then 

applying a voltage sweep between ±2 V while monitoring the current.  The IDE/Si 

nanorod samples were first measured in the dark and subsequently illuminated with an 

AM1.5 light source. 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Silicon Nanorods and Gold Seed Tips 

Si nanorods were synthesized by an arrested SLS growth process that we recently 

developed (see chapter 3 for details).14 In short, trisilane is decomposed in the presence of 

dodecanethiol-capped Au nanocrystals and dodecylamine in squalane at 420 °C.  

Reactions are carried out at relatively high Au:Si molar ratios of 1:40 and dodecylamine 

plays a critical role in the reaction as a capping ligand that prevents Au seed and Si 

nanorod aggregation.  The nanorods have an average length of 30 nm and diameter of 7 

nm, and have exactly one Au seed at the tip of each nanorod.  The Au seeds are clearly 

evident in TEM images, as shown in Figure 4.1A for example, due to their much darker 

contrast compared to Si.  The nanorods disperse readily in chloroform; the dispersion 

appears predominantly dark brown with a purple hue that is characteristic of the Au seeds 

(Inset in Figure 4.1).   
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Figure 4.1: (A) TEM image of Si nanorods before Au etching.  (Inset) Photograph of a 
vial of Si nanorods dispersed in chloroform (1 mg/mL).  

4.3.2 Etching Gold Seeds from Tips of Silicon Nanorods 

Initial attempts to etch the Au seeds from the tips of the Si nanorods were largely 

unsuccessful.  It turns out that a thin shell of Si coats each Au seed and prevents the 

etchant from reaching the Au core.  With the knowledge of its existence, the shell can be 

observed by very careful TEM imaging, but is difficult to recognize because it is only 5 

to 8 Å thick and conformally and uniformly coats the Au surface.  We found the only 

way to reliably and completely etch the Au tips was to prepare the nanorods with a rapid, 

thermal quench of the reaction mixture with the injection of 5 mL of room temperature 

toluene to the 5 mL of growth solution at the end of the reaction.  The reaction 

temperature drops from 420 °C to below the eutectic temperature (363 °C) in less than 5 

sec after adding the toluene.  This is much faster than the typical cooling time of 48 sec 

when the reaction is just taken off the heating mantle.  Profiles of experimental cooling 

temperatures versus time of two such reactions are shown in Figure 4.2.  The quenching 
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process creates defects in the Si shell that provide access for the etchant to penetrate the 

shell and remove the Au seeds.  Figure 4.3 shows TEM images of Si nanorods with 

nearly 95% removal of the Au tips.  A remnant shell is present at the tip of each nanorod.   

 

 

Figure 4.2: Temperature versus cooling time for (blue line) gradually cooled and (black 
line) thermal quenched reaction.  Arrow indicates time in which 5 mL of 
anhydrous toluene was injected to thermally quench the rods. 
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Figure 4.3: TEM images of thermally quenched Si nanorods after exposure to an aqua 
regia/chloroform emulsion for 24 hr. (A) A field of Si nanorods with more 
than 95% removal of the Au tips.  (Inset) Photograph of the Si nanorods 
partitioned to the chloroform/water bilayer after Au etching.  (B–I) 
Magnified images of the hollow Si shells at the tips of most nanorods.  (J) 
Dark field STEM image of a few nanorods after etching. 

The most effective etchant solution was found to be a mixture of 15 mL of aqua 

regia (1:3; HNO3:HCl) and 15 mL chloroform.  3 mg of Si nanorods were dispersed in 

the chloroform phase and the emulsion was stirred for 24 hr at room temperature.  The 

biphasic mixture of chloroform-dispersed nanorods and aqueous Au etchant solution 

(aqua regia) was necessary to disperse the hydrophobic nanorods.  Triiodide and cyanide 

salts were also evaluated as etchants, and aqua regia was found to be most effective.  

Rapid stirring of the emulsion was important, as it increased interfacial contact between 

the organic and aqueous phases and facilitated the etching process.  Within the first 5 min 

of mixing, the nanorods partition to the aqueous/organic interface and remain there 

throughout the course of the reaction.  5 mL aliquots of the emulsion were taken at 1.5, 3, 

6, 12, and 24 hr and imaged by TEM to determine the extent of Au etching.  In the first 
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1.5 hr, the aqua regia strips the capping ligands and slightly oxidizes the nanorod surface.  

After 3 hr, 10 % of the Au tips are removed, and the etching efficacy increases with 

increases etching time; approximately 50, 80, and 95 % of the Au tips were removed after 

6, 12, and 24 hr of etching, respectively.  The nanorods in Figure 4.3A had been etched 

for 24 hours, and 95 % of the seeds were removed.  The color of the nanorod dispersion 

slowly changed from dark brown/purple to light brown over the 24 hr reaction, and 

remained constant thereafter.  Figure 4.3A inset shows an image of the two-phase 

mixture after the 24 hr Au etching reaction.  The loss of the purple hue (characteristic of 

Au seeds) confirms that Au is indeed being removed from the nanorods.  The light brown 

color is the expected color for Si nanostructures.15  After etching, the nanorod product 

was washed 3 times with 10 mL each of chloroform and deionized water.  The product 

was then collected from the organic/aqueous interface, dried, and redispersed before 

examination by TEM. Si nanorods isolated after etching were dispersible in polar 

solvents like alcohols.  During the etching procedure, the aqua regia also oxidizes the Si 

shell around the Au seed, penetrating the defects formed during the thermal quench 

without disturbing the shell integrity and oxidizing the Si shell from both inside and 

outside.  Although the entire nanorod surface is slightly oxidized during the etching 

process, the nanorods retain their crystallinity with nearly the same diameter as prior to 

etching.  Figure 4.4A shows a representative example of a crystalline Si nanorod after 

etching; the lattice fringes have a spacing of 3.1 Å, corresponding to the d-spacing 

between (111) planes in diamond cubic Si.  Additionally, Figure 4.4B shows XRD before 

and after etching the Au tips of the silicon nanorod with aqua regia.  Clearly the nanorods 

are still crystalline after etching and the diffraction due to Au is significantly reduced.   
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Figure 4.4: (A) HRTEM image of an etched Si nanorod; the nanorod is crystalline with a 
lattice spacing of 3.1 Å, corresponding to the (111) d-spacing of diamond 
cubic silicon.  The circular outline indicates the location of the Au seed prior 
to etching.  (B) XRD before and after the etching procedure. 

4.3.3 Surface Chemistry of the Silicon Nanorods Post Etchant 

Changes in nanorod surface chemistry during Au etching were evaluated by X-ray 

photoelectron spectroscopy (XPS).  The XPS of nanorods before etching (Figure 4.5) 

exhibits a dominant Si0 peak at 99.3 eV in the Si 2p region, with an additional lower 
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intensity peak at 101.7 eV associated with a surface-bound amine.14  After the nanorods 

were etched for 24 hr, the XPS showed an intense peak at 103.3 eV, characteristic of 

SiO2.16  The O1s peak intensity also increases significantly after etching (not shown), 

consistent with the formation of a surface oxide layer.  Nonetheless, the Si0 peak is still 

present at 99.3 eV, confirming that the nanorods do not completely oxidize during the 

etching process.  There is also a loss of the Au 4f 5/2 and 4f 7/2 peaks in the XPS data after 

etching for 24 hr, confirming that the majority of the Au has been removed.  This XPS 

data are furthermore consistent with the observed change in nanorod dispersibility from 

non-polar to polar solvents after the etching process.   

 

 

Figure 4.5: XPS of thermally quenched Si nanorods before (black line) and after 24 hr 
exposure to an aqua regia/chloroform emulsion (blue line).  Peak intensities 
are normalized to the Si0 peak intensity.   
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4.3.4 Imaging and Observation of a Silicon Shell on the Gold-Seed Tipped Silicon 
Nanorod 

Very few Au seeds are removed from the tips of slowly cooled Si nanorods, even 

with 24 hr of exposure to aqua regia.  The TEM in Figure 4.6 clearly shows that Au seeds 

are still present, despite the exposure of these nanorods to the same aqua regia mixture 

used to obtain the nanorods with nearly complete Au removal in Figure 4.3.  As further 

proof that Au was not etched from the nanorod tips, the dispersion retained its dark 

brown/purple hue after exposure to the etchant.  A silica shell (1.8 nm thick) forms 

around the Au seeds during exposure to the aqua regia mixture, as shown in Figure 4.6. 

The Si shells oxidize uniformly and prevent the etching mixture from reaching the Au. 

Like the thermally-quenched Si nanorods, the slowly cooled nanorods were dispersible in 

polar solvents like alcohols after exposure to the etching solution.  The inability to 

remove the tips from Au seeded Si nanorods is consistent with previous reports that have 

also not achieved complete Au removal using a one-step etching process.12 

 

 

Figure 4.6: TEM image of Si nanorods 24 hr after exposure to an aqua regia/chloroform 
emulsion.  
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The Si shell around the seed particles is very difficult to detect prior to removing 

the Au from the tips of the nanorods.  Figure 4.7 shows an example of a high 

magnification TEM image of a Au seed particle covered by a thin, low contrast Si shell.  

Prior to tip removal, the Si shell is very difficult to differentiate from the Au particle, and 

for this reason there have not been any definitive reports of such a shell around the seed 

particle of VLS-grown nanowires.  A few researchers, however, have speculated about its 

existence.9,17 After removing the Au seed particle, the shell is clearly evident.  The 

formation of such a shell is most likely common to all VLS, SLS and SFLS-grown Si 

nanowires, and its presence must be considered when developing a strategy for metal 

seed particle removal.  In other cases involving Au-Si mixtures, a Si shell has also been 

observed.  For example, a Si layer has been observed on the surface of a Au82Si18 melt 

above the Au-Si eutectic at temperatures between 359 °C and 430 °C—a phenomenon 

known as surface freezing.18,19  Surface freezing may also occur on the Au seeds during 

seeded Si nanowire growth.  Such a layer could serve as a deposition surface for Si as it 

phase segregates from the Au seed during cooling.  The few reports showing Au removal 

from VLS-grown Si nanowires have used a two-step etching approach, with an initial 

treatment with HF followed by a subsequent treatment to remove the Au seed.8,9  The 

necessity for HF pre-treatement implies the presence of a shell, but its existence was not 

reported, most likely because the HF treatment dissolved the shell.  In our case, we show 

the existence of the shell after Au removal because the rapid thermal quench only 

disrupts the integrity of the shell, and does not entirely remove it.  
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Figure 4.7: HRTEM image of Au seed at the tip of a Si nanorod prior to etching.  The 
arrows indicate the location of the shell.  TEM taken by Colin Hessel. 

Figure 4.8 summarizes the thermal quenching process and how it affects the Si 

shell and enables Au etching.  Although we do not fully understand the kinetics of how 

the quenching process leads to shell cracking, it is clear that the Si shell evolves when the 

Au-Si melt at the tip of the nanorod phase-separates during cooling.  When the reaction 

mixture is slowly cooled, the seed composition is closer to equilibrium, leading to a more 

gradual Au-Si phase separation and a conformal shell.  When the temperature is rapidly 

quenched, the phase separation is forced and the excess dissolved Si at 420 °C is expelled 

isotropically, disrupting the integrity of the shell in the process.  There must be 

significant strain at the Au-Si interface after solidification, as there is nearly an order of 

magnitude difference between linear expansion coefficients of Au and Si: 14.2 × 10-6 °C-1 

and 2.6 × 10-6 °C-1, respectively.20  Rapid cooling appears to intensify the interfacial 

strain and increase the defect density in the shell, as illustrated in Figure 4.8.  The 

existence of the shell itself does not appear to be affected by the cooling rate, but the shell 
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is certainly more defective and is penetrated by the Au etchant (Figure 4.8B).  Nanorods 

cooled slowly after the reaction have a shell that oxidizes uniformly and the etchant 

cannot penetrate to the Au seeds.   
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Figure 4.8: (A) Binary Au:Si phase diagram (L represents a liquid Au:Si phase).21  At 
the reaction temperature (Trxn = 420 °C) the the Au:Si contains 20.5 % 
dissolved Si.  The red line depicts the non-equilibrium cooling and phase 
separation associated with thermal quenching.  (B) Illustration of the Au 
seed etching process:  The thermal quench of the reaction to below the 
eutectic temperature occurs in 5 sec, while the slow cool takes 45 sec to 
decrease to the same temperature.  Illustration produced by Colin Hessel.   
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4.3.5 Optical Properties of the Silicon Nanorods 

Figure 4.9 shows UV-visible absorbance spectra of Si nanorods before and after 

(shifted +0.2) Au seed removal.  Both spectra reflect a combination of the absorbance of 

the Au seeds and the Si nanorods.  Even though only residual Au is still present in the Si 

nanorod sample that was etched, Si has a much lower absorption coefficient than Au and 

therefore the absorbance spectra are dominated primarily by the optical properties of the 

Au seeds.  For comparison, the absorbance spectra of 2 nm diameter Au nanocrystal 

seeds was also plotted (shifted +0.1) on this graph.  Clearly it can be seen that the 

absorbance peak at ~ 530 nm is due to the plasmonic resonance of the gold.  Other 

features of the absorbance spectra can be correlated to silicon, though.  For instances, the 

onset of absorbance of the both silicon nanorod samples is red-shifted compared to the 2 

nm diameter Au seeds.  The onset correlates to an energy transition of ~1.1 eV, which is 

bulk silicon’s band gap.  The Si nanorods without Au tips also absorbs higher energy 

light (lower wavelength) more efficiently than the nanorods with Au tips.  This 

observation could be correlated to the Au seed reflecting at higher wavelength as well as 

be in plasmonic resonance at 530 nm. 
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Figure 4.9: Room temperature UV-visible absorbance spectra of Si nanorods (black) 
with and (red) without Au seeds at the tips compared to (blue) 2 nm 
diameter Au nanocrystals used to seed nanorod growth.  The nanocrystals 
and nanorods were dispersed in chloroform for the measurements.   

Photoluminescence spectra were also measured for multiple Si nanorods samples 

with and without Au tips, but none of the samples were luminescent.  This may be 

expected as Au forms deep trap in silicon, effectively quenching the luminescence.  

Strategies are most likely required to remove 100 % of the Au in the system, decrease the 

diameter of the rods, and effectively passivate traps and defects after the etching 

procedure to produce luminescence from these materials.  Preliminary annealing studies 

did not increase the luminescence of the Si nanorods without Au tips.  Figure 4.10 shows 

the typical “non-luminescent” spectra obtained from silicon nanorods before and after 

(shifted +1.0) etching the Au seeds from the tips of the silicon nanorods with diameters 

of 6.5 ± 1.5 nm and lengths of 15.2 ± 5.8 nm.   
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Figure 4.10: Room temperature photoluminescence of Si nanorods (black) with and 
(blue) without Au seeds at the tips.  The spectra were acquired from solid 
state films of nanorods on quartz substrates.  As can be seen in the bottom 
spectrum, background subtraction issues were prevalent while doing the 
data analysis. 

4.3.5 Photoconductivity of an Ensemble of Silicon Nanorods 

Semiconductor nanorods could be useful in the fabrication of photovoltaic 

devices, or other optically responsive optoelectronic devices.  The nanorods might absorb 

light to create an electrical signal, either as a current or as a voltage.  By aligning the 

nanorods in a film, electrical conduction might be improved since the nanorods will 

provide a continuous electrically conducting pathway for the electrical carriers.  

Photoconductive experiments were examined to determine the effective use of these Si 

nanorod materials as absorbers of light.  Figure 4.11 shows the results of placing mats of 

silicon nanorods with and without Au seeds at their tips on interdigitated electrodes and 

measuring the ensemble current as a function of applied potential with and without light 

illumination.  Without removing the Au seeds or exposing the rods to the aqua regia 



 94

etching solution the effective current and photocurrent was nearly identical (Figure 

4.11C).  Additionally the currents were very small, presumably due to the poor contact 

between the ensemble of nanorods with capping ligands still on their surfaces.  After the 

Au tips were removed and the silicon nanorods were exposed to the aqua regia etching 

procedure, there was a marked increase in current and the mat of rods exhibited a 

photocurrent, Figure 4.11D.  This is experiment demonstrates the promising nature of 

these materials for absorber layers in photovoltaic devices.   

 

 

Figure 4.11: Photoconductivity of two films of Si nanorods (A,C) with Au tips and (B,D) 
without.  The nanorods with metal seeds still attached to their tips are not 
photoconductive.  The Si nanorods with the metal seeds removed are very 
photoconductive. 
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4.4 CONCLUSION 

In summary, a chemical etching method was developed to selectively and 

effectively remove the Au seeds from the tips of Si nanorods.  There is a conformal Si 

shell around the Au seed that creates a barrier to the etchant and prevents Au removal.  

The formation of a shell around the seed particles is most likely a general occurrence in 

metal-seeded nanowires, and must be dealt with in order to effectively remove the metal 

seed particles from the ends of these nanowires.  Rapid quenching of the nanorod growth 

solution was needed to achieve effective Au seed removal.  Using an emulsion of aqua 

regia and chloroform-dispersed nanorods, over 95 % of the Au seeds were removed and 

the remnant Si shells at the tips of each nanorod were observed after Au seed etching.  

The quenching reaction creates defects in the shell, allowing more effective penetration 

of the Au etching solution to the seed.  The thermal quench of the reaction mixture 

appears to exploit rapid Au:Si phase separation and the difference in thermal expansion 

of Au and Si, creating cracks or defects in the Si shell.  The optical and optoelectronic 

properties of the silicon nanorods are still under investigation but preliminary results 

show that the rods do not photoluminescence with or without Au seeds located at their 

tips.  On the other hand, a marked change in photoconductivity was seen after removal of 

the gold seeds.  Overall, this chapter presents the beginning of exploring quantum 

confinement effects for silicon nanostructure transitioning from 1D structures to 0D 

structures, which to our knowledge have never been explored before. 
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Chapter 5:  Multifunctional Particles: Magnetic Nanocrystals Coated 
with Fluorescent Dye-Doped Silica Shells§  

5.1 INTRODUCTION 

Colloidal nanoparticles are useful tools for studying biological systems.1-3  Their 

size is similar to biological macromolecules3,4 and their surfaces provide a bioconjugation 

scaffold to tether biocompatible coatings2,5,6 and biologically-relevant recognition 

molecules like nucleic acids,6,7 peptide fragments,4 and antibodies.2,3,8  Nanoparticles can 

be used to map cellular components and monitor and track them in real time5,9 and can 

also be used as drug delivery vehicles10,11 and therapeutic agents.12-14  For example, 

superparamagnetic iron oxide nanoparticles are commercially available as magnetic 

resonance imaging (MRI) contrast agents;15,16 although higher contrast is still desired and 

new magnetic nanoparticles are being studied and developed for these purposes.17-21  

Recently, colloidal nanomaterials have been synthesized with complicated structure and 

composition, designed to exhibit multiple functionality—for example, nanoparticles that 

both fluoresce and respond to magnetic fields.22,23  These multifunctional nanoparticles 

provide the opportunity for multiple imaging and therapeutic modalities from a single 

unit for unprecedented opportunities for medical advancement.23-25 

Examples of multifunctional nanoparticles include FePt-Au heterodimers with the 

FePt domain for magnetic resonance imaging (MRI) contrast and Au as a docking point 

for thiolated polyethylene glycol and neutravidin ligands,26 and gold nanoshells on a 

silica-coated iron oxide core for both MRI and photothermal therapy.12  For combined 

MR and fluorescence imaging, a variety of multifunctional nanomaterials have been 

made, including fluorescent semiconductor nanocrystals doped with magnetic impurity 

                                                 
§ Portions of this chapter appear in Journal of Solid State Chemistry  (2008), 181, 1590-1599 
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atoms,22 fluorescent dye-doped silica-coated magnetic Fe3O4 nanoparticles27,28 and 

fluorescent dye-doped silica particles decorated with paramagnetic gadolinium29 or iron 

oxide particles30 on their surfaces.  Silica has been utilized rather extensively as a 

nanoparticle material for biological applications31,32 because it provides both a surface for 

bioconjugation and a host matrix for fluorescent molecules that can improve dye 

photostability and biocompatibility.33-46  Furthermore, several strategies to coat colloidal 

nanocrystals with silica have also been developed in recent years,33,47-49 which makes 

silica an interesting material to integrate into multifunctional heterostructure 

nanoparticles for biological applications.   

Here, we report the coating of FePt and Fe2O3 nanocrystals with uniform silica 

shells embedded with fluorescent dye.  The FePt and Fe2O3 nanocrystals are first 

synthesized and then coated with silica using a microemulsion technique because the 

nanocrystals are initially passivated with hydrophobic ligands and are only dispersible in 

organic solvents.  The coating yielded uniform silica shells with incorporated dye.  The 

optical absorbance and luminescence of these multifunctional colloidal heterostructure 

nanoparticles are reported.  The magnetic properties of the Fe2O3 and FePt core dye-

doped silica shell nanoparticles are also reported and their potential suitability for use as 

MRI contrast agents is described.   

 

5.2 EXPERIMENTAL DETAILS 

5.2.1 Reagents, Supplies, and Characterization 

All chemicals were used as received.  Platinum acetylacetonate (Pt(acac)2, 97%), 

iron pentacarbonyl (Fe(CO)5, 99.999%), oleylamine (70%), oleic acid (99%), Igepal CO-

520, Tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate (Rubpy, 99.95%), fluorescein 
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5(6)-isothiocyanate (FITC, >90%), tetraethyl orthosilicate (TEOS, 98%), and 

octadecyltrimethoxysilane  (OTMOS, 90%) were purchased from Sigma-Aldrich.  

Ethanol (ACS grade), 2-propanol (ACS grade), and chloroform (ACS grade) were 

purchased from Fisher Scientific.  Dioctyl ether (>97%), poly(vinylpyrollidone) (PVP, 

MW 10,000),  and cyclohexane (ACS grade) were purchased from Fluka.  Ammonium 

hydroxide (NH4OH, aqueous solution (30%)) was purchased from EMD Chemicals.  

Doubly-distilled deionized water (DI-H2O) was used in all preparations. 

Nanoparticles were characterized using TEM, SEM, and SQUID as reported in 

Appendix C.  The absorbance and luminescent spectroscopy of fluorescent doped SiO2 

nanoparticles dispersed in water were acquired at room temperature using the exact same 

equipment and similar parameters as described in Chapter 4. 

5.2.2 FePt and Fe2O3 Nanocrystal Synthesis   

7 nm diameter FePt nanocrystals were prepared as previously described.50  In 

short, on a greaseless schlenk line under inert (N2) atmosphere, 0.197 g (0.50 mmol) of 

Pt(acac)2 were added to 10 mL of dioctyl ether in a 50 mL three neck flask and stirred 

(600 rpm).  The solution was degassed under vacuum (< 0.5 torr) at elevated temperature 

(45 °C) for 1 hr and then heated to 120 °C under N2 flow.  Using separate syringes for 

each reactant, 0.15 mL (1.15 mmol) of Fe(CO)5, 1.45 mL (4.40 mmol) of oleylamine, and 

1.35 mL (4.25 mmol) of oleic acid were sequentially injected through a rubber septum 

into the reaction solution.  The reaction mixture was heated to 240 °C (at ~15 °C/min) 

and stirred for 1 hr.  The solution was then heated to reflux (~297 °C) and stirred for 

another 1 hr before removing the heating mantle and allowing the mixture to cool to 

room temperature.  [Note: Fe(CO)5 is toxic.  It should be stored at temperatures below 10 

°C and should be handled with care.]   
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Fe2O3 nanocrystals were prepared as previously described.51  In a 25 mL three 

neck flask, 10 mL of dioctyl ether and 960 µL (4.56 mmol) of oleic acid were heated to 

100 °C under N2 flow at atmospheric pressure.  Next, 0.2 mL (1.52 mmol) of Fe(CO)5 

was injected into this solution and the temperature was raised to 300 °C.  The solution 

was refluxed for one hour before removing the reaction flask from the heating mantle and 

allowing it to cool to room temperature.  The flask was then opened to air to oxidize the 

as-made Fe nanocrystals. 

FePt and Fe2O3 nanocrystals were purified as follows.  After reaching room 

temperature, the reaction solution was centrifuged for 5 minutes at 8000 rpm (8228 g).  

The precipitate—consisting of solid byproducts and poorly capped nanocrystals—was 

discarded.  Excess ethanol was then added to the supernatant and this mixture was 

centrifuged for 10 minutes at 8000 rpm (8228 g) to precipitate the nanocrystals.  The 

supernatant was discarded.  The nanocrystals were further purified in two additional 

washing steps by redispersing in hexane followed by the addition of ethanol as an 

antisolvent and then centrifugation.  Nanocrystals were stored as a concentrated (~10 

mg/mL) dispersion in hexane for later use.  

5.2.3 Rubpy-doped Silica Coating of FePt and Fe2O3 Nanocrystals 

FePt and Fe2O3 nanocrystals were encapsulated within a Rubpy doped amorphous 

silica (SiO2) shell in inverse micelle microemulsion media.33,47,52  4 mL of Igepal CO-520 

was added to 80 mL of cyclohexane in a 250 mL Erlenmeyer flask and stirred at room 

temperature for 5 minutes.  2 mL of a cyclohexane dispersion of FePt or Fe2O3 

nanocrystals (5 mg/mL) was added to the 80 mL cyclohexane mixture and stirred for 5 

minutes.  1.75 mg of Rubpy dissolved in 0.65 mL of aqueous NH4OH solution (30% by 

volume) was added dropwise to the nanocrystal dispersion, followed by the dropwise 

addition of 0.75 mL of tetraethyl orthosilcate (TEOS).  The mixture was stirred for 48 
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hours.  The Rubpy-doped SiO2-coated nanocrystals (FePt@SiO2(Rubpy) or 

Fe2O3@SiO2(Rubpy)) were then purified by extraction: 30 mL of methanol was added to 

induce phase separation between cyclohexane-rich and methanol-rich phases and the 

methanol-rich phase containing the nanocrystals was collected.  The solvent was then 

partially evaporated from the nanoparticle dispersion on a rotary evaporator.  Once the 

dispersion appeared turbid it was removed from the rotary evaporator and centrifuged for 

15 minutes at 8000 rpm (8228 g).  The supernatant was discarded.  Excess Rubpy and 

surfactant were removed by redispersing the particles in 1:1 vol% methanol:hexane and 

then centrifuging at 8000 rpm (8228 g) for 15 minutes and discarding the supernatant.  

This washing procedure was repeated 5 times.  The silica-coated nanocrystals were stored 

as a concentrated dispersion for further characterization in ethanol or DI-H2O.   

In some cases, the surfaces of the silica-coated nanocrystals were further treated 

by exposure to OTMOS using procedures described in the literature.47  The silica-coated 

magnetic nanocrystals were dispersed in 3 mL of ethanol at a concentration of 1 mg/mL 

and mixed with 30 µL of 30 vol% NH4OH aqueous solution.  Approximately 150 µL of 

10 vol% OTMOS in chloroform was added dropwise to the nanoparticle dispersion, 

followed by 24 hrs of stirring.  The nanoparticles were collected by centrifugation at 

8000 rpm (8228 g) for 8 minutes.  The nanoparticles were washed by an additional step 

consisting of redispersion in 1:1 vol% chloroform:ethanol and centrifuging at 8000 rpm 

(8228 g) for 8 minutes.  The supernatant was discarded.   

5.2.4 FITC-doped Silica Coating of Fe2O3 

Fe2O3 nanocrystals were encapsulated in silica shells doped with the dye FITC 

using the same inverse micelle microemulsion coating method described for the Rubpy-

doped silica coatings with the exception that the dye was not dissolved in the aqueous 

ammonium hydroxide solution and in the final reaction step, TEOS was not immediately 
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added.  Rather, FITC was first covalently linked to the silane coupling agent APTES by 

dissolving 10 mg of FITC in 48 µL of APTES (a 1:4 molar ratio).  Cyclohexane was then 

added to create a 10 vol% FITC/APTES in cyclohexane solution.  This 

FITC/APTES/cyclohexane solution was stirred for 24 hours in the glovebox in the dark 

prior to use. 

4 mL of Igepal CO-520 was added to 80 mL of cyclohexane in a 250 mL 

Erlenmeyer flask and stirred at room temperature for 5 minutes.  Then 2 mL of a 

cyclohexane dispersion of Fe2O3 nanocrystals (5 mg/mL) were added to the 80 mL 

cyclohexane mixture and stirred for an additional 5 minutes.  750 µL of the 

FITC/APTES/cyclohexane solution was added dropwise to the nanocrystal dispersion, 

followed by the dropwise addition of 0.65 mL of aqueous ammonium hydroxide solution 

(30% by volume).  Because the hydrolysis rate of APTES is five times slower than that of 

TEOS,44 the reaction was stirred for 24 hours prior to the TEOS addition to ensure that 

the APTES bound to the FITC was hydrolyzed and would be incorporated in the SiO2 

shell.  Then 0.75 mL of TEOS was added dropwise to the solution and then the mixture 

was stirred for 48 hours.   

5.2.5 Transfer Printing FePt@SiO2(Rubpy) Nanoparticles Arrays 

Langmuir Blodgett films of OTMOS coated FePt@SiO2(Rubpy) nanoparticles 

were made using a system 2 KSV minitrough filled with DI-H2O.  A 0.5 mg/ml solution 

of OTMOS coated FePt@SiO2(Rubpy) nanoparticles in chloroform was spread drop-wise 

onto the water surface and the solvent was allowed to evaporate for 10 minutes (total 

dispersion volumes ranged from 300 to 600 µl).  Films were then compressed at a rate of 

5 mm/min until reaching a surface pressure of 37 mN/m.  Pre-patterned 

poly(dimethylsiloxane) (PDMS) stamps were carefully brought into contact with the 

water surface to transfer the nanoparticle film to the PDMS stamp.  The PDMS stamp 
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coated with the nanoparticle monolayer was then gently brought into conformal contact 

with clean silicon or glass substrates.  After 30 seconds of contact, the PDMS stamps 

were slowly removed leaving behind densely packed arrays of FePt@SiO2(Rubpy) 

nanoparticles. 

5.2.6 Optical Fluorescence Microscopy 

Optical fluorescence microscopy was performed with a Leica DM IRBE 

microscope with 40X or 100X oil objective, 100 Watt Hg lamp, and 1.5” x 1.5” cover 

slides.  The samples where excited with blue light and the emission was imaged with a 

black and white Leica DFC350 FX camera after filtering with a 515 nm long pass FITC 

filter.   

5.2.7 Magnetic Resonance Imaging 

T1 and T2 relaxation times of the FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) 

nanoparticles were measured by performing MRI of aqueous nanocrystal dispersions at 

The University of Texas at Austin Imaging Research Center on a General Electric Signa 

EXCITE 3 T scanner.  2 mL snap shut centrifuge tubes were completely filled with 

varying nanoparticle concentrations in DI-H2O and inserted into tight fitting holes bored 

into solid 3” H x 6” D cylindrical shaped high density hard polymer material.  The 

sample holder was then positioned in the center of the standard GE-product head coil.  

Images of all samples were obtained by prescribing a set of 2-mm-thick slices in a quasi-

coronal orientation that was nearly normal to vertical axis of the sample tubes. 128×128 

images were then obtained in a 160-mm field-of-view to yield 1.25-mm pixels. Imaging 

data was analyzed by measuring the mean intensity values averaged over a 5×5-pixel 

region on one slice near the center of each tube. T1 was obtained by running inversion-

prepared spin-echo sequences at minimum echo time (TE = 50 ms), and inversion times 
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(TI) varying from 50 to 1750 ms in eight roughly linear steps.  The resulting intensity 

values were fit to the function ( )1210
TTIeI −−  using the “fminsearch” non-linear 

optimization routine in Matlab (Mathworks Inc, Natick MA) and a least-square-error 

metric.  T2 was obtained by running spin-echo sequences with TE varying from 50 to 

2000 ms in eight roughly logarithmic steps, and fitting the data to an exponential decay 

function using non-linear optimization with a least-square-error metric. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Synthesis and Structural Analysis 

The as-made FePt and Fe2O3 nanocrystals are hydrophobic and disperse in 

organic solvents.  Therefore, a microemulsion process was used to silica coat the 

magnetic nanocrystals.  Figure 5.1 illustrates this coating strategy used. 

   

 

Figure 5.1: Illustration of the silica coating strategy used for magnetic nanocrystals.  
Hydrophobic Fe2O3 and FePt nanocrystals were coated with silica in 
microemulsion reaction media.  The surfactant (squiggly lines) stabilizes 
inverse micelles (gray dots) and controls the silica deposition (tan circles) 
and prevents aggregation of the nanocrystals (black dots).   
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Figure 5.2 shows TEM images of FePt and Fe2O3 nanocrystals before and after 

coating with Rubpy-doped silica shells.  The microemulsion silica-coating approach 

provided uniform silica coatings.  One important key to obtaining size- and shape-

monodisperse coated nanoparticles is to begin with core nanocrystals that are 

monodisperse.  Silica deposits heterogeneously on the surface of the core nanocrystals at 

a steady and uniform rate on particles throughout the dispersion; therefore, the final size 

distribution of coated nanoparticles will be narrow provided that the initial nanocrystal 

size distribution is narrow.    

 

 

Figure 5.2: TEM images of (A, B, C) FePt and (D,E,F) Fe2O3 nanocrystals before and 
after coating with Rubpy-doped silica.  The average diameters of the FePt 
and Fe2O3 nanocrystals are 6.6 nm and 6.5 nm, respectively.  The FePt 
composition was determined by EDS to be 40% Fe and 60% Pt.   
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The inverse micelle microemulsion method provides a method for coating 

hydrophobic nanocrystals because the nanoparticles disperse initially in the continuous 

organic phase of the inverse microemulsion.  The silica coating chemistry, however, 

occurs in the aqueous reaction compartments within the inverse micelles.  It is interesting 

and perhaps somewhat unexpected that this coating approach works, as the nanocrystals 

must interface with the aqueous compartments of the inverse micellar media to a 

significant extent to enable heterogeneous silica deposition on their surfaces.  The 

microemulsion method provides a high yield of silica-coated FePt and Fe2O3 nanocrystals 

with uniform shell thickness.  Using the recipe described here, 10 mg of nanocrystals 

were coated with uniform silica shell thickness.  The shell thickness could be tuned from 

3 nm to 20 nm by varying the concentration of TEOS, similar to what has been 

previously described.47  The presence of Rubpy does not affect the silica deposition 

chemistry.  

The as-synthesized silica-coated nanoparticles disperse only in polar solvents.  To 

render them hydrophobic, a hydrocarbon monolayer was adsorbed to the particle surface 

by exposure to OTMOS.  OTMOS chemisorbs to the silica surface via the siloxane 

moiety to leave a C18 hydrocarbon brush layer exposed on the particle surface.  Figure 5.2 

shows TEM images of OTMOS surface-modified Rubpy-doped silica-coated 

nanoparticles.  This data indicates that the silica surface can be easily modified with 

siloxyl terminated ligands, thus providing a platform for various surface functionalities, 

including biological molecules.53,54 

5.3.2 Optical Properties of Multifunctional Dye Doped Silica Nanoparticles 

Both the FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) nanoparticles fluoresce, 

indicating that the dye is indeed incorporated in the silica shell.  Figure 5.3 shows 
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examples of dispersions of these nanoparticles under room light and under excitation by a 

black light source.  The emission is visible by the eye.   

 

 

Figure 5.3: Photographs of FePt and Fe2O3 nanocrystals coated with Rubpy-doped silica 
shells under (A) room light and (B) under a black lamp (λexc = 365 nm).  
Both kinds of nanoparticles are fluorescent.     

Figure 5.4 shows absorbance and PL emission spectra of the FePt@SiO2(Rubpy), 

and Fe2O3@SiO2(Rubpy) nanoparticles.  Rubpy exhibits an absorption peak at 458 nm, 

which appears in all of the samples.  Red absorbance has been of significant interest for 

in vivo medical optical imaging55-60 because biological tissue is relatively transparent to 

light with these wavelengths.61   
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Figure 5.4: Room temperature (A) absorbance and (B) PL emission spectra (λexc= 458 
nm) of FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) nanoparticles 
dispersed in water.  Free Rubpy dissolved in water and silica spheres with 
Rubpy made in the absence of the core magnetic nanocrystals 
(SiO2(Rubpy)) were also measured for comparison.   

Rubpy emits 610 nm light and all of the Rubpy-doped silica coated nanoparticles 

emit light with a peak wavelength near 610 nm.  The emission peaks of the 

FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) nanoparticles are slightly blueshifted from 

the peak emission wavelength of Rubpy free in solution, as has been observed previously 
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for Rubpy embedded in silica.35  This data further confirms that Rubpy is embedded into 

the silica shell and is not free in solution or physisorbed on the particle surface.   

Two additional tests were carried out to ensure that the emitting Rubpy was 

indeed embedded in the silica shell and was not free in solution or adsorbed to the 

particle surface.  First, a control experiment was performed in which nanocrystals were 

coated with silica shells in the absence of Rubpy and were then dispersed in a solution of 

free Rubpy.  This dispersion was washed following the standard procedures and there 

was no visible PL emission from these washed particles.  This “wash test” indicated that 

Rubpy physisorption on the silica surface is weak and adsorbed dye molecules are easily 

removed during the purification procedure.   

As another test, FePt@SiO2(Rubpy) nanoparticles were floated on a Langmuir 

Blodgett trough and then transferred using a polydimethylsiloxane (PDMS) stamp to 

either a glass substrate for fluorescence microscopy imaging or a silicon substrate for 

SEM imaging.  Pre-patterned PDMS stamps containing micrometer-sized features were 

fabricated using previously published soft-lithography techniques.62  Figure 5.5A shows 

an SEM image of 20 µm diameter stamped circular features with 5 micrometer spacing.  

Each of these disks is composed of a monolayer of FePt@SiO2(Rubpy) nanoparticles.  

The inset shows a high magnification SEM image of the nanoparticles within one of the 

circular features in Figure 5.5A.  The nanoparticles exhibit close-packed order in the 

stamped film layer.  Figures 5.5B-5.5G show optical fluorescence microscopy imaging of 

FePt@SiO2(Rubpy) printed into various geometrical patterns, including square and 

circular features of various dimensions, spacing, and periodicities.  The fluorescence 

images confirm that Rubpy embedded in the silica coating is emitting light.  It is also 

worth noting that the patterned structures can be printed on any substrate, including 

plastics, glass and metals using any of the multifunctional nanoparticles described here.  
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This makes it possible to envision potential schemes for bioassays, dual mode imaging, 

and even micrometer-size optical and electronic data storage using these kinds of features 

patterned with such nanomaterials with novel optical and magnetic response.   

          

 

Figure 5.5: (A) SEM and (B-G) fluorescence microscopy images of FePt@SiO2(Rubpy) 
nanoparticles patterned using PDMS stamps.  High resolution SEM imaging 
of the circular patterns of FePt@SiO2(Rubpy) nanoparticles in (A) are 
shown in the inset, which reveal the individual particles.   

The fluorescent dye fluorescein isothiocyanate (FITC) could also be embedded 

into the silica shells using similar coating strategies as developed for the Rubpy-doped 

silica shells.  Figure 5.6 shows data for Fe2O3@SiO2(FITC).  The TEM image show that 

the iron oxide nanocrystals could be coated uniformly with the FITC-doped silica shells.  

The absorbance and PL spectra confirm FITC incorporation into the silica coatings, as the 

characteristic FITC absorption and emission peaks are present in the spectra in Figure 
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5.6.  FITC incorporation in the silica-coated nanocrystals shows that the coating methods 

can be extended to other dyes with different emission wavelengths.   

  

 

Figure 5.6: (A) TEM image, (B) absorbance spactra, and (C) PL emission spectra (λexc = 
492 nm) of Fe2O3@SiO2(FITC) nanoparticles.   The absorbance peak at 
~505 nm corresponds to the absorbance peak of FITC.  The emission peak 
at ~523 nm in (C) is the PL emission from the FITC dye.44   

5.3.3 Magnetic Resonance Imaging (MRI) Properties of FePt@SiO2(Rubpy) and 
Fe2O3@SiO2(Rubpy) Nanoparticles 

The magnetic/fluorescent heterostructure nanoparticles synthesized here might be 

used as dual-mode contrast agents for magnetic resonance and optical fluorescence 

imaging.  For MRI, there are two important materials-dependent parameters, the 

longitudinal and transverse spin relaxation times, T1 and T2.63  T1 and T2 are reported in 

reference to the solvent values, ( )
1

2,1 2

−
OHT , where ( )

1
2,1

−
measT  are the measured values:  

( ) ( )
1

2,1
1

2,1
1

2,1 2

−−− −= OHmeas TTT .  These parameters were measured for the 

FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) nanoparticles in water at room 

temperature. 

Both FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) nanoparticles exhibited 

( )measT1  values nearly identical to the values measured for pure water ( ( )OHT
21 =1759 msec), 

as expected for superparamagnetic nanoparticles in this size range at high field.64,65  T2 on 
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the other hand exhibited increased relaxation due to the nanoparticles.  Figure 5.7 shows 

R2 = T2
-1 plotted as a function of dispersed Fe concentration for the FePt@SiO2(Rubpy) 

and Fe2O3@SiO2(Rubpy) nanoparticles.  The T2 relaxivity, 2r , indicates how strongly the 

paramagnet influences the proton spin relaxation of the surrounding water and is 

determined from the concentration dependence of R2:64,66  

    [ ] 11
22

−−= FeTr             (1)    

Linear fits to the data in Figure 5.7 give values of 2r = 30.7 ± 2.0 mM–1s–1 for 

FePt@SiO2(Rubpy) and 2r = 26.1 ± 1.6 mM–1s–1 for  Fe2O3@SiO2(Rubpy).  These 2r  

values are similar to those of ultrasmall superparamagnetic iron oxide particles (44.1 

mM-1s-1),67 and slightly lower than commercially available superparamagnetic iron oxide 

(SPIO) MRI contrast agents (70~150 mM-1s-1)68 and other water-soluble iron oxide 

(WSIO) nanocrystals with diameters between 6 and 9 nm studied in the literature (82.0–

116.0 mM-1s-1).21,30,69  However, 2r  scales approximately as the inverse of the separation 

distance between the paramagnet surface (i.e., the magnetic nanocrystal core) and the 

water protons,70 and thinner shells would enhance 2r  and bring it within the 

neighborhood of new manganese ferrite nanoparticles of MnFe2O4,21,71 and bimagnetic 

FePt-iron oxide72 nanoparticles that have recently been the subject of interest as new high 

T2 contrast agents for MRI.   
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Figure 5.7: T2 relaxivities measured as a function of Fe concentration in water 
dispersions of (○) FePt@SiO2(Rubpy) or (▼) Fe2O3@SiO2(Rubpy) 
nanoparticles.  The core diameters and silica shell thicknesses were 6.6 and 
7.9 nm for FePt@SiO2(Rubpy) and 6.5 and 6.4 nm for the 
Fe2O3@SiO2(Rubpy) nanoparticles.  From Eqn (1), linear fits ((___), 
FePt@SiO2(Rubpy) and (_ _ _), Fe2O3@SiO2(Rubpy)) were used to 
determine r2: 30.7 mM-1s-1for FePt@SiO2(Rubpy) and 26.1 mM-1s-1for 
Fe2O3@SiO2(Rubpy).   

Magnetization measurements were performed on the FePt@SiO2(Rubpy) and 

Fe2O3@SiO2(Rubpy) nanoparticles to gain some insight into the difference in 2r  values 

measured for the two different types of nanoparticles.  Figure 5.8 shows room 

temperature field sweeps of the magnetization of FePt@SiO2(Rubpy) and 

Fe2O3@SiO2(Rubpy) nanoparticles.  Both nanoparticles are superparamagnetic and 

behave like paragmagnets at room temperature.  At room temperature, the magnetization 

on a per Fe atom basis of the iron oxide cores is 1.2 times higher than the FePt cores 

(Figure 5.8).  But 2r  for the FePt@SiO2(Rubpy) nanoparticles was slightly higher than 2r  

for the Fe2O3@SiO2(Rubpy) nanoparticles, despite the fact that the FePt@SiO2(Rubpy) 

nanoparticles also had slightly thicker silica shells (7.9 nm vs. 6.4 nm).  
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Figure 5.8: Magnetization of (○) FePt@SiO2(Rubpy) and (▼) Fe2O3@SiO2(Rubpy) 
nanoparticles: (A) measured at room temperature at different applied 
magnetic fields and (B) measured under a applied field of 3 T as a function 
of temperature cooled under the applied field (i.e., field-cooled conditions).  
The magnetization at 3 T of Fe2O3@SiO2(Rubpy) and FePt@SiO2(Rubpy) 
at room temperature are 0.24 µB/Fe atom (1347 µB/particle) and 0.20 µB/Fe 
atom (785 µB/particle), respectively.   

 

The reason for the difference in 2r  between these materials requires further study.  

But apart from the difference in room temperature saturation magnetization, there is also 

a very significant qualitative difference in the magnetic properties of the 

Fe2O3@SiO2(Rubpy) and FePt@SiO2(Rubpy) nanoparticles.  The FePt nanocrystals 
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exhibit two distinct magnetic behaviors in the field sweeps in Figure 5.8A: at low field 

(<~0.1 T), the material exhibits a high susceptibility similar to that the Fe2O3 

nanoparticles, but at high fields (>~0.1 T), the magnetization does not saturate (even at 

fields greater than 5 T) and the magnetization exhibits a low susceptibility.  The two 

distinct magnetic behaviors could indicate two distinctly different material regions within 

the FePt nanoparticle (Fe-rich and Pt-rich regions or FexOx and Pt-rich regions), similar 

to what has been observed in annealed or partially annealed FePt nanocrystals.47,73,74  The 

possibility of an Fe-rich and Pt-rich region within the FePt core could result from the 

particle growth process, in which a Pt nanocrystal is first formed, followed by 

heterogeneous Fe deposition and subsequent Fe-Pt alloying during the particle growth 

process.25,50,75  An Fe-rich shell surrounding a Pt-rich core could increase the local 

magnetic field gradient at the surface of the FePt@SiO2 nanoparticles, increasing the 

proton dephasing rate and causing a higher r2.63,76  Because the SQUID measurements 

correspond to the volume average of the nanoparticles, they are not sensitive to the local 

field gradients at the surface of the particle. The lower bulk magnetization of the FePt on 

a per Fe basis compared to that of Fe2O3 at 3T may be compensated by the spatial 

configuration of the crystal to produce larger field gradients in the surrounding water 

molecules.   

The magnetization of the iron oxide particles saturates at fields of less than 1 T.  

The temperature dependence of the magnetization is also qualitatively different for the 

two materials.  Field-cooled and zero field-cooled (FC and ZFC) magnetization measured 

under an applied field of 3T overlapped for both materials, confirming that the particles 

are superparamagnets. A blocking temperature of 5 K was measured for the 

FePt@SiO2(Rubpy) and the blocking temperature of the Fe2O3@SiO2(Rubpy) 

nanoparticles was less than 5K and was not determined.  The magnetization of the FePt 
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core particles exhibits a much stronger temperature dependence than the Fe2O3 core 

particles, and once the temperature drops below ~280 K, the FePt magnetization 

overtakes the magnetization of the iron oxide particles.  This phenomenon may also relate 

to the 2r  properties of the materials, but requires further study.  

5.3.4 Magnetic Separations 

Figure 5.9 shows 3 mg of FePt@SiO2(Rubpy) nanoparticles magnetically 

separated in an aqueous dispersion using a SmCo magnet.  The response to the external 

magnetic field indicates that the nanoparticles might be suitable for targeted drug delivery 

using magnetic fields.77  Additionally, the nanoparticles redisperse after removing the 

magnetic field, which could be advantageous for inexpensive purification procedures, 

such as protein separations and water treatments that would enable the materials to be 

recycled.78,79  For example, Fe3O4 nanocrystals have been shown to be good absorbers of 

arsenic from contaminated water80 and these fluorescent/magnetic nanoparticles might be 

used for such a purpose. 

 

 

Figure 5.9: Photographs of dilute aqueous dispersions of FePt@SiO2(Rubpy) 
nanoparticles (A) before and (B) after exposure to a SmCo magnet.  The 
magnet pulls the colloidal nanoparticles to the side of the vial.  The 
separation occurs in less than 4 hours. 
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5.4 CONCLUSION 

The data presented here show that various nanocrystals can be conformally coated 

with fluorescent dye-doped silica.  Silica is a useful material for biological applications in 

particular because it provides a biocompatible host for the dye molecules, which has been 

shown to aid in the photostability of the dye, and also serves as a convenient surface for 

bioconjugation.  However, significantly different silica coating chemistry may be 

required for different nanoparticles depending on their initial surface coatings.  In some 

cases, like the CTAB-coated Au nanorods, the nanocrystals must be “primed” for silica 

deposition.  Nonetheless, despite these challenges, multifunctional nanoparticles can be 

designed and synthesized with the addition of dye-doped silica.  Specifically, the 

FePt@SiO2(Rubpy) and Fe2O3@SiO2(Rubpy) nanoparticles synthesized in this study 

might serve as dual-mode imaging contrast agents that are suitable for fluorescence and 

magnetic resonance imaging.  Preliminary proton relaxivity measurements confirm that 

these materials are indeed suitable for MRI imaging.  Further studies, however, are 

required to understand the details of how the relaxivity relates to the magnetic properties 

of the core nanocrystals and the silica shell thickness.   
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Chapter 6:  Magnetic Investigation of Single Domain Antiferromagnetic 
L12 FePt3 Nanocrystals and Ferromagnetic L10 FePt Nanocrystals§ 

6.1 INTRODUCTION   

A wide variety of magnetic nanocrystals with narrow size and shape distributions 

can be produced using chemical methods, and they have been explored for various 

applications, including magnetic tags for biological imaging, separations, chemical and 

biological sensing, and high density magnetic memory storage media.1-7  Among these 

materials, FePt has been one of the most extensively studied.4,8-11  FePt nanocrystals can 

be synthesized with diameters less than 10 nm and narrow size distributions.  The as-

synthesized nanocrystals have compositionally disordered cores, and are weak 

ferromagnets.  By performing a post-synthesis annealing at relatively high temperature, 

between about 550 and 650 oC, the compositionally ordered L10 FePt with high 

magnetocrystalline anisotropy, as desired for high density non-volatile memory 

applications, can be obtained.12-15  This annealing process, however, sinters the 

nanocrystals and one is left with essentially a nanocrystalline film of L10 FePt, as 

opposed to a collection of discrete nanocrystals.  To prevent sintering, the nanocrystals 

can be coated prior to annealing with a layer of thermally stable material, like silica for 

example.  This approach can work very well, and single magnetic domain L10 FePt 

nanocrystals with blocking temperatures well above room temperature can be obtained.16-

19 

Right next to L10 FePt on the Fe-Pt phase diagram is antiferromagnetic L12 FePt3.  

The phase boundary between these two phases is in fact relatively Fe rich, with a 

composition of 43 at% Fe (Figure 6.1).20-22  In practice, the Fe-Pt composition of a 

                                                 
§ Portions of this chapter appear in Journal of Physical Chemistry C  2010, 114, 2512-2518 
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nanocrystal sample can often lie close to the L10/L12 phase boundary.23,24 Nonetheless, 

there have been only a few reports of antiferromagnetic, colloidally-grown L12 FePt3 

nanocrystals, all of which have been sintered films of particles, and to date, single 

domain antiferromagnetic FePt3 nanocrystals have not been made.25-27   

 

 

Figure 6.1: Fe-Pt phase diagram.20,21  Fe-Pt phases: L12 FePt3 is cubic and 
antiferromagnetic; L10 FePt is tetragonal and ferromagnetic; L12 Fe3Pt is 
cubic and ferromagnetic.  Chemically disordered Fe-Pt has fcc structure and 
is weakly ferromagnetic.  Dashed lines are predicted phase boundaries from 
Ref [21]. 

Here, we report the synthesis of single domain antiferromagnetic L12 FePt3 

nanocrystals.  The key to obtaining single magnetic domain L12 FePt3 nanocrystals is to 

coat Pt-rich Fe-Pt nanocrystals with a thermally stable silica shell followed by annealing 

at high temperature (>550 oC) under forming gas.  The silica coating prevents Fe and Pt 

interdiffusion between nanocrystals during annealing, which appears to be the reason that 

there are few reports of antiferromagnetic L12 FePt3 obtained from nanocrystals,25-27 thus 
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retaining the initial Fe-Pt composition distribution after annealing.  Nanoscale 

antiferromagnetic metal oxides and sulfides, such as CoO,28,29 NiO,30-32 MnO,33-35 

ferritin36-39, MnS,40,41 and NiS42,43 have been extensively studied, but there are few 

reports of antiferromagnetic intermetallic nanocrystals because of the need for 

compositional order in this class of materials.44  The single magnetic domain L12 FePt3 

nanocrystals exhibited magnetic transitions near the two expected Neél transition 

temperatures of bulk L12 FePt3 at 100 K and 160 K,45 and had slightly higher magnetic 

susceptibility than the bulk.  We also demonstrate that mixing antiferromagnetic L12 

FePt3 nanocrystals with ferromagnetic L10 FePt nanocrystals produces a constriction in 

the magnetization hysteresis loops, like those previously reported for silica-coated single 

domain L10 FePt nanocrystals.16 Data is also presented regarding a dipole interaction 

investigation with L10 FePt nanocrystals coated in SiO2.  

   

6.2 EXPERIMENTAL METHODS 

6.2.1 Chemicals and Materials Characterization 

Platinum (II) acetylacetonate (Pt(C5H7O2)2, Pt(acac)2, 97%), 1,2–hexadecanediol 

(C16H34O2, 90%), iron pentacarbonyl (Fe(CO)5, 99.999%), oleylamine (C18H37N, 70%), 

oleic acid (C18H34O2, 99%), Igepal CO-520, tetraethyl orthosilicate (TEOS, 98%), 

ethanol (C2H5OH, ACS grade), methanol (CH3OH, ACS grade), and hexanes (C6H14, 

ACS grade) were purchased from Sigma-Aldrich.  Dioctyl ether ([CH3(CH2)7]2O, ≥97%) 

and cyclohexane (C6H12, ACS grade) were purchased from Fluka.  Aqueous ammonium 

hydroxide (NH4OH, 30%) solution was purchased from EMD Chemicals.  All chemicals 

were used as received. 
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Fe-Pt and Fe-Pt@SiO2 nanoparticles were characterized by TEM, EDS, XRD, and 

SQUID as described in Appendix C.  Size distributions of Fe-Pt and Fe-Pt@SiO2 

nanoparticles were determined by counting a minimum of 300 particles in the TEM 

images.  Mixed Fe-Pt@SiO2 nanoparticle samples were made by combining the 

appropriate weight of each nanoparticle sample in a glass vial, followed by vigorous 

shaking and then 15 minutes of sonication.   

6.2.2 Large (7 nm) Diameter Fe-Pt Nanocrystal Synthesis 

Fe-Pt nanocrystals were synthesized with average diameter of 7 nm and 

composition near 1:1 and 1:3 using a modification of a previously published 

procedures.12  The synthesis of stoichiometric Fe-Pt nanocrystals is described in chapter 

5.  Pt-rich Fe-Pt nanocrystals were obtained using the same recipe, but reducing the 

amount of Fe(CO)5 used to 0.125 mL (1.0 mmol). 

6.2.3 Small (4 nm) Diameter Fe-Pt Nanocrystal Synthesis 

4 nm diameter FePt nanocrystals were synthesized with the high temperature 

arrested precipitation methods developed by Sun and coworkers.14  The reaction was 

carried out using a standard greaseless Schlenk line with N2 as the flow gas.  In a typical 

synthesis a mixture of 0.098 g (0.25 mmole) platinum (II) acetylacetonate, 0.195 g (0.77 

mmol) 1,2–hexadecanediol, and 10 mL of dioctyl ether are added to a 50 mL three-neck 

flask and stirred. The solution was heated to 100 °C under N2 flow and 0.065 mL (0.50 

mmol) iron (0) pentacarbonyl, 0.085 mL (0.26 mmol) oleylamine, and 0.08 mL (0.25 

mmol) oleic acid were injected through a rubber septum into the solution. The 

temperature was raised at a rate of 20 °C/minute to the reflux temperature of dioctyl ether 

(297 °C) and the reaction solution was incubated for 30 minutes.  The solution was 

allowed to cool to room temperature 
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6.2.4 Fe-Pt Nanocrystal Purification 

The reaction product was purified in air.  The crude reaction mixture was 

centrifuged at 8000 rpm (8228 RCF) for 5 minutes.  The supernatant, containing well-

capped nanocrystals, was retained and the precipitate of poorly capped material was 

discarded.  15 mL of ethanol was added to the supernatant and centrifuged again at 8000 

rpm for 10 minutes.  The supernatant was discarded.  The nanocrystals were washed two 

more times by adding 5 mL of hexanes to redisperse the nanocrystals, followed by 

precipitation with the addition of 5 mL of ethanol and centrifugation at 8000 rpm for 10 

minutes.  The reactions yield approximately 60 mg of Fe-Pt nanocrystals.  Purified Fe-Pt 

nanocrystals were stored as concentrated dispersions (~10 mg/mL) in hexanes.   

6.2.5 Silica Coating of Fe-Pt Nanocrystals 

Fe-Pt nanocrystals were coated with silica (SiO2) following the microemulsion 

approach we previously reported.16  In a 250 mL Erlenmeyer flask, 3 mL of Igepal CO-

520 was added to 100 mL of cyclohexane and stirred at room temperature for 5 minutes.  

9 mg of Fe-Pt nanocrystals redispersed in 9 mL of cyclohexane were added to the stirring 

Igepal solution.  After stirring for 5 minutes, 0.65 mL of 30% aqueous NH4OH solution 

was added dropwise to the mixture followed by immediate addition of TEOS: 0.375 mL 

to 1.0 mL of TEOS was added, depending on the desired silica shell thickness, which 

could be increased from 3 nm to 13 nm by increasing the amount of TEOS.  The mixture 

was stirred for 48 hrs and then the SiO2-coated Fe-Pt nanocrystals were extracted from 

the cyclohexane phase by adding 50 mL of methanol.  The cyclohexane phase discarded.  

The nanoparticle dispersion was collected in a 100 mL round bottom flask and placed on 

a rotary evaporator to concentrate the dispersion down to a volume of 10 mL.  The 

remaining 10 mL of concentrated nanoparticle dispersion was transferred to a 50 mL 

centrifuge tube and spun for 15 minutes at 8000 rpm.  The supernatant was discarded and 
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5 mL of fresh methanol was added to redisperse the nanoparticles.  2 mL of hexanes was 

then added to precipitate the nanoparticles and the mixture centrifuged again for 15 

minutes at 8000 rpm.  This washing procedure was repeated two more times.  The silica-

coated nanocrystals were stored in air as a concentrated dispersion (50 mg/mL) in ethanol 

or as a dry powder.  

6.2.6 Annealing Fe-Pt Nanocrystals Encapsulated in Silica 

Approximately 10 mg of silica-coated nanoparticles were deposited on a 1 cm2 

silicon substrate from an ethanol dispersion.  The substrate was placed in a 1 inch 

diameter quartz tube furnace (TF55035A, Lindberg/Blue M).  The furnace was purged 

with forming gas (7% H2/93% N2, Matheson Trigas) at room temperature for 30 minutes.  

The temperature was then increased to 700 °C at 70 °C/minute under continuous flow of 

forming gas.  The temperature was maintained at 700 °C for 30 minutes -10 hrs, before 

cooling to room temperature. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 SiO2-coated Fe-Pt, L10 FePt and L12 FePt3 Nanocrystals 

Fe0.27Pt0.73 and Fe0.42Pt0.58 nanocrystals were synthesized with average diameters 

close to 6.5 nm.  These nanocrystals were then coated with silica.  Figure 6.2 shows TEM 

images of the nanocrystals before and after silica coating.  The coating process does not 

change the Fe-Pt nanocrystal diameter.   
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Figure 6.2: TEM images of (A,B) Fe0.27Pt0.73 and (C,D) Fe0.42Pt0.58 nanocrystals (A,C) 
before and (B,D) after coating with SiO2.  The Fe0.27Pt0.73 nanocrystals are 
6.2 ± 0.8 nm in diameter with 12.5 ± 0.6 nm thick SiO2 shells. The 
Fe0.42Pt0.58 nanocrystals are 6.6 ± 0.6 nm in diameter with 8.5 ± 0.5 nm thick 
SiO2 shells.  The reported Fe:Pt compositions are sample averages 
determined by EDS. 

To induce compositional ordering of the Fe-Pt cores, the silica-coated 

nanocrystals were annealed in forming gas (7%H2/93%N2) at 700 oC for 4 hours.  XRD 

(Figure 6.3) confirmed that annealing transformed the nanocrystals to either L10 FePt or 

L12 FePt3, depending on the Fe:Pt ratio.  The peak widths do not sharpen as a result of 

annealing, indicating that the Fe-Pt cores have not sintered.  Both Fe0.27Pt0.73 and 

Fe0.42Pt0.58 nanocrystals have fcc structure prior to annealing.  After annealing, additional 

diffraction peaks appear in each sample, corresponding to either tetragonal L10 FePt 

(a=3.905 Ǻ and c=3.735 Ǻ) or cubic (compositionally ordered) L12 FePt3 (a=3.872 Ǻ).  

The location of the {111} peak is one distinguishing feature between L10 FePt and L12 

FePt3.  As shown in Figure 6.3B, the {111} diffraction peaks of the nanocrystals prior to 
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annealing appeared at 2θ=40.15°, and after annealing, had shifted to 40.30° and 40.65°, 

which are characteristic of the L12 FePt3 and L10 FePt phases, respectively. 

 

 

Figure 6.3: (A) XRD (λ=1.5418 Å) of (i,ii) FePt0.27Pt0.73@SiO2  and (iii,iv) 
FePt0.42Pt0.58@SiO2  nanoparticles (i, iii) before  and (ii, iv) after  annealing 
in forming gas for 4 hours at 700 °C.  The broad peak at 2θ=23° corresponds 
to silica; the thicker silica shell (12.5 vs. 8.5 nm) of the FePt0.27Pt0.73@SiO2 
gives rise to a more significant low angle diffraction peak.  (B)  
Magnification of the {111} diffraction peaks.  Reference peak positions are 
provided in (A) for (─) cubic L12 FePt3 (PDF#01-089-2050) and (─) 
tetragonal L10 FePt (PDF#01-089-2051).  The Miller indices are labeled for 
L12 FePt3.  The unique diffraction peaks that appear only for L10 FePt 
(compared to L12 FePt3) are labeled with *’s.  Annealing did not sharpen the 
diffraction peaks, confirming that the silica shells prevented sintering of the 
Fe-Pt domains. 
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6.3.2 Magnetic Properties of Fe-Pt@SiO2, L12 FePt3@SiO2, and L10 FePt@SiO2 
Nanoparticles 

The magnetic properties of the silica-coated nanocrystals were measured before 

and after annealing.  Figure 6.4 shows field-cooled (FC) and zero field-cooled (ZFC) 

temperature-dependent magnetization measurements and field sweeps of the 

magnetization at 5 K.  Prior to annealing, both the Fe0.27Pt0.73@SiO2 and 

Fe0.42Pt0.58@SiO2 nanoparticles are superparamagnetic, with blocking temperatures TB, of 

20 K and 40 K, respectively.  As expected, TB was higher for the nanocrystals with higher 

Fe content.  The Fe0.42Pt0.58@SiO2 nanoparticles also exhibited higher magnetic 

susceptibility vχ , saturation magnetization and coercivity, than the Fe0.27Pt0.73@SiO2 

nanoparticles.   
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Figure 6.4: Temperature-dependent (○) zero field cooled (ZFC) and (●) field-cooled 
(FC) magnetization (0.1 T applied field) of as-prepared (A) 
Fe0.27Pt0.73@SiO2 nanoparticles and (B) Fe0.42Pt0.58@SiO2 nanoparticles; and 
annealed (4 hours at 700 °C in forming gas) (C) Fe0.27Pt0.73@SiO2 (L12 
FePt3) and (D) Fe0.42Pt0.58@SiO2 (L10 FePt) nanoparticles.  Insets: Field-
dependent magnetization measured at 5 K. 

As a check on the Fe content in the nanoparticles measured by EDS, the magnetic 

moment per particle µ, was determined for each sample by fitting the Curie-Weiss 

law,46,47 
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to the FC magnetization M data at high temperature (>200 K), as shown in Figure 6.5.  In 
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Eqn (1), H is the applied field, N is the number concentration of nanoparticles, T is 

temperature, Tc is the critical temperature, and kB is the Boltzmann constant.  The 

collective quantity, BkN 32µ , is known as the Curie constant.  The Fe0.27Pt0.73@SiO2 

and Fe0.42Pt0.58@SiO2 nanoparticles (prior to annealing) exhibited magnetic moments of 

3781 µB/nanoparticle and 9221 µB/nanoparticle, respectively, which correspond to 

average moments per Fe atom in the range of 3-4 µB reported in bulk materials.48-52 

 

 

 

 

Figure 6.5: Field-cooled inverse magnetic susceptibility 1−
vχ  versus temperature of the 

(●) Fe0.27Pt0.73@SiO2 and (○) Fe0.42Pt0.58@SiO2 nanoparticles prior to 
annealing.  The solid lines are best fits of Eqn (1) to the high temperature 
magnetization data, giving Curie constants of 0.74 mK and 3.3 mK and Tc = 
193 K and 199 K, for the FePt0.27Pt0.73@SiO2 and Fe0.42Pt0.58@SiO2 
nanoparticles respectively. 

The magnetic properties of the nanoparticles changed significantly upon 

annealing.  After converting the Fe0.42Pt0.58@SiO2 nanoparticles to L10 FePt@SiO2 

nanoparticles, TB exceeded room temperature and the coercivity measured at 5 K had 

increased by an order of magnitude from 2.5 kOe to 17.5 kOe (Figure 6.4D).  This is 
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consistent with the much higher magnetocrystalline anisotropy of the L10 FePt phase 

compared to the random Fe-Pt alloy.14,16   

Annealing and converting the Fe0.27Pt0.73@SiO2 nanoparticles to L12 FePt3 

resulted in a significant decrease in magnetic response at low field (0.1 T), from 750 

µB/nanoparticle to 160 µB/nanoparticle at 5 K (Figure 6.4A and C).  At high fields (5 T), 

the total magnetization at 5 K (~3000 µB/nanoparticle) was similar to the nanoparticles 

prior to annealing (Figure 6.6).  The low value of the low-field susceptibility is consistent 

with antiferromagnetism.36  Also consistent with antiferromagnetism was an observed 

linear field-dependence of the magnetization at low fields (Figure 6.6), as opposed to the 

Langevin dependence of the magnetization on applied field typical for superparamagnetic 

particles.30,32,36,40,53   

 

 

Figure 6.6: Field-dependent magnetization measured at 5 K of the Fe0.27Pt0.73@SiO2 
nanoparticles (●) before and (○) after annealing in forming gas at 700 °C for 
4 hrs.  (Inset) Magnification of the magnetization between ±0.5 T. 

The FC and ZFC magnetization scans of the L12 FePt3@SiO2 nanoparticles in 

Figure 6.4C also exhibit some features characteristic of antiferromagnetic L12 FePt3.  In 
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particular, the FC and ZFC scans diverge when the temperature drops below 200 K, and 

the ZFC magnetization scan has a peak-like feature at 75 K.  These temperatures are 

close to the Néel temperatures of bulk L12 FePt3 of 160 K and 100 K.45,49,54  The 

overlapping FC and ZFC scans at temperatures above 200 K overlap and exhibit Curie 

law behavior that is consistent with a paramagnetic magnetic response.47  The mass 

magnetic susceptibility in this temperature range was OeFePtg/emu101.1 3
4 ⋅×= −

mχ , 

which is an order of magnitude larger than that of bulk L12 FePt3, 

Oeg/emu102 5 ⋅×= −
mχ  between 200 K and 300 K.55  The large values of mχ  might 

reflect the presence of uncompensated surface spins,39 or might indicate that the 

nanoparticles are superantiferromagnetic.36,39,56  It is also possible that a fraction of 

residual paramagnetic material may still be present in the sample after annealing.  More 

study is required to identify the precise reason for the high values of mχ .    

Below 200 K, the FC and ZFC scans diverge, indicating the freezing of the spin 

orientation.  In Figure 6.7, 1−
vχ  is plotted against temperature and compared to Curie law 

behavior.  There is a transition from paramagnetism to antiferromagnetism at 160 K, as 
1−

vχ  deviates from a linear temperature dependence.  This corresponds to the higher Néel 

temperature of L12 FePt3.25  At 75 K, there is another deviation in 1−
vχ  with decreasing 

temperature, corresponding to the lower temperature antiferromagnetic transition.  Then 

there is a peak in 1−
vχ  at about 35 K, corresponding to a paramagnetic or ferromagnetic 

transition.25  Sintered films of L12 FePt3 nanocrystals have also exhibited similar 

temperature dependence of the magnetization, including the peak near 75 K in the ZFC 

magnetization and an increase in magnetization at low temperature.25  In fact, many other 

nanoscale antiferromagnetic53 systems including Co3O4,57 CoO,29,58,59  MnS,40  and MnO 

and NiO35 have shown similar magnetization characteristics.  
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Figure 6.7: The inverse magnetic susceptibility, 1−
vχ , extracted from the temperature 

dependent (○) ZFC  and (●) FC magnetization measurements of L12 
FePt3@SiO2 nanoparticles.  The solid line is a best fit of Eqn (1) to the high 
temperature (T>200 K) FC magnetization data, taking Tc=0 K.  (Inset)  

Magnification of 
1−

vχ  between 5 K and 30 K.  

 At 5 K, a slight magnetic hysteresis was also observed (Figure 6.6 inset).  This 

permanent magnetization is most likely the result of uncompensated surface spins at the 

surface of the L12 FePt3 nanocrystals, similar to what has been observed before in other 

antiferromagnetic nanocrystals.28,30,37  The small coercivity of only 0.3 kOe at 5 K 

(Figure 6.6 inset) is of similar magnitude as what has been previously observed in those 

cases.30,39,58 

6.3.3 Constriction in the Filed-Dependent Magnetization Loops of L10 FePt 
Nanocrystals 

We have previously shown that L10 FePt@SiO2 nanoparticles often exhibit a 

constriction in their magnetic hysteresis loops, as in the sample shown in Figure 6.4D.  

We tentatively assigned this to magnetic dipole coupling between neighboring 

nanoparticles.16  However, others have observed such a constriction in Fe-Pt nanocrystal 
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samples as well,26,60-63 and have attributed it to an additional soft magnetic phase present 

in the material.26,60,63-69  Recently, we showed by magnetic force microscopy 

measurements that magnetic dipole coupling is in fact not significant.17   Corroborating 

experimental data is also reported below where dipole interaction contributions were 

studied as a function of inter-nanocrystal spacing, section 6.3.4.  Therefore, based on our 

findings about the synthesis of antiferromagnetic L12 FePt3@SiO2 nanoparticles, we 

sought to determine if the presence of a small fraction of these nanoparticles in a sample 

of L10 FePt@SiO2 nanoparticles could give rise to the constriction.   

Indeed, we found that mixing L12 FePt3@SiO2 nanoparticles with L10 FePt@SiO2 

nanoparticles leads to significant constriction of the hysteresis loops, as shown in Figure 

6.8.  The constriction in the hysteresis loops measured at 5 K (normalized to the 

saturation magnetization of each sample) becomes more significant as more L12 

FePt3@SiO2 nanoparticles are added to the L10 FePt@SiO2 nanoparticles. 
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Figure 6.8: Field-dependent magnetization measured at 5 K for mixtures of L12 
FePt3@SiO2 (dNC=6.2 ± 0.8 nm, tSiO2=12.5 ± 0.6 nm) and L10 FePt@SiO2 
nanoparticles (dNC=7.2 ± 0.8 nm, tSiO2=9.7 ± 0.7 nm): (●) pure L12 
FePt3@SiO2; (▼) 1 part L10 FePt@SiO2 : 2 part L12 FePt3@SiO2 by weight; 
(■)2 part L10 FePt@SiO2 : 1 part L12 FePt3@SiO2 by weight; and (♦) pure 
L10 FePt@SiO2. 

The formation of a small amount of L12 FePt3 nanocrystals in some L10 FePt 

samples is perhaps not unexpected, given that the phase boundary between L12 FePt3 and 

L10 FePt is relatively Fe rich (at 43% Fe) and the average Fe composition of Fe-Pt 

nanocrystal samples is often close to this value.  However, without a protective coating to 

prevent sintering, even Fe-deficient nanocrystal samples convert predominantly to L10 

FePt.  Figure 6.9 shows XRD of Fe0.27Pt0.73 nanocrystals annealed at 700 °C without a 

silica coating.  The nanocrystals sinter and transform predominantly to the L10 FePt 

phase as indicated by the sharpened diffraction peaks and evolution of the {002} and 

{202} peaks of tetragonal L10 FePt.  The magnetic response is also ferromagnetic and 

characteristic of L10 FePt.  Without nanocrystal encapsulation in thermally stable SiO2, 

Fe and Pt diffusion occurs between nanocrystals, leading to a significant proportion of 

L10 FePt, which suppresses evidence of L12 FePt3 formation.   
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Figure 6.9: XRD patterns of Fe0.27Pt0.73 nanocrystals without encapsulation in silica (i) 
before and (ii) after annealing in forming gas for 4 hours at 700 °C.  L10 
FePt reference peak positions (PDF#01-089-2051) are labeled on the figure.  
The peak labeled with “*” indexes to Fe (PDF#01-085-1410). 

Figure 6.10 illustrates the overall transformation of Fe-Pt nanocrystals, from 

synthesis to silica encapsulation and high temperature annealling.  In the reaction 

mixture, core-shell Pt@Fe nanocrystals are initially formed,1,12 followed by intraparticle 

Fe diffusion into the Pt core to lead to alloyed nanocrystals.  The silica coating around 

each nanocrystal then prevents Fe and Pt diffusion between neighboring nanocrystals 

during annealling; therefore, leading to a retention of the initial Fe:Pt composition 

distribution in the nanocrystal sample.  Without silica encapsulation, a significant amount 

of Fe and Pt interdiffusion occurs as the particles sinter, leading to L10 FePt phase 

formation.  These results explain why there has been little discussion about 

antiferromagnetic L12 FePt3 nanocrystals in the literature. 
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Figure 6.10: Schematic illustration of Fe-Pt nanocrystal transformation during synthesis 
and annealing.  Red and gray spheres represent Fe and Pt atoms, 
respectively. 

6.3.4 Dipole Interaction of Fe-Pt@SiO2 and L10 FePt@SiO2 Nanoparticles 

The SiO2 shell thicknesses or FePt nanocrystal loadings in FePt@SiO2 

nanoparticles were independently varied to conduct two separate magnetic investigations 

with regards to dipole interaction.  Figure 6.11 shows TEM images of 7.2 nm diameter 
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Fe0.44Pt0.56 nanocrystals coated with SiO2 shells of various thicknesses.  The SiO2 shell 

thicknesses were varied from 3.7 nm to 9.7 nm in 2 nm increments by increasing the 

amount of TEOS used per 10 mg of FePt nanocrystals from 0.375 - 1.0 mL.  Varying the 

relative TEOS concentration resulted in size monodisperse SiO2 shells with loadings of 

one FePt nanocrystal per one SiO2 shell.  Half of each of these Fe0.44Pt0.56@SiO2 

nanoparticle ensembles were annealed at 700 °C for 2 hours in forming gas (3% H2/97% 

N2) to transform the as-prepared FePt nanocrystals to L10 FePt nanocrystals.  X-ray 

diffraction spectra before and after annealing verified this phase transition, Figure 6.12.  

It is also worth noting that the XRD data corroborates the variance of SiO2 shell 

thicknesses by the increased diffraction peak intensity of amorphous SiO2 (2θ°=23°) with 

respect to a normalized {111} FePt diffraction peak in each ensemble.  Also the FePt 

nanocrystals diffraction peak widths do not change before and after annealing, indicating 

that the FePt nanocrystals retain their original size.  This system was thought to be an 

ideal test bed to study the effects of inter-nanocrystal spacing on magnetic dipole 

interactions of nanocrystals. 
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Figure 6.11: TEM images of 7.2 ± 0.7 nm diameter Fe0.44Pt0.56 nanocrystals encapsulated 
within SiO2 shells of increasing thickness (A) 3.7 nm, (B) 5.9 nm, (C) 7.7 
nm, and (D) 9.7 nm. 
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Figure 6.12: XRD of 7.2 ± 0.7 nm diameter Fe0.44Pt0.56 nanocrystals coated with (i) 3.7 
nm, (ii) 5.9 nm, (iii) 7.7 nm, and (iv) 9.7nm SiO2 shells before and after 
annealing. The data were normalize by the {111} peak of FePt.  The peak 
positions of the annealed nanocrystals reference to tetragonal FePt (pdf # 
00-043-1359). 

In another related dipole interaction investigation, 20 nm diameter SiO2 

nanoparticles where loaded with different amounts of 3.7 ± 0.4 nm diameter Fe0.48Pt0.52 

nanocrystals, Figure 6.13.  Multiple FePt nanocrystals could be encapsulated in each SiO2 

shell (≥1/1 loading) by increasing the ratio of FePt nanocrystals to TEOS.  Alternatively, 

more than one nanocrystal could also be encapsulated in each silica shell if the organic 

ligands that isolate each nanocrystal from one another are partially stripped from the FePt 

nanocrystal surface by overwashing, allowing slight interparticle sticking that would 

naturally occur without ligands.  One should note neither oversaturating or overwashing 

allowed discrete control of single nanocrystal addition.  Three nanocrystal ensembles 

were produced using these methods and nanocrystals loadings were varied from 80% 1/1 

loading to 56% 3 or more/shell.  Half of each nanocrystal ensemble was then 
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subsequentially annealed at 700 °C for 2 hours in forming gas to transform the as-

prepared FePt@SiO2 nanoparticles to L10 FePt@SiO2.  Again, the phase transformation 

was verified by X-ray diffraction, Figure 6.14, and the loaded FePt nanocrystals did not 

sinter or coalesce within the SiO2 shells.  

 

 

Figure 6.13: TEM images of ~ 20 nm SiO2 nanoparticles with different loading of 3.7 ± 
0.4 nm diameter Fe0.48Pt0.52 nanocrystals: (A) “least”, (B) “moderate”, (C) 
and “most” loading. (D) A histogram of loading distribution of over 500 
FePt@SiO2 nanoparticles. 
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Figure 6.14: XRD of 3.7 nm diameter FePt nanocrystals loaded in (i) most, (ii) 
moderately, and (iii) least proportions into ~ 20 nm diameter SiO2 
nanoparticles before and after annealing.  The data were normalize by the 
{111} peak of FePt.  The annealed FePt nanocrystal indexed to tetragonal 
L10 FePt (pdf # 00-043-1359). 

The influence of dipole coupling between FePt nanocrystals was studied by 

coating Fe0.44Pt0.56 nanocrystals with 3, 5, 7 and 9 nm of SiO2 shell and measuring their 

ensemble magnetic properties before and after annealing in forming gas at 700 °C for 2 

hrs.  The field-dependent magnetization of the as-prepared and L10 FePt@SiO2 

nanocrystals were then measured at 5K, Figure 6.15.  The nanoparticle samples with thin 

SiO2 shells exhibited  a magnetic constriction near zero applied field whereas the thicker 

SiO2 coated Fe0.44Pt0.56 nanocrystals do not.  This observation was previously interpreted 

as a dipole interaction effect,16 but a simple comparison of the anisotropy energy, dipole-

dipole potential energy, and thermal energy dismisses this hypothesis as the anisotropy 

energy dominates at remanent fields.17  For example, the thinnest shelled FePt@SiO2 

nanoparticle sample characterized in this study (~3 nm thick SiO2 shells with FePt 
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nanocrystal diameters of 7.2 nm) exhibits a saturation magnetization, Ms, of 21,400 

uB/NC after annealing and the nanocrystals have a center-to-center spacing of 14.6 nm.  

Assuming point source dipoles, the potential dipolar interaction energy between two of 

these nanocrystals is determined to be 183kB from equation 2:70 
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where µ is moment of the FePt nanocrystal = 21,400uB/NC, µ0 permeability of the 

surrounding medium, and r is the distance between the nanocrystals =14.6 nm.  Thermal 

energy ( TkE BThermal ×≅ ) of this system would be equal to 5kB, since the measurement is 

conducted at 5 K and is therefore considered negligible.  On the other hand, the 

anisotropy energy, 

   )(sin 2 θ××≅ VKE uanisotropy     (3), 

based on the volume V of a nanocrystal, the theoretical magnetocrystalline anisotropy 

Ku=6.6x106 J/m3, and the angle between the magnetic moment and easy axis θ=90° is 

calculated to be 99,085kB.  This analysis clearly shows that the anisotropy energy 

dominates near zero applied field and that dipole interaction could not explain the sharp 

decrease in magnetization near zero applied field.  Other reports have found the similar 

results.17  Therefore magnetic dipole interactions between FePt nanocrystals encapsulated 

in SiO2 with shell thicknesses greater than 3 nm are definitively too weak to induce the 

observed constriction in the hysteresis loop.16 
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Figure 6.15: Field dependant magnetization at 5 K of 7.2 ± 0.7 nm diameter Fe0.44Pt0.56 
nanocrystals encapsulated in various SiO2 shell thicknesses (• )3.7 nm; ( o ) 
5.9 nm; (▼) 7.7 nm; (∇ ) 9.7 nm) (A) before and (B) after annealing in 
forming gas for 2hrs at 700 °C. The magnetization is normalized by the 
saturation magnetization of each independent sample. 

The magnetization of different loading of Fe0.48Pt0.52 nanocrystals encapsulated 

within a SiO2 shell before and after annealing were also investigated.  Unlike the Fe-Pt 

nanocrystal system in which the shell thickness was varied, the Fe-Pt nanocrystals within 

these differently loaded SiO2 shells could be in intimate contact and hence dipole 

interaction must come into play.  Similar constriction at zero applied fields was only 

observed for the annealed field–dependent magnetization plots, Figure 6.16.  The field-

dependent magnetization plots of the as-prepared FePt@SiO2 ensembles did show a 

decrease in magnetization near zero applied fields, but a gradual decrease.  This continual 

decrease in magnetization of the as-prepared FePt nanocrystals with increasing loading is 

more characteristic of dipole interactions and is therefore attributed to such.  The abrupt 

or sharp decrease in magnetization near zero applied fields creating magnetic constriction 

in magnetization of the annealed samples requires further explanation.  Another 

interesting observation was a plateau in the temperature-dependent zero field cooling 
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(ZFC) magnetization measurements of the silica particles loaded with multiple annealed 

FePt nanocrystals, Figure 6.17.  This observations suggests that the sample contains 

magnetic nanocrystals exhibiting two different blocking temperatures (a Tb < 100 K and a 

Tb > 300 K), perhaps because there is a mixture of two different materials as stated above 

in section 6.3.3.  Nonetheless, it was concluded that the constriction observed in the field-

dependent magnetization plots of annealed FePt@SiO2 nanoparticles is not related to 

dipole interactions.   

 

 

Figure 6.16: Field dependent magnetization at 5 K for least (• ), moderate ( o ), and most 
(▼) loadings of 3.7 ± 0.4 nm diameter Fe0.48Pt0.52 nanocrystals in ~20 nm 
diameter SiO2 nanoparticles before (A) and after (B) annealing in forming 
gas for 2 hrs at 700 °C.  Magnetization was normalized with the saturation 
magnetization of the respective samples. 
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Figure 6.17: Temperature dependent magnetization under a 0.1 T applied field for least 
(• ), moderate ( o ), and most (▼) loadings of 3.7 ± 0.4 nm diameter 
Fe0.48Pt0.52 nanocrystals in ~20 nm diameter SiO2 nanoparticles before (A) 
and after (B) annealing in forming gas for 2 hrs at 700 °C.  The 
magnetization was calculated on a per FePt@SiO2 nanoparticle basis.   

6.3.5 Time-Dependent Annealing of  FePt@SiO2 Nanoparticles 

FePt@SiO2 nanoparticles were annealed for different lengths of time to determine 

if the FePt nanocrystals fully converted to the compositionally ordered phase L10 phase.  

Fe0.53Pt0.47 nanocrystals with 4.0 ± 0.6 nm average diameter coated with a 6.4 ± 0.6 nm 

thick SiO2 shells were annealed under forming gas at 700 °C for 30 minutes, 2 hours, and 

10 hours and their magnetic properties measured, Figure 6.18.  The blocking temperature 

increased from 20 K for the as-prepared sample to higher than room temperature with 

only 30 minutes of annealing.  These annealed FePt@SiO2 samples also exhibited 

hysteresis loop constriction.  As the nanocrystals were annealed for longer durations, the 

extent of constriction diminished, but the magnitude of the magnetization actually also 

decreased as the nanocrystals were annealed for longer.  Furthermore, a plateau in the 

ZFC curves at 75-100 K was also observed and became increasingly prominent as 
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annealing time was increased.  Through this study, it is further supported that a mixture 

of hard ferromagnetic materials (such as L10 FePt nanocrystals) and a weaker 

ferromagnetic, paramagnetic, or antiferromagnetic materials could give rise to the 

observed magnetization plateau and constriction observed in the temperature- and field-

dependent measurements.   

 

 

Figure 6.18: (A) Field-dependent (temperature of 5 K) and (B) temperature-dependent 
(0.1 T applied field) magnetization of 4.0 ± 0.6 nm diameter Fe0.53Pt0.47 
nanocrystals encapsulated within a SiO2 shell of thickness 6.4 ± 0.6 nm and 
annealed at 700 °C in forming gas for various times: (• ) As-prepared; (▼) 
30 minutes; (■) 2 hours; and (♦) 10 hours.  The magnetization data in (A) 
were normalized by the saturation magnetization.  ZFC and FC 
measurements are denoted by closed and open symbols, respectively. 

 

6.4 CONCLUSIONS 

Single magnetic domain L10 FePt@SiO2 nanoparticles or L12 FePt3@SiO2 

nanoparticles can be made by coating colloidal Fe-Pt nanocrystals with silica and 

annealing under forming gas (7% H2 in N2) at 700 °C.  Prior to annealing, the 

nanocrystals behave as typical superparamagnets with magnetic properties that depend 
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only on the Fe content in the nanocrystals.  When the nanoparticles are annealed to 

induce compositional order, the magnetic properties become dramatically different, 

depending on the Fe:Pt composition: L10 FePt@SiO2 nanoparticles are ferromagnetic 

with large magnetic anisotropy and the L12 FePt3@SiO2 are antiferromagnetic.   

The constriction in the hysteresis loops of L10 FePt@SiO2 nanoparticles that we 

previously observed16 is due to the presence of antiferromagnetic L12 FePt3 nanoparticles 

in the sample.  The effect is simply one of overlapping, independent, magnetic signals of 

an impurity in the sample.  Exchange coupling between ferromagnetic L10 FePt and 

antiferromagnetic L12 FePt3 nanoparticles does not occur in those samples because of the 

thick silica barrier between neighboring particles.  However, it is interesting to consider 

what the properties of exchange-coupled L10 FePt and antiferromagnetic L12 FePt3 

nanoparticles might be, and perhaps it might be possible to induce exchange coupling 

between single domain ferromagnetic and antiferromagnetic nanoparticles by shrinking 

the silica coating thickness or somehow eliminating it.  It would certainly require a 

creative strategy to obtain nanocrystals of exchange-biased L10 FePt and L12 FePt3 

because of the tendency for Fe-Pt interdiffusion during annealing, but if it were possible 

to make these nanocrystals, it would be a very interesting system for spintronic 

applications.  At any rate, it is now possible to make single magnetic domain nanocrystals 

of hard magnetic L10 FePt and antiferromagnetic L12 FePt3. 
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Chapter 7:  Conclusions and Future Research Directions 

7.1 CONCLUSIONS 

The research presented in this dissertation aimed to 1) demonstrate new solution 

phase synthetic routes to produce one dimensional silicon nanostructures and 2) 

investigate magnetic properties of Fe-Pt and Fe2O3 nanocrystals.  Silicon nanowires and 

magnetic nanocrystals possess interesting size, shape, mechanical, electronic, and 

magnetic characteristics and because of these properties many have proposed to utilize 

them in new technologies including flexible electronics, magnetic data storage, or 

biological applications.  The ability to cheaply produce these materials in large quantities 

in solution and tune their physical properties by controlling the morphologies and 

composition brings us one step closer to successful integration in next generation 

technologies.  Solution based syntheses of silicon nanowires was developed and the 

synthetic control of shape and size, surface passivation layers, and optical properties were 

studied.  Additionally, the fundamental magnetic properties of nanometer size 

antiferromagnets, ferrromagnets, and superparamagnets utilizing FePt and Fe2O3 

nanocrystals and a SiO2 encapsulation technique were investigated.   

7.1.1 Silicon Nanowires 

Silicon nanowires were synthesized using solution-liquid-solid (SLS) growth in 

ambient pressure solvents with trisilane, Si3H8, and Au or Bi nanocrystals seeds for the 

first time.  5 mg of silicon nanowires with average diameters of 30 nm and lengths 

exceeding 2 µm were typically produced in each reaction.  The synthesis protocol and Si 

nanowires morphologies were invariant to the metal seeds used.  The nanowires were 

dispersible in organic solvents for ~ 10 minutes but settled over time.  The Si nanowire 
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surfaces appear to be slightly oxidized from HRTEM analysis.  Reaction temperatures 

above 400 °C were required to produce a significant yield of long straight Si nanowire.   

The key to success regarding this Si nanowire synthesis in ambient pressure 

solutions was the identification of high boiling point solvents, octacosane and squalane, 

and the utilization of a very reactive silicon precursor, Si3H8.  Other silicon precursors, 

such as monophenylsilane, did not produce Si nanowires presumably because of the 

inability to liberate Si atoms (to promote growth) at the specific reaction temperatures.  

Si3H8 does not contain any Si-C bonding and decomposes at relatively low temperatures.  

Preliminary results show that Si3H8 is suitable to promote Si nanowire growth in 

supercritical fluids, also.  The ambient pressure solvent-based synthesis of Si nanowires 

provided a platform for the exploration of shape and size control of 1D silicon 

nanostructures, in-situ surface passivation of silicon, and the use of Si3H8 in other 

reaction mediums.  It opens the door for scale-up of high quality and low cost Si 

nanowire production in ambient pressure solutions. 

7.1.2 Silicon Nanorods 

Silicon nanorods with average diameters as small as 5 nm and lengths up to 75 

nm were synthesized for first time using arrested-SLS growth techniques with Si3H8.  The 

diameters and lengths of the nanorods were increased by increasing the reaction 

temperature and Si:Au ratio, respectively.  Three key ingredients were required to 

successfully produce these nanorods in ambient pressure solvents — (1) a suitable Si 

precursor (Si3H8), (2) small diameter metal seeds (Au) that form a eutectic with Si, and 

(3) the identification of an appropriate capping ligand (dodecylamine).  The addition of 

dodecylamine to the reactants was imperative to prevent coalescences of Au nanocrystal 

seeds and agglomeration of Si nanorod during growth.  Furthermore, dodecylamine does 

not seem to interfere with the trisilane decomposition chemistry.  Other capping ligands, 
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such as dodecanethiol, dodecene, didodecylamine, or tridodecylamine were detrimental 

to Si nanorod formation.  Surface characterization of the nanorods using FTIR and XPS 

verify that the primary amine does indeed covalently bond to the crystalline Si nanorod 

surface.   

The optical and optoelectronic properties of the Si nanorods were also 

investigated.  Exploring the absorbance, photoluminescence, and photoconductive 

properties of as-prepared Si nanorods resulted in a fruitless venture.  The absorbance 

spectrum was dominated by the plasmonic resonance of the Au seeds attached to the Si 

nanorod tips and no detectable photoluminescence or enhanced photoconductive current 

was observed.  A biphasic aqua regia etch was therefore developed to remove most of the 

Au from the Si nanorods.  At first, the etching procedure was very inefficient, removing 

only 5-10% of the Au tips from the Si nanorods, but an interesting observation in some 

TEM images elucidated to the fact that a thin Si shell surrounded the Au seed which 

prevented the etchant from reaching the Au.  It was speculated that the thin Si shell 

formed while cooling down the Si nanorod reaction and therefore a thermal quench was 

added to the synthesis protocol to disrupt the shell formation.  The thermal quench 

significantly increased the efficiency of removing the Au seeds from the Si nanorod tips 

when exposed to the aqua regia etchant.  Once the majority of the Au seeds were 

removed from the Si nanorods, the optical and optoelectronic properties were 

reevaluated.  No photoluminescence was observed, but both the absorbance and 

photoconductive current of ensemble mats of silicon nanorods exhibited marked 

differences compared to when the silicon nanorods had Au seeds located at their tips.  

The absorbance began to resemble that of bulk Si with an absorbance onset near ~ 1100 

nm.  A photo effect was also observed, increasing photocurrent by a factor of ~ 4000 at 

an applied voltage of 1V under light illumination.  



 158

7.1.3 Magnetic Nanocrystals 

Multifunctional colloidal core-shell nanoparticles of magnetic nanocrystals of 

FePt and Fe2O3 encapsulated in fluorescent dye doped SiO2 shells were synthesized and 

investigated with regards to their magnetic and optical properties.  The as-prepared 

magnetic nanocrystals were initially hydrophobic, but when coated with SiO2 using a 

microemulsion process the core-shell nanoparticles became hydrophilic.  The optical 

absorbance and fluorescence of tris(2,2′-bipyridyl)dichlororuthenium(II) hexahydrate 

(Rubpy) doped SiO2 was observed to absorb at a wavelength of 460 nm and fluoresce at 

610 nm and was resistant to photobleaching.  Counterintuitive to the magnetic SQUID 

measurements, FePt nanocrystals coated in SiO2 provided better T2 contrast than the 

Fe2O3@SiO2 nanoparticles when evaluated by magnetic resonance imaging,.  A simple 

magnetic collection experiment was also demonstrated with the FePt@SiO2 nanoparticles 

and a strong SmCo magnet, separating the nanoparticle from a water solution they were 

suspended within. 

L12 FePt3 antiferromagnetic nanocrystals were also produced by encapsulating 

chemically disorder Fe deficient Fe-Pt nanocrystals with SiO2 and annealing to high 

temperature.  The magnetic properties of the L12 FePt3 nanocrystals resembled similar 

magnetic characteristics to bulk antiferromagnetic L12 FePt3 — i.e. exhibiting two Néel 

temperature around 100K and 160K.  Although, a small hysteresis in the field dependent 

magnetization sweeps at 5 K and an increase in magnetic susceptibility indicate surface 

magnetism contributes to the overall magnetization.  By mixing L10 FePt@SiO2 

nanoparticles and L12 FePt3@SiO2 nanoparticles together and measuring the 

magnetization, it was elucidated that a previously observed drop in magnetization near 

zero applied field in field dependent measurements of L10 FePt nanocrystal were a result 

of the sample containing a small portion of L12 FePt3 nanocrystals.  An investigation of 
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L10 FePt nanocrystals coated with SiO2 of different thickness concluded that dipole 

interactions do not contribute to this observed magnetic constriction. 

 

7.2 FUTURE RESEARCH DIRECTIONS 

Several aspects of 1D Si nanostructures and magnetic nanocrystals projects 

discussed in this dissertation offer exciting new opportunities for further investigations.  

For instance, the primary motivation behind making these new materials is to investigate 

and utilize their unique properties.  With that context in mind, this dissertation has only 

skimmed the surface of identifying the many possible unique properties of silicon 

nanorods or antiferromagnetic L12 FePt3 nanocrystals.  Additionally, utilitarian aspects of 

applying multifunctional FePt@SiO2 and Fe2O3@SiO2 nanoparticles and SLS grown 

silicon nanowires for various applications and devices were not explored.  The following 

sections try to evoke and motivate potential future directions the projects in this 

dissertation could take. 

7.2.1 Silicon Nanowire Scale-Up and Surface Passivation 

Silicon nanowires will continue to be a topic of high interest for fundamental 

science exploration and applications because of their interesting mechanical, electrical, 

and optical properties.  Producing crystalline Si nanowires in ambient pressure solvents 

using Si3H8 has opened the door for a variety of future synthetic investigations in milder 

conditions including the optimization of long defect-free Si nanowires, diameter and 

length control, and exploration of different metal seeds to promote nanowire growth.  

However for the SLS synthesis of Si nanowires to reach commercialization, determining 

the scale-up potential and the Si nanowires electrical properties will be required.   
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Currently only 5 mg of Si nanowires are produced per batch in the ambient 

pressure solution reactions, compared to 100 mg in the supercritical fluid reactions.  To 

overcome this substantial difference in quantity a redesign of the typical schlenk line 

batch reaction used with ambient pressure solvents will be required.  Switching to a 

continuous flow through reactor, mimicking the supercritical fluid reactor (see appendix 

A), could offer a simple solution.  Undoubtably, the design of the ambient pressure 

reactor would have to be slightly modified to account for the differences in thermal and 

mass transport properties to maintain constant temperature, flow rate, and mixing.  A 

check of the HPLC pump compatibility and various fittings and plumping with high 

boiling point solvents should be conducted. 

The electrical properties of Si nanowires are highly influenced by surfaces effects 

because of their high surface to volume ratio of atoms.  To obtain good, accurate, and 

reproducible electrical properties electrically passivating the Si nanowire surfaces will be 

imperative.  One possible approach to electrically passivate the Si nanowires surfaces is 

to use capping ligands.  Many reports of hydrosilylation have shown the effectiveness of 

alkenes and alkynes for passivating Si if hydrogen is initially bonded to the surfaces.1,2 

The use of primary amines, as discussed in the Chapter 3, or different Grignard reagents 

could also provide suitable passivation pathways.3 Additionally, secondary and tertiary 

amines should be explored in further detail.  Preliminary surface characterization 

involving primary, secondary, and tertiary dodecyl – amines bonded to the surface of Si 

nanostructures is presented in Figure 1.1.  This data set is compared to Si nanowires that 

were not exposed to any capping ligand.  Although, a complete conclusion can not be 

deducted from this data, clearly there are trends in the IR and XPS data with respect to 

the primary, secondary, and tertiary amines.  For example, within the fingerprint regime 

(below 1100 cm-1) of the IR spectra the broad absorbance peaks shifts to higher 
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wavenumber with increasing alkyl coordination on the amines.  Additionally, XPS data 

suggest oxidation of the Si is more prevalent as the hydrogen on the amines, used in the 

reaction, are substituted with alkyl groups.  Regardless of the capping ligand chemistry 

applied, it is worth noting that ligand chemistry should ideally be applied during the 

reaction, or atleast prior to air exposure, to prevent any unwanted side-reaction from 

occurring with the Si surfaces.  
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Figure 7.1: Preliminary (A-B) XPS and (C) ATR-FTIR data of crystalline Si 
nanostructures synthesized in the presence of dodecylamine, 
didodecylamine, tridodecylamine, or no amine at 420 °C in squalane.  
Stretches in the fingerprint regime (<1300 cm-1) of the IR data have not 
been identified. 

Instead of using capping ligands, a better approach may be to grow a thermally 

and electrically stable oxide on the Si nanowire surfaces.  Introducing a chemical 
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oxidizing agent containing oxygen after the formation of pure crystalline Si nanowires 

could possibly grow a controlled SiO2 layer on the surface of the Si nanowires.  Thus, 

regardless of the pathway, before electrical properties can be measured in a reproducible 

fashion the passivation on Si nanowire surface should be addressed.   

Besides the continued work with SLS grown Si nanowires, ideas revolving around 

growing Si nanowires in supercritical fluids with Si3H8 should be followed up on.  Initial 

results, shown in chapter 2, show Si3H8 can indeed grow Si nanowires in supercritical 

fluids.  Si3H8 also provides a clean Si precursor which sidesteps the issue with an 

polyphenylsilane shell as explained in Chapter 1.  Additionally, the SFLS reactions with 

Si3H8 hold great industrial promise because of the large quantities of nanowires that can 

be produce very quickly (~ 100 mg in a 45 sec reaction), the clean surfaces of the Si 

nanowire, and the product’s solution processability which could provide pathways to 

cheaply integrating nanowires into industrial processes, such as roll-to-roll processes.  

Nonetheless, the SFLS grown Si nanowires were only recently discovered and therefore 

there is a lot of parameter space needed to be explored to optimize the reaction products.   

7.2.2 Silicon Quantum Rods, Photoemission, and Silicon Nanocrystals 

The study of silicon nanorods are still in its infancy.  Synthesizing Si quantum 

rods, with varying diameters below 4 nm, is still extremely challenging.  Buhro and 

coworkers and others have repetitively shown a direct correlation between nanowire or 

nanorod diameter and seed diameter.4,5  Therefore to create Si quantum rods, precise 

control over the growth seed will be required.  For the arrested-SLS grown Si nanorods 

described in Chapter 3 and 4, 2 nm pre-synthesized Au nanocrystals seeds were used to 

promote growth.  Unfortunately these seeds coalescence upon injecting into hot solvents, 

but it was found that dodecylamine prevents some of this coalescence.  Therefore it might 

be possible to use longer aliphatic chained-primary amines to provide further steric 
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stabilization and hinder coalescence.  Alternatively, an in-situ seeded growth approach 

could be adopted in hopes to begin rod growth with smaller seeds.  Solid seeding of Si 

nanorods poses an interesting possibility to decrease nanorods diameters, also.  Unlike 

liquid state seeding of Si with Au, some metals, like Ni, form solid-state eutectics with Si 

at relatively low temperatures (see phase diagram in appendix B).  Ni has already been 

demonstrated for Si nanowire growth in supercritical fluids6 and preliminary Si nanowire 

growth from Ni seed in ambient pressure solution, shown in Figure 7.2, suggest that 

indeed the diameter of the wire is determined by the diameter of the initial solid seed.  

The solid state seeding concept in combination with the proper capping ligand chemistry 

could produce silicon quantum rods.  

 

 

Figure 7.2: TEM image of (A) 5.2 nm diameter Ni nanocrystals used to seed (B) Si 
nanowires in ambient pressure squalane at 420 °C.  The Si nanowires are 
relatively tortuous and the diameters are 5.3 nm in width.  

Throughout this dissertation, much effort has been given to coax light out of the 

small diameter Si nanorods.  An etching technique was developed to rid the rods of any 



 165

Au.  Although these investigations were scientifically fruitful, light emission from Si 

nanorods was never achieved.  The most likely suspects to why there was no luminscence 

are because the diameters of the nanorods were too large and after etching the Au seed 

from the Si nanorod tips, too many defects were present quenching the luminescence.  

One possible strategy to minimize the defects is to anneal them out.  Another would be to 

etch the rod surfaces slightly with HF, possibly shrinking the nanorod diameter while 

ridding defects and passivating surface atoms with hydrogen.  Finally, conducting 

photoluminescence experiments of the Si nanorods using a high powered laser and 

ultrasensitive detector would conclusively determine if any luminescence could be 

observed from the samples.   

Many aspects of synthesizing Si nanorods are thought to be closely related to a 

pathways of synthesizing colloidal Si nanocrystals.  The use of capping ligands will be 

essential to stabilize and prevent coalescence of Si nanocrystals made in solution, and 

similar to the Si nanorods, primary amines could possibly provide this stabilization.  

Additionally, Si3H8 could be a suitable precursor to produce nanocrystals as the synthesis 

will undoubtably require large quantities of high energy liberated Si atoms to 

homogenously nucleate and crystallize nanocrystals.  Unlike the Si nanorods were Au is 

used to induce Si crystallization at low temperatures, it has been reported that pure 

nanoscale Si requires temperatures atleast 600 °C to crystallize.7  Supercritical toluene 

may achieve these high temperatures, but preliminary experiments have been 

unsuccessful in producing Si nanocrystals.  A possible approach to induce nucleation and 

crystallization might be to dope the Si nanocrystals synthesis with an impurity — 

possibly a capping ligand or molecular species could be used.  In fact, Au nanocrystals 

and various other salts have been shown to either template Si nanocrystals and Ge 
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nanowire growth.8-10  Overall, it is interesting to think about solution based synthetic 

schemes to produce Si nanocrystals. 

7.2.3 Emergent Magnetic Properties of Intermetallic and Noble Metal Nanocrystals 

Magnetic nanocrystals including FePt and Fe2O3, as described in Chapters 5 and 

6, have been identified as exhibiting strong ferromagnetic or superparamagnetic 

properties that could be utilized for high density magnetic data storage or MRI contrast 

agent applications, respectively.  Alternatively, novel magnetic properties in 

antiferromagnetic and small noble metals nanocrystals are still being uncovered.  

Whether one is interested in applying magnetic materials to new technologies or 

observing new properties, there still seems to be a lot of research space to explore in the 

field of magnetic nanocrystals. 

Antiferromagnetic nanocrystals, as mention in Chapter 6, have been proposed to 

exhibit a phenomenon referred to as superantiferromagnetism.  Superantiferromagnetism 

is the result of the magnetic moments of surface atoms in small diameter 

antiferromagnetic nanocrystal being uncoupled.  To probe whether the L12 FePt3 

nanocrystals reported in Chapter 6 exhibits superantiferromagnetism, a surface sensitive 

magnetic characterization technique would be required.  Although not completely 

established, one possible technique could be to use neutron scattering.  Neutron scattering 

is still in its infancy of probing magnetic nanomaterials partially because of the relatively 

large quantities of monodisperse sample that are required.  The advent of many arrested 

precipitation techniques producing large enough quantities of magnetic nanocrystals in 

recent years have helped overcome this issue.   

Neutron scattering could also help elucidate the origin of unique ferromagnetic or 

enhanced paramagnetic behavior recently reported for small Au, Ag, and Pd 

nanocrystals.11-15  Additionally, Bi nanocrystals would be an interesting material system 
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to explore regarding these unique magnetic effects.  Bi is considered the most 

diamagnetic naturally occurring metal on the periodic table.  Actually Bi is a semimetal 

with electronic structure similar to graphene.  Nonetheless, there are reports that suggest 

the possibility of ferromagnetic Bi and preliminary results of 5 – 10 nm diameter Bi 

nanocrystals indicate a size dependence on magnetic properties, Figure 7.3.16  

 

 

Figure 7.3: Field-dependent magnetization of 5 nm, 10 nm, and bulk bismuth at (A) 5 K 
and (B) 300 K.  (C) Respective temperature dependent magnetization of the 
bismuth at an applied field if 0.1 T.  (D) Plot of the size dependent magnetic 
susceptibility of bismuth extracted from the data in (A-C). 

Finally, coupling ferromagnetic and antiferromagnetic nanomaterials in a core 

shell structure or as a heterostructure on length scales between 5 -10 nm could also be an 



 168

interesting study.  These types of heterostructures should exhibit exchange bias and the 

ferromagnetic material should be pinned by the antiferromagnetic material.  Additionally 

magnetic interfaces on this small of a length scale have not been thoroughly explored.   

L10 FePt and L12 FePt3 could be one possible material system to study, if the 

interdiffusion at the interface could be mitigated.  Nonetheless, these types of magnetic 

heterostructures could find utility in next generation spin junctions, MRI contrast agents 

or potentially results in multi-logic magnetic memory applications.  
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Appendix A: Schlenk Line and Supercritical Experimental Setup 

 

Figure A1: Photograph of Schlenk line in a fume hood with inset showing of 4-neck 
reaction flask.   
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Figure A2: Photograph of a glovebox that incorporated a Schlenk line to safely handle 
trisilane reactions. 
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Figure A3: Photograph of the supercritical fluid reactor incorporated into a glovebox to 
safely handle trisilane reactions. 
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Appendix B: Si – Au, Bi, and Ni Binary Phase Diagrams 

 

 

Figure B1:  Au-Si bulk phase diagram.1,2 The eutectic point for the Au-Si system is at 
363.3 °C and 3.16 ± 0.1 weight percent silicon. 
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Figure B2:  Bi-Si bulk phase diagram.1,2 The eutectic point for the Bi-Si system is at 264 
°C and ~ 1.0 weight percent silicon. 
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Figure B3:  Ni-Si bulk phase diagram.1,2 The liquid eutectic point for the Ni-Si system is 
at 954 °C and ~ 28.0 weight percent silicon. 
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Appendix C: TEM, SEM, XRD, XPS, ATR-FTIR, and SQUID 
Nanomaterial Characterization Details  

Part 1: Transmission Electron Microscopy (TEM) and Energy dispersive X-ray 
Spectroscopy (EDS) 

TEM images were acquired digitally with either a Phillips EM208 TEM (AMT 

Advantage HR 1 MB digital camera) operated at 80 kV accelerating voltage or a high 

resolution (HR) JEOL 2010F TEM (Gatan MultiScanning MSC 794 digital CCD camera) 

operated at 200 kV.  All TEM sample preparation was conducted in ambient atmosphere 

by dropcasting ~5µL droplet of a dilute solution containing the nanomaterial of interest 

— typically chloroform was used as the solvent for hydrophobic nanomaterials and 

ethanol was used for hydrophilic nanomaterials — onto a TEM grid and allowing the 

solvent to evaporate.  Silicon nanowires were typically imaged on 200 mesh lacey 

carbon-coated copper TEM grids (Electron Microscopy Sciences, catalog # LC200-Cu-

50).  Silicon nanorod and magnetic nanocrystals were imaged on 200 mesh carbon-coated 

copper TEM grids (Electron Microscopy Sciences, catalog #CF200-Cu-50). 

EDS data was acquired on the JEOL 2010F TEM with an Oxford Inca EDS 

detector.  Reported chemical compositions represent an average of many EDS 

measurements obtained from several different regions on the TEM grid.  Typically 

nanowires and nanorods were probed individually with a 2-3 nm electron beam, whereas 

the EDS spectra for the magnetic nanocrystals were obtained over an ensemble of 

nanocrystals.  

 

Part 2: Scanning Electron Microscopy (SEM) 

SEM images were obtained using a Zeiss Supra 40 SEM with an in-lens 

arrangement typically operated at 3 keV working voltage and a 5 mm lens to detector 
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distance.  Nanowire sample preparation consisted of dropcasting dilute concentrations of 

nanowires in chloroform or placing dried clumps of nanowires onto a pre-cleaned 1 cm2 

silicon substrate.  The SEM images of the magnetic nanocrystals shown in this 

dissertation where patterned onto the silicon substrates using PDMS stamps.  

 

Part 3: X-ray Diffraction (XRD) 

XRD was performed on a Bruker-Nonius D8 Advance Diffractometer using Cu 

Kα radiation (λ=1.5418 Å) with nanomaterial samples deposited on a non-background 

scattering quartz substrate.  Scans of 2θ° were performed from 10o-90o in 0.02 (2θ°) 

increments at a scan rate of 12.0°/minute for 2-12 hours.  Due to imperfections in the 

quartz substrate, sometimes an {0001} scattering reflection is observed at 2θ°=16.34o and 

can be used as an internal calibration standard.  

  

Part 4: X-ray Photoelectron Spectroscopy (XPS) 

XPS was performed with a Kratos photoelectron spectrometer equipped with a 

charge neutralizer and 180° hemispherical electron energy analyzer.  Approximately 2 

mg of silicon nanorods were dropcast onto Si substrates coated with 30 nm of Ti.  The  

substrates and samples were then degassed at pressures below 10-7 torr by diffusion pump 

for 2 days.  Unetched silicon nanorods were exposed to air for less than 3 minutes.  The 

XPS data was internally standardized with respect to the Au 4f7/2 and Au 4f5/2 peak 

positions.   

 
Part 5: Attenuated Total Internal Reflectance Fourier Transform Infrared (ATR-FTIR) 
Spectroscopy  

ATR-FTIR spectra were acquired using a Thermo Mattson Infinity Gold FTIR 

with an attenuated total internal reflectance (ATR) stage made of ZnSe.  The detector is 
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liquid nitrogen cooled and the spectra are acquired from 400 – 4000 cm-1 with 1 cm-1 

resolution by averaging 128 scans.  Samples are dropcasted onto the ATR stage from a 

chloroform solution and dried while purging with nitrogen.  Background scans are 

performed prior to sample deposition and are automatically subtracted out.   

 

Part 6: Superconducting Quantum Interference Device (SQUID)  

The magnetization properties of the magnetic nanocrystals were measured on a 

superconducting quantum interference device (SQUID) magnetometer (Quantum 

Design).  Samples were prepared by transferring 3 to 7 mg of dry SiO2 encapsulated 

nanocrystals into gelatin capsules (Capsuline #4) and filling the remainder of the capsule 

with cotton.  At applied fields of ~5 T, the magnetic signal from the FePt@SiO2(Rubpy) 

or Fe2O3@SiO2(Rubpy) nanoparticles was two orders of magnitude larger than the 

contribution from the sample holder and background; therefore, background subtraction 

was not necessary.  Sometimes the magnetization measured in units of emu/g was either 

normalized to the saturation magnetization of the sample or converted to magnetization in 

units of Bohr magnetons per nanoparticle (µB/Fe-Pt@SiO2 nanoparticle) by multiplying 

the weight of the sample by the conversion factor emuµ1008.1 B
20×  and dividing by 

the estimated weight of an individual nanoparticle.  The weight of a Fe-Pt@SiO2 

nanoparticle was estimated from the average Fe-Pt core diameter and silica shell 

thickness determined by TEM, with the Fe-Pt and silica densities taken as 15.15 g/cm3 

and 2.2 g/cm3, respectively. 
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