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Central to the implementation of colloidal nanomaterials in commercial 

applications is the development of high throughput synthesis strategies for 

technologically relevant materials. Solution based synthesis approaches provide the 

controllability, high throughput, and scalability needed to meet commercial demand.  A 

flow through supercritical fluid reactor was used to synthesize silicon nanowires in high 

yield with production rates of ~45 mg/hr.  The high temperature and high pressure of the 

supercritical medium facilitated the decomposition of monophenylsilane and seeded 

growth of silicon nanowires by gold seeds. Crystalline nanowires with diameters of ~25 

nm and lengths greater than 20 µm were routinely synthesized. Accumulation of 

nanowires in the reactor resulted in deposition of a conformal amorphous shell on the 

crystalline surface of the wire.  X-ray diffraction, X-ray photoelectron spectroscopy, 

Fourier transform infrared spectroscopy, and energy dispersive X-ray spectroscopy were 

used to determine the shell composition.  The shell was identified as polyphenylsilane 
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formed by polymerization of the silicon precursor monophenylsilane.  A post synthesis 

etch was developed to remove the shell while still maintaining the integrity of the 

crystalline silicon nanowire core.  Subsequent surface passivation was achieved through 

thermal hydrosilylation with a terminal alkene.  

The development colloidal nanomaterials into commercial applications also 

requires simple and robust bottom-up assembly strategies to facilitate device fabrication. 

A Langmuir-Blodgett trough was used to assemble continuous monolayers of 

hexagonally ordered spherical nanocrystals over areas greater than 1 cm2. Patterned 

monolayers and multilayers of FePt nanocrystals were printed onto substrates using pre-

patterned polydimethylsiloxane (PDMS) stamps and a modified Langmuir Schaefer 

transfer technique.  Patterned features, including micrometer-size circles, lines, and 

squares, could be printed using this approach.  The magnetic properties of the printed 

nanocrystal films were also measured using magnetic force microscopy (MFM).  Room 

temperature MFM could detect a remanent (permanent) magnetization from multilayers 

(>3 nanocrystals thick) films of chemically-ordered L10 FePt nanocrystals.  Grazing 

incidence small angle X-ray scattering was used to quantitatively characterize the grain 

size, crystal structure, lattice disorder, and edge-to-edge spacing of the nanocrystal films 

prepared on the Langmuir-Blodgett trough both on the air-water interface and after 

transfer. 
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CHAPTER 1: INTRODUCTION 

Nanomaterials have been around for over two thousand years. Without knowing 

it, the ancient Mayans and Romans used metallic nanocrystal dyes in paints and stained 

glass.1, 2  In the middle ages, blacksmiths incorporated carbon nanotubes into steel giving 

it increased strength.3 In the current century, the field of nanoscience is thriving. Within 

the last 30 years, a multitude of synthetic techniques have been reported for metallic, 

semiconductor, and insulating nanomaterials having unique size, shape, and composition 

dependent properties.  The rapid evolution of the field comes from technological 

advancements in material characterization techniques which has given scientists a greater 

understanding of the nano size regime (1-100 nm).  Despite fast growth in the field of 

nanomaterials, commercialization of colloidally synthesized nanomaterials is still in its 

infancy.        

Manufacturing of nanostructure based devices are categorized by two approaches: 

top-down and bottom-up.  Top-down refers to processes in which the desired size and 

placement of device features are machined from a bulk material by precision controlled 

tools. Photolithography is an example of a top-down engineering technique that is 

currently used in the semiconductor industry to define nanostructures on the order of 32 

nm.4 The disadvantage of top-down approaches is the exponentially growing cost of tools 

needed to define the size and placement of increasingly smaller features.  A cost-effective 

alternative to defining nanoscale features uses bottom-up manufacturing approaches 

where nanoscale building blocks are first defined and then assemble into a working 

device. One approach to bottom-up manufacturing uses colloidal (e.g. solution phase) 

synthetic routes to cost effectively produce nanomaterial building blocks with precise 
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control over shape, size, and composition.  The chemical and physical interactions 

between the nanoscale building blocks are then used to assemble the desired devices.  

Two technological hurdles affect the commercialization of bottom-up 

manufacturing processes: (1) the need to develop robust, high throughput synthesis 

strategies of technologically relevant nanomaterials and (2) the need to develop simple 

and universal assembly strategies for device implementation. The high throughput 

synthesis of silicon nanowires and Langmuir-Blodgett assembly of colloidal nanocrystal 

monolayers over large areas are discussed in this dissertation.       

 

1.1 SEMICONDUCTOR NANOWIRES 

Semiconductor nanowires are crystalline, one-dimensional (1-D) structures with 

diameters ranging from 1-100 nm and aspect ratios (L/D) greater than 100.5 Their long 

lengths allow transport of charge carriers over long distances making them great 

candidates for the replacement of traditional, lithographically defined nanostructures for 

field effect transistors.  The initial work from Lieber’s group demonstrated the use of 

semiconductor nanowires in applications such as logic gates, memory devices, and 

photodetectors.6-8  Taking advantage of the nanowires high surface area to volume ratio, 

others have exploited the sensitivity of charge transport to surface absorbed analytes 

creating a market for nanowire based biological and chemical sensors.9, 10  The additional 

flexibility of the nanowire morphology allows for devices to be made on cheap, flexible 

substrates for niche applications such as the backplanes of flexible displays.10  These 

proof-of-principle demonstrations have been designed around single nanowire devices 

making them difficult to reproduce on a commercial scale due to the challenges 

associated with nanowire placement. Emerging device fabrication approaches overcome 
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these difficulties by utilizing the collective properties of multiple nanowires relieving the 

stress needed to define their exact placement.  Although the true potential of nanowires 

may not be reached in this configuration, the advantages gained in reproducibility of 

device manufacturing allows for certain low-cost technologies to be developed.  

Employing fabrication techniques in which nanowires are incorporated into polymers, 

fabrics, or self-supporting meshes, nanowires can be used as scaffolds for catalyst 

particles, absorber layers for photovoltaics, battery anodes for increased energy storage, 

tissue culture, drug delivery, and transistors applications.11-13  The caveat to such methods 

is the high quantities of material needed to sustain a commercialized product.       

Of the many semiconductor nanomaterials available through bottom-up synthesis 

routes, silicon is the most promising for commercialization. Silicon’s long-standing 

history as the platform material in the microelectronics industry has made silicon one of 

the most well studied materials in world.  Although alternative semiconductor materials 

such as germanium or gallium arsenide are currently being investigated to replace Si due 

to their higher electron and hole mobility, Si still persists.14  The dominance of silicon for 

field effect transistors is attributed to its stable oxide (SiO2), which is easily grown and 

provides an excellent, defect free interface with the silicon channel. The surface 

chemistry of silicon and SiO2 is also well established, allowing functionalization of the 

nanowire surface with small molecule ligands giving it greater solution processablity.15 

Beyond its projected applications in electronics, solar energy, and energy storage, silicon 

is also biologically inert allowing nanowires to be used in medicinal applications.16 

Despite its forthcomings, silicon nanowires remain difficult to synthesize in large 

quantities due to the high temperatures needed for crystallization.17 
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1.1.1 Synthesis of silicon nanowires 

Silicon is a group IV, indirect bandgap semiconductor with diamond cubic crystal 

structure.14  It is the second most abundant material in the Earths crust, however it is 

rarely found in its elemental state.  It is typically found in the form of silicon dioxide, 

more commonly known as sand.  The process of refining metallurgical-grade silicon from 

silicon dioxide starts by reacting silicon dioxide with carbon in an arc furnace at ~1800 

ºC to form Si and CO2.18 Further purification is needed to achieve electrical-grade silicon 

for semiconductor applications.  This involves reacting metallurgical-grade silicon with 

HCl to form volatile silicon compounds (silanes and chlorosilanes) which are purified by 

distillation.18  The high purity silicon compounds are then decomposed to re-form  

polycrystalline, electronic-grade silicon. Traditional silicon wafers used in the 

semiconductor industry are cut from boules of single crystal silicon formed by the 

Czochralski process.18 This crystal growth mechanism starts by melting the 

polycrystalline, electronic-grade silicon in a quartz crucible at the melting temperature of 

silicon (~1400 ºC).  A small silicon seed crystal is lowered into the melt upon which 

heterogeneous nucleation of crystalline silicon occurs.  The seed crystal is slowly lifted 

and rotated from the melt allowing the silicon crystal to grow in length and diameter.  

Depending on pull rate, boule rotation speed, and crystal growth direction, boules of 

single crystal silicon can grow up to 1 meter long with diameters of up to 12 inches.  The 

growth direction of the boule is dependent on the orientation of the seed crystal, which is 

typically set for growth along the <100> direction.   

 Silicon nanowires are made by a seeded growth mechanism, where a metal seed 

is used to template and promote 1-D nanowire growth.  The growth mechanism was first 

demonstrated by Wagner and Ellis in 1964 when they observed the formation of silicon 

whiskers (1-D wires with diameters larger than 100 nm) by heating gold in the presence 
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of SiCl4 gas at 950 ºC.19 Their findings demonstrated anisotropic growth of silicon as well 

as the crystallization of silicon below its melting temperature.  They termed the growth 

mechanism vapor-liquid-solid (VLS) growth as the silicon source was in the vapor phase, 

the seed was in the liquid phase, and a solid silicon whisker was precipitated.  Since its 

initial discovery, a multitude of nanowire materials such as germanium, gallium arsenide, 

gallium phosphide, and indium phosphide nanowires have been synthesized based on the 

vapor-liquid-solid (VLS) growth technique.20-23  

An illustration of a VLS grown silicon nanowire from a gold seed is depicted in 

Figure 1.1 In the first step, the semiconductor precursor (silanes, chlorosilanes, or 

organosilanes) decomposes into atomistic silicon.  When the gold seed is heated above 

the eutectic temperature, atomistic silicon diffuses into the metal seed creating a liquid 

alloy.  Silicon continues to saturate the seed until the composition of the alloy reaches the 

first liquidus line. At this point the gold/silicon liquid metal is formed. As more silicon is 

added, the liquid droplet reaches the second liquidus line and begins precipitating a 

crystalline silicon nanowire.  A constant supply of silicon to the liquid seed particle is 

needed to maintain continuous growth of straight, 1-D nanowires. Insufficient or 

excessive supplies of silicon may cause kinked or tortuous nanowire growth.24  
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Figure 1.1:  Au-Si binary phase diagram and illustration of gold seeded silicon nanowire 
growth.  

Building on the VLS mechanism, vapor phase approaches to nanowire growth 

involving chemical vapor deposition, molecular beam epitaxy, and laser ablation have 

been developed to improve control over nanowire diameter and increase yield.23, 25-27 

Diameters down to 6 nm have been achieved by controlling the diameter of the metal 

seed particle.28 Generally, the nanowire diameter is related to the metal seed diameter by 

a ~1:1 ratio.28  In VLS growth, control over nanowire diameter and morphology are 

achieved by placing a substrate containing monodisperse seed particles into the VLS 

growth chamber.  The finite number of seed particles on the substrate severely limits the 

number of wires that can be nucleated resulting in low throughput. In conjunction with 

slow growth rates of silicon in the gas phase and the high costs associated with vacuum 

equipment, VLS synthesis routes are not suitable for commercialization when kg/hr not 

μg/hr of silicon nanowires are needed to sustain commercial demand.29 Solution based 

approaches offer the ability to increase production rates as seed particles are free floating 
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and can be continuously injected into the reaction environment.  Various III-V 

semiconductors have been synthesized by solution based approaches, however silicon 

remains challenging due to the high synthesis temperatures needed to efficiently 

decompose silicon precursors (>400 °C) and promote crystalline nanowire growth.30, 31    

1.1.2 Supercritical fluid growth of silicon nanowires 

Most conventional liquid solvents evaporate at the temperatures required for 

decomposition of silicon precursors making it difficult to grow nanowires in solution. 

Recent efforts by the Korgel group have identified suitable high boiling organic solvents 

for the synthesis of silicon nanowires in ambient pressure solutions. The growth is termed 

solution-liquid-solid (SLS) growth as the silicon precursor is delivered in the liquid 

phase.32  Silicon nanowires synthesized by this method suffer from tortuous bends 

making them inadequate for electronic application where long (> 20 µm) and kink free 

nanowires are desired. 

An alternative to ambient pressure solution synthesis employs supercritical fluids 

as the reaction medium.  A supercritical fluid is any substance heated above its critical 

temperature and pressure as shown by the generic pressure-temperature phase diagram in 

Figure 1.2.  The fluid displays properties of both a gas and liquid resulting in a high 

temperature reaction medium having the high diffusivities of a gas and the solvent 

properties of a liquid.  The density of the fluid also changes with small variances in the 

temperature and pressure allowing for greater tunability of the reaction medium. 

Industrially, supercritical fluids have been used for extractions, chemical reactions, 

drying processes, and in oil recovery.17  In 2000, the Korgel group demonstrated the 

ability to use supercritical hexane to synthesize silicon nanowires with diphenylsilane as 

the silicon precursor and colloidally synthesized gold nanocrystals as the seed material.33 
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The growth mechanism was coined supercritical fluid-liquid-solid (SFLS) growth and has 

spurred the development of germanium, gallium arsenide, and gallium phosphide 

nanowire synthesis in supercritical fluids.34-36  

 

Figure 1.2: Generic pressure-temperature phase diagram. 

 

The pioneering work on SFLS synthesis of silicon nanowires relied on a semi-

batch approach which gave low yields and nanowires with tortuous morphologies.31, 33 

Over the years, the synthesis evolved and yields were improved by switching to 

monophenylsilane (MPS) as the precursor and aromatic solvents such as toluene or 

benzene as the reaction solvent.31, 37  The modification to a continuous flow through 

reactor in 2008 added scalability to the supercritical fluid system and resulted in 

nanowire production rates upward of 50 mg/hr (Figure 1.3 A).37 Unlike a true continuous 

flow reaction, the system does not run at steady-state due to accumulation of silicon 

nanowires in the reactor.  As a result, nanowires with a core-shell structure were formed 
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(Figure 1.3B).  Figure 1.3C shows the silicon nanowires are long (> 20 µm) and straight, 

but are encased in a thick amorphous shell (Figure 1.3B).  The first section of this thesis 

focuses on improving synthesis reproducibility of long and straight silicon nanowires as 

well as identifying the composition of the shell material, its growth, methods for its 

removal, and passivation of the crystalline silicon surface. 

 

 

Figure 1.3:  Images of gold seeded silicon nanowires made by SFLS growth in 
supercritical toluene with monophenylsilane.  (A) Digital image of 40 mg of 
silicon nanowires made from a 40 min run time reaction, (B) transmission 
electron microscopy (TEM) image of silicon nanowires with average 
diameter of 25 nm and shell thickness of 8 nm, and (C) scanning electron 
microscopy (SEM) image of long kink free silicon nanowires.  
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1.1.3 Passivation of silicon surfaces 

Due to its high surface to volume ratio, the electronic properties of nanowires can 

be influenced by surface effects. One influential source comes from surface dangling 

bonds, which introduce trap states in the middle of the band gap.  A hydride terminated 

silicon surface has slow surface states and is desired for electronic applications.  Under 

atmospheric conditions hydride terminated silicon quickly reacts with oxygen to form a 

thin layer of native silicon oxide.38  Compared to thermally grown oxide, native oxide is 

of poor quality and introduces a high number of surface states which increases charge 

carrier surface recombination.39  These effects begin to dominate device characteristics as 

the diameter of the nanowire shrinks and the surface-area to volume ratio increases.  

Work by Cui et al. has shown chemical passivation of a silicon nanowire surface with 

small molecules greatly improves device performance.40 The covalent attachment of 

small organic molecules via Si-C bond formation passivates the nanowire surface 

limiting oxidation and satisfying dangling bonds.41 The addition of functional groups to 

the surface also aids in the solution processability of nanowires for the assembly of 

bottom up device structures.          

Various approaches to the passivation of flat crystalline silicon wafers and porous 

silicon surfaces have been described in literature.15 Central to the passivation of silicon 

surfaces is the formation of uniform Si-H or Si-Halide surface.  Hydride surfaces are 

prepared by etching silicon wafers in a dilute HF or NHF4 buffer solution.42  Subsequent 

chlorination is accomplished by exposing the hydride surface to PCL5 in chlorobenzene 

with benzoyl peroxide as the radical initiator.41  Though both surfaces are unstable in air, 

the surfaces can be further functionalized to produce stable Si-C linkages which are 

resistant to oxidation.15  
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Solution based approaches to Si-C linkages via hydrosilylation involve the 

reaction of an unsaturated carbon-carbon bond with a Si-H group.  Linford and co-

workers were the first to demonstrate this reaction pathway for Si(111) surface using 

alkenes in the presence of a radical initiator at 100 ºC.43  Later, Linford showed that at 

higher temperatures, the radical initiator was not necessary and passivation proceeded by 

homolytic cleavage of the Si-H bond.44  The silicon radical then reacts with an olefin 

producing a Si-C bond.  The reaction propagates along the silicon surface by removing a 

hydrogen atom from a neighboring Si-H group. Since its discovery, hydrosilylation 

techniques have been demonstrated using photochemical, Lewis acid, and microwave 

initiated reaction pathways.45-47 Typical surface passivation molecules include terminal 

alkenes and alkynes of various chain lengths and various surface terminations such as 

methyl, alcohol, amine, or carboxylic acids that can alter the interaction of the nanowire 

with its surroundings.48    

Grignard and alkyl lithium reagents can also be used to form stable Si-C bonds 

via a fresh Si-Cl surface, as shown by Bansal et al.41  In the presence of a chlorinated 

silicon surface, alkyl lithium (LiR, R=CiH2i+1) and alkyl Grignard reagents (RMgX, R= 

CiH2i+1 where X=Cl, Br) undergo a transmetalation and produce a stable Si-C bond to the 

alkyl group and LiCl and MgXCl as the respective by products.15  Similarly to the 

hydrosilylation of alkenes and alkynes, a variety of surface groups, such as N-pyrrolyl, 

can be imparted onto the exposed end of the alkyl chain.49 

1.2 ASSEMBLY OF COLLOIDAL NANOMATERIALS 

Colloidal nanocrystals are crystalline materials with at least one dimension on the 

order of 1-100 nm.  They have an inorganic core, ligand-functionalized surface, and are 

often called “artificial atoms” because their density of states can be easily tuned by 
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tailoring the size, shape, and composition of the nanocrystal.50  The tunability provides 

materials with interesting luminescent, catalytic, magnetic, and electrical properties 

making them promising building blocks for low-cost metamaterials with functional 

design. Figure 1.4 shows transmission electron microscopy (TEM) images of various 

colloidally synthesized nanocrystals which can be implemented in a variety of different 

ways.  The most straightforward utilization of nanocrystals is in applications where order 

is not necessary, such as biological imaging, drug delivery, or in catalytic applications.51-

53 The ligand passivation allows nanocrystals to be dispersed in various organic solvents, 

providing the ability to deposit nanocrystal thin films by low-cost bottom-up approaches 

such as dropcasting, spin-coating, inkjet printing, or spray coating.54 A subsequent 

annealing step can be preformed to sinter the nanocrystal domains and form a continuous 

thin film. The process is attractive as a low-cost alternative to chemical vapor deposition 

of thin films in applications such as absorber layers for photovoltaics, conductive 

electrodes, and anti-reflective coatings.54, 55 One of the more interesting methods of 

nanocrystal implementation takes advantage of their ability to self assemble and create 

two and three dimensional nanocrystal superlattices having a periodic crystal structure.  

These superlattices enable the creation of novel metamaterials whose properties are based 

on the individual and/or collective properties of the nanocrystal building blocks. The 

precise ordering of the nanocrystals makes them interesting for electronic, magnetic 

memory, and optical applications.56-58  
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Figure 1.4:  TEM images of (A) Au, (B) Fe2O3, (C) silica coated FePt, and (D) FePt 
nanocrystals.  

 

Large efforts have focused on the spontaneous organization of nanocrystal 

building blocks from colloidal solutions.  2-D and 3-D Superlattices have been formed 

from semiconductor quantum dots, metallic, and magnetic nanocrystals using a variety of 

techniques based solvent evaporation.59-63  Crystallization into nanocrystal superlattices 

from solution results from fine tuning deposition kinetics and interparticle forces by 

adjusting the solvent evaporation rate, solvent, solvent composition, particle 

concentration, particle surface chemistry, substrate tilt angle, substrate surface chemistry, 

and interaction of excess ligands with the nanocrystal dispersion.59, 60, 64, 65  The long list of 

variables not only makes reproducibly forming superlattices difficult to achieve but 

transferring the assembly technique to different material systems difficult as well. In 
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addition, uniform superlattice coverage (> 100 µm2) is difficult to attain, and often both 

multilayers and monolayers are formed simultaneously.  

The Langmuir Blodgett technique is one of the more promising methods of 

preparing 2-D nanocrystal monolayers.  The technique allows simple and reproducible 

transfer of nanocrystal monolayers and multilayers over large areas (> 1 cm2) onto 

various substrates.66-73  The assembly technique also allows comprehensive understanding 

of nanocrystals interactions within superlattices.  Due to these characteristics, the 

Langmuir-Blodgett technique has been used to assemble a variety nanocrystal materials 

with the intention of developing scalable bottom-up assembly routes for the manufacture 

of low-cost devices.66-72  For example, silicon and germanium nanowires have been 

aligned and deposited onto substrates to create field effect transistors, gold nanocrystals 

have been deposited onto SiO2 to create floating gate memory devices, monolayers of 

cobalt nanocrystals have been used as conductive electrodes, and monolayers of 

CdSe/ZnS core-shell nanocrystals have been used to prepare light emitting diodes.70, 74-77 

The micro continuity and structure of the films are generally characterized using TEM 

and scanning electron microscopy (SEM), which provide a relatively localized view of 

the structural organization.  Methods of quantifying the edge-to-edge spacing, crystal 

structure, grain size, and lattice disorder within a nanocrystal film, over a large area, are 

needed to aid the fundamental understanding and development of commercial 

applications for nanocrystal superlattices. The second half of this thesis focuses on 

developing applications for nanocrystal monolayers produced by the Langmuir-Blodgett 

technique, as well as quantitatively characterizing the structural evolution of Langmuir-

Blodgett film formation. 
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1.2.2 Langmuir-Blodgett trough 

The birth of the Langmuir-Blodgett trough can be traced back to experiments 

conducted in the eighteenth century by scientist and founding father Benjamin Franklin. 

In his seminal work, he deposited a teaspoon of oil onto a pond and observed it spread 

instantly as a thin film across the water surface for nearly an acre.78  He noted the 

repulsion of the oil particles was so strong as to displace objects floating on the surface of 

the water.  It wasn’t until the 1880’s when Lord Rayleigh was able to understand 

Franklin’s findings.  Studying the causes of droplet break up from a vertical stream of 

water, Rayleigh realized the importance of trace impurities in water.  The addition of 

minute soap impurities resulted minimal water breakup which lead him to the idea that 

surface tension can be modified by a surface film of insoluble grease or oil.79 Building on 

this, he postulated that a droplet of oil on top of water would extend until the layer was 

one molecule thick.  Knowing the volume and area over which a droplet of oil spread 

onto water, Rayleigh calculated the thickness of the oil monolayer (olive oil) to be 1-2 

nm, which is surprisingly accurate given the simple measuring technique.80  Rayleigh’s 

findings, however would not be complete without the help of Agnes Pockels.  Literally in 

her kitchen sink, Agnes built an apparatus, which would later be refined and known today 

as a Langmuir-Blodgett trough.  In a letter to Rayleigh, Pockels described the home built 

trough, which she used to control the area of a surfactant monolayer and discovered how 

surface tension changes with increasing or decreasing surface area.81 Building on 

Pockels’ design as well as the ideas of Rayleigh and Pockels, Irving Langmuir developed 

a balance to measure the surface pressures of thin surfactant films.82 Based his design, 

Langmuir confirmed the films had a thickness of one molecule and suggested the 

molecules were oriented vertically with their polar head groups closest to the water 

phase.  Under Langmuir’s tutelage, Katharine Blodgett began work on transferring fatty 
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acid monolayers from the water surface to solid substrates as monolayers and 

multilayers.83 Nearly a century later, the Langmuir-Blodgett trough has been rediscovered 

as a simple method for assembling continuous monolayers of ordered ligand-

functionalized nanocrystals.  

1.2.2.1 Langmuir-Blodgett film formation and characterization 

Figure 1.5 shows a schematic of a modern Langmuir-Blodgett trough.  The 

system consists of rectangular Teflon dish to hold the water sub phase, two movable 

barriers to anisotropically compress the monolayer, a Wilhelmy plate to measure the 

surface tension, and a mechanical dipping apparatus to transfer the monolayer to a solid 

substrate. Langmuir-Blodgett monolayer assembly takes place at the air-liquid interface 

therefore use of hydrophobic materials are desired to prevent dissolution of material into 

the aqueous liquid phase.84  Traditional monolayer materials consist of surfactant 

molecules which sit at the air-water interface with their polar head groups touching the 

water surface and hydrophobic tails pointing away (Figure 1.6A). Monolayers consisting 

of hydrophobic, ligand functionalized, nanocrystals sit at the air-water interface with their 

hydrophobic tails pointing toward the water interface as well as neighboring nanocrystals 

(Figure 1.6B). Both materials are insoluble in water allowing them to be easily spread 

onto the water surface. 
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Figure 1.5: Digital image of a Langmuir-Blodgett trough.  Numbers denote: (1) Teflon 
trough, (2) Wilhelmy plate, (3) dipping apparatus, and (4) moveable barrier.           

 

Figure 1.6:  Illustration of (A) surfactant monolayer and (B) ligand functionalize 
nanocrystals resting at the air-water interface. 
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The ligand-functionalized nanocrystals are deposited onto the water sub phase 

from a dilute solution (0.1-1 mg/ml) of a volatile non-polar solvent. When the droplet 

touches the water surface, the solution spreads as a thin film to cover the available 

surface area.  As the solvent layer becomes thinner, on the order of the nanocrystal 

diameter, capillary forces between the nanocrystals draw them together creating islands 

of ordered nanocrystals (Figure 1.7B).67  The formation of islands has been observed for a 

variety of nanocrystal materials with various surface bound ligands, shapes, and sizes 

corroborating the robustness of the Langmuir-Blodgett technique.66, 70, 85-87     

The solvent from which the nanocrystals are deposited, the nanocrystal 

concentration, and the kinetics of solvent evaporation affect the degree of nanocrystal 

order within each grain and the grain’s size.  Deposition of nanocrystals from low 

solution concentrations nucleate a small number of islands in which additional individual 

nanocrystals are added slowly allowing time for the nanocrystals to pack efficiently and 

increase the grain size.  Deposition from high nanocrystal concentrations favors quick 

nucleation of small nanocrystal clusters which come together and pack inefficiently 

resulting in smaller grains.88 The stability of the nanocrystals in the deposition solvent is 

also important to prevent their aggregation and the formation of multilayers in the film.88  

Ultimately, the degree of order within each grain is limited by the size-polydispersity of 

the nanocrystals. Size-monodisperse spherical nanocrystals are routinely assembled into 

hexagonally order grains having long-range translational and orientational order.57 In 

size-polydisperse samples, amorphous hexatic grains having quasi long-range 

orientational order (6 nearest neighbors) and short-range translational order are formed.89  

To some extent, the soft ligand layer on the surface of the nanocrystals can account for 

the size-polydispersity of the nanocrystals and help obtain hexagonally ordered grains.90, 
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91 For applications of Langmuir Blodgett films, the ability to quantitatively characterize 

the degree of order within the entire film is beneficial to its implementation.  For 

instance, in magnetic memory applications, having a uniform hexagonally packed 

structure allows easy registry of individual magnetic bits as each one is a known distance 

and angle away from the other. Quantifying the size of the grain, i.e. it persistence length, 

is also important as larger grains inherently have higher degree of translational order 

allowing registration of individual magnetic bits over larger areas. 

Assembly of the nanocrystal islands into a continuous film begins by compression 

of the movable barrier at a controlled rate to bring the individual islands together. The 

surface tension of the water is recorded by the Wilhelmy plate during this process.  

Compression of the film results in a decrease in available surface area causing the 

monolayer material to exert a repulsive force on each other.  In two dimensions this is 

known as the surface pressure denoted by capital pi (Π) and is analogous to pressure in 

three dimensions.  For a surface at equilibrium, the surface pressure is given by 

, where γ is the surface tension without the monolayer and γo is the surface 

tension with the monolayer present as measured by the Wilhelmy plate.92  Water is 

commonly used as the sub phase material; therefore γ is 72 mN/m at room temperature.14   
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Figure 1.7:  (A) Generic surface pressure-area isotherm of nanocrystal monolayers.  
Vertical dashed lines indicate phase transitions.  Illustrations (B-D) depict 
top down views of nanocrystals compressed at the air water interface. For 
simplicity ligands on the surface of the nanocrystals are not show. Images 
correspond to the (B) gas, (C) liquid, and (D) solid  phases. The vertical 
black bars represent the moveable barriers. 

 

Figure 1.7A is an illustration of a typical surface pressure-area isotherm of ligand-

stabilized nanocrystals compressed at an air-water interface. The graph is a fingerprint, 

providing information that is characteristic to the nanocrystals assembly.  It can be used 

to examine reproducibility from batch to batch of the same material allowing 

identification of impurities that disrupt assembly.56  From a manufacturing standpoint this 

extra information is vital to identifying problems with monolayer formation and offers an 
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advantage over solvent evaporation assembly techniques which do not have any indicator 

of assembly.  

Examination of the isotherm reveals a number of distinct regions (Figure 1.7A).  

These regions are referred to as phases and are analogous to the phases of matter in three 

dimensions.  At high surface area the nanocrystal monolayer is in the two-dimensional 

analogue of the gas phase which consists of nanocrystal islands separated by large 

amounts of void space on the order of 2-10 µm (Figure 1.7B).  The interaction of 

nanocrystals across the surface of the water has little effect on the surface tension and the 

surface pressure remains at 0 mN/m. Further compression of the film results in a 

transition from the gas to liquid phase caused by the increased interaction of nanocrystal 

islands as is noted by the gradual increase in surface pressure. Void space still exists 

between the nanocrystal islands (Figure 1.7C). Decreasing the available surface area 

further increases the surface pressure of the film sharply, resulting in a transition to the 

solid phase.  Within this region of the isotherm, the large void spaces between 

nanocrystal islands are no longer present and the repulsions measured are between the 

nanocrystals themselves which arise from compression of the surface bound ligands 

(Figure 1.7D). Further reduction of the surface area results in buckling and collapse of the 

nanocrystal monolayer to form multilayers stripes perpendicular to the compression 

direction.  This is denoted by the rapid decrease in surface pressure. To prevent 

multilayer formation, the ideal transfer of the Langmuir-Blodgett film to a substrate is 

within the solid phase region of the isotherm just prior to collapse of the film.  

During compression, physical deformation of the superlattice by the externally 

applied force of the Langmuir-Blodgett trough barriers can deform the soft ligand layer 

on the surface of the nanocrystals and decrease the edge-to-edge spacing between 

nanocrystal cores. This provides further tuning of the films properties through coupled 
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nanocrystal interactions. For instance, the electrical and optical properties of metallic 

nanocrystals have been shown to undergo a reversible insulator-to-metal transition with 

film compression,58, 93, 94 a concept that highlights Langmuir-Blodgett assembly as a 

powerful tool for controlling the collective properties of nanocrystal films. The transition 

is attributed to an overlap in the quantum mechanical wave function of neighboring 

nanocrystal cores due to compression of the ligands and a decrease in edge-to-edge 

spacing.93
 The degree of ligand compression can be adjusted by varying the free volume 

available to the ligands on the surface of the nanocrystal. Heath et al. used geometric 

arguments to derive that the free volume of a ligand on the surface of a nanocrystal scales 

as L3/D2 (where L is the ligand length and D is the nanocrystal diameter).66 The equation 

predicts ligands on the surface of large diameter nanocrystals have less free volume 

available resulting in a stiff ligand shell which gives rise to increased nanocrystal 

separation within a monolayer superlattice. Simulations have also confirmed the packing 

density of ligands on the surface of the nanocrystal influences the spacing between 

nanocrystals.95   

Deformation of the ligand layer during film compression can be monitored 

indirectly by analyzing the surface pressure isotherm. The compressibility (C): 

, where a is the surface area and Π is the surface pressure, of the 

nanocrystal ligand shell can be extracted from the solid phase region of the isotherm.96  

Large values indicate a highly compressible layer, typical compressibilities in the solid 

phase region range from 0.1 to 0.001 m/mN.  Extraction of an accurate change in edge-

to-edge spacing between nanocrystals, i.e. ligand compression, is difficult to obtain from 

the isotherm.  It may be inferred by calculating the change in surface area available to 

each nanocrystal; however this requires accurate knowledge of the number of 
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nanocrystals on the water surface, which in practice is difficult to obtain due to errors 

associated with determining an accurate mass of nanocrystals deposited on the surface. 

More direct methods of measurement are needed to help quantitatively characterize 

nanocrystal edge-to-edge spacing and correlate ligand packing density to compressibility 

in order to design nanocrystals films with tunable edge-to-edge spacing.  

Compression of the film by the Langmuir-Blodgett trough’s barriers may also 

change the crystal structure within the film.  Aveyard et al. demonstrated experimentally 

that compression of spherical glass particles (diameter = 2.6 µm) undergo a hexagonal to 

rhombohedral structural transition with Langmuir-Blodgett film compression.97  For the 

large hard spheres, the transition was easily observed by in situ optical microscopy. For 

small nanocrystals (< 20 nm) it is unclear whether such transitions occur or if the 

hexagonal lattice becomes disordered with compression due to the flexibility of the 

ligand layer.  Changes in the nanocrystal grain size with compression are also unknown.  

Such transformations during the films compression are important parameters to 

characterize in order to further understand their relationship to phenomena arising from 

the nanocrystal films collective properties such as the insulator-to-metal transition.  

Direct observation of the small changes (~0.5-2 nm) in edge-to-edge spacing can 

be difficult to measure accurately by SEM and TEM. Additionally, characterization of 

nanocrystal ordering and grain size over the entire film can be tedious and time 

consuming requiring the calculation of the pair distribution function and orientational 

correlation function.98 It is also unclear whether the transferred Langmuir-Blodgett films 

adopt the same structure as on the air-water interface. An emerging characterization 

technique uses grazing incidence small-angle X-ray scattering (GISAXS) to measure the 

small changes in the films structure (~ 0.5 nm) during compression on the air-water 

interface. GISAXS provides a more extensive (averaged) characterization of the sample, 
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over a large area, and has been used to examine the structure of thin films, block 

copolymers, and nanocrystal superlattices.99 The degree of crystalline order, crystal 

structure, nanocrystal edge-to-edge spacing, nanocrystal size distribution, and grain size 

can also be extracted from the measurement giving more quantitative characterization of 

the monolayers.  Furthermore, measurements done at a synchrotron, with a high flux of 

X-rays allows for real-time, in situ characterization of the Langmuir-Blodgett films gas, 

liquid, and solid phase transitions.  Chapter 4 describes the use of GISAXS to monitor the 

edge-to-edge spacing between nanocrystals during compression and relaxation of Fe2O3 

nanocrystal films at the air-water interface of a Langmuir Blodgett trough.  

1.2.2.2 Langmuir-Blodgett film transfer and patterning 

The Langmuir-Blodgett technique is the most common technique to transfer 

nanocrystals monolayers from the air-water interface to solid substrates.  It utilizes a 

motorized dipping apparatus to transfer the monolayer as a substrate is vertically 

withdrawn or inserted into the water sub phase.83  Typically a hydrophilic glass or silicon 

substrate is lowered into the water sub phase prior to monolayer deposition. At a desired 

surface pressure the substrate is withdrawn at a controlled rate, typically ~1 mm/min, 

resulting in transfer of a monolayer onto the substrate.92 Slow pull rates are needed to 

allow drainage of the water layer between the substrate and nanocrystal monolayer.100 

Fast withdrawal speeds (10-15 mm/min) may cause slipping of the three phase contact 

line between water, air, and substrate, resulting in discontinuous transfer of nanocrystal 

monolayer.101  Transfer of additional layers can be achieved by repetitive dipping and 

extraction of the substrate from the water sub phase, however, continuous transfer of each 

additional monolayer is difficult to achieve in practice. 
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An alternative to the vertical dipping method was developed by Vincent Schaefer 

along with Langmuir, in which a substrate is lowered horizontally in contact with the 

monolayer film.102 This technique became known as the Langmuir-Schaefer technique 

and provides a way to instantly transfer a single monolayer to a substrate.  Subsequent 

monolayers can be attached by repeated contact of the stamp with the Langmuir-Blodgett 

film.  In contrast to the Langmuir-Blodgett technique, the Langmuir-Schaefer technique 

transfers continuous monolayers with each additional dip allowing for the formation of 

high quality nanocrystal multilayers. Additionally, arrays of micron and nano sized 

monolayer and multilayer features may be defined by combining Langmuir-Schaefer 

transfer and soft lithography stamping techniques.103, 104  

Soft lithography uses elastomeric polydimethylsiloxane (PDMS) stamps with 

relief structures on its surface to produce patterns with feature sizes on the order of 30 nm 

to 100 µm.87, 104 Similar to micro contact printing, a patterned PDMS stamp is brought in 

contact with a nanocrystal monolayer at the air-water interface using the Langmuir-

Schaefer technique.  A monolayer is transferred from the water surface to the stamp and 

multilayers can be transferred by repeatedly dipping the stamp into the Langmuir-

Blodgett monolayer.  High fidelity transfer is accomplished by contacting the stamp with 

a silicon substrate to create features such as lines, circles, and squares made of close-

packed nanocrystals.56, 87   

The transfer of nanocrystal films from the air-water interface to a substrate is a 

major part of the Langmuir Blodgett technique, however, very little is known about its 

affects on nanocrystal ordering.  Characterization of surfactant monolayers by X-ray 

scattering techniques has shown the structure of the monolayer undergoes small structural 

changes upon transfer due to various factors such as lift speed, substrate interactions, and 

water temperature.105, 106   It remains unclear as to whether these effects are seen in the 
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transfer of nanocrystal films from a Langmuir-Blodgett trough. Most reports in literature 

quantify transfer of nanocrystal monolayers by visual inspection, assigning a 

macroscopic quantification to the film as either continuous or discontinuous.  Little 

attention is paid to local order and edge-to-edge spacing between nanocrystals in the 

transferred films. A few recent studies have focused on in situ measurements of 

Langmuir-Blodgett films looking at the change in edge-to-edge spacing, optical 

absorbance, and macroscopic assembly during compression at the air-water interface.58, 93, 

107 Analysis of the compression dependent properties after transfer, on a substrate, was  

overlooked.  At high surface pressures the ligand layer between nanocrystals is under a 

large amount of compression. If the monolayer superlattice on the water surface is 

allowed to expand from its compressed state, the ligand layer may relax letting the 

spacing between nanocrystals resume its starting uncompressed value.93, 108 These studies 

suggest the compressed nanocrystal films are unstable and the stored energy in the ligand 

layer can be easily released with small perturbations of the liquid surface.  This has large 

implications on the ability to transfer films from the air-water interface to a substrate 

while still maintaining the desired nanocrystal edge-to-edge spacing. Chapter 4 discusses 

the affects of the nanocrystal transfer process on the edge-to-edge spacing and 

crystallinity of hexagonally packed Fe2O3 monolayers by characterizing the film before 

and after transfer using grazing incidence small angle X-ray scattering.        

 1.2.3 Langmuir-Blodgett sssembly of magnetic nanocrystals for memory 
applications  

The ability to form continuous monolayers of hexagonally ordered nanocrystals 

over large areas makes the Langmuir-Blodgett assembly technique a viable option for 

low-cost, bottom-up manufacture of high density, non-volatile magnetic memory.  

Magnetic memory works by reading the orientation of the magnetic dipole within a 
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ferromagnetic domain and assigning it a value of 0 or 1.109  A combination of 8 domains, 

having a value of 0 or 1, make up a single byte which is the basis of digital information 

storage.  To increase areal storage density, the size of each magnetic domain must be 

decreased.  Traditional magnetic memory is manufactured by evaporating thin films of 

ferromagnetic materials followed by an annealing step to obtain magnetic domains on the 

order of 15 nm or smaller.  Conventional routes are getting increasingly difficult to 

control as the ideal domain size continues to shrink. Alternatively, solution phase 

synthesis routes provide a cost effective way to produce single domain magnetic 

materials with great control over size, shape, and composition.  Ferromagnetic 

nanocrystals with diameters down to 3 nm have been achieved resulting in the potential 

to produce magnetic memory hard drives with areal densities upwards of 1 Tb/in2.  

With decreasing magnetic domain size, the affect of the nanocrystal surface and 

uncoupled atomic exchange interactions can transition a bulk ferromagnetic material to a 

superparamagnetic material. The switch is a result of thermal energy overcoming the 

magnetic exchange energy of the magnetic domain.  This causes the orientation of the 

magnetic dipole to switch in less time than the bulk material.110 As a result, the magnetic 

bit is incapable of retaining the orientation of its magnetic dipole and any information 

stored is lost.  To alleviate such problems magnetic materials with very high 

magnetocrystalline anisotropy, such as compositionally order L10 FePt, are desired.  

Magnetic domains as small as 3 nm may be obtained with exchange energies nearly 30 

times greater than thermal energy at room temperature ensuring information retention for 

longer that 10 years. 

In 2000 Sun et al. developed a colloidal synthesis route to obtain monodisperse  

FePt nanocrystals ranging from 3-5 nm in diameter.111  As made, the material is a 

disordered superparamagnet requiring a high temperature (> 550 °C) anneal to transition 
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to the compositionally ordered “hard” magnetic L10 phase of FePt.  Such high 

temperatures cause the stabilizing ligands to desorb from the nanocrystal surface, 

resulting in sintering of the nanocrystal film and an increase in magnetic domain size.  To 

prevent sintering and still allow a transition to the ordered L10 phase, a surface coating of 

silica may be deposited on the nanocrystal creating a core-shell particle (Figure 1.4C).112  

The thickness of the shell can be varied and the silica surface can be functionalized with 

hydrophobic ligands allowing a monolayer of magnetic material to be formed by 

Langmuir-Blodgett assembly.  In this thesis Langmuir-Blodgett assembly and soft 

lithography stamping techniques were used to construct monolayer and multilayer test 

features of bare FePt and silica coated FePt nanoparticles (Chapter 3).  Their magnetic 

properties are tested by magnetic force microscopy to determine the feasibility of 

Langmuir-Blodgett assembly strategies for magnetic memory manufacture.  The films are 

also characterized by GISAXS to assess differences in film quality depending on the 

transfer technique (Langmuir-Blodgett vs Langmuir-Schaefer).  

1.3 OVERVIEW OF DISSERTATION 

The synthesis of SFLS grown silicon nanowires and in situ formation of a 

polyphenylsilane shell coating is discussed in Chapter 2. Shell growth, identification, 

oxidation, removal, and passivation of the nanowire surface is also discussed in this 

Chapter. Chapters 3 and 4 describe the use of a Langmuir-Blodgett trough to assemble 

nanocrystal monolayers over large areas. Chapter 3 focuses on the assembly of magnetic 

FePt nanocrystals for application in magnetic memory.  The effect of excess ligand on 

monolayer continuity, PDMS stamping of nanocrystal monolayers and multilayers, as 

well as magnetic characterization of the films are discussed.  The effect of anisotropic 

compression on the edge-to-edge spacing of oleic acid stabilized Fe2O3 is discussed in 
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Chapter 4.  A comparison between spacing of the nanocrystals on the air-water interface 

and after transfer to silicon substrate is also made.  A summary of the work presented in 

this dissertation as well as suggestions for future work is presented in Chapter 5.    
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CHAPTER 2: POLYPHENYLSILANE SHELL DEPOSITION, REMOVAL, AND 
PASSIVATION OF SFLS-GROWN SILICON NANOWIRES  

2.1 INTRODUCTION 

Silicon (Si) nanowires have been proposed as the basis for a variety of new 

technologies, including flexible field effect transistors, photovoltaics, memory devices, 

and batteries.1-4  To commercialize these technologies, Si nanowires must be produced in 

large quantities with relatively low cost.  Many synthetic strategies, including chemical 

vapor deposition, molecular beam epitaxy, and laser ablation, utilize a carrier gas to 

transport a silicon precursor to metal seed particle to induce nanowire growth.5-10 These 

methods are generally carried out as batch processes with relatively slow growth rates 

and low production rates.11  Alternatively, Si nanowires can be made using solvent-based 

approaches, like supercritical fluid-liquid-solid (SFLS) or solution-liquid-solid (SLS) 

growth, in which nanowire formation occurs in the bulk volume of the reactor, and can be 

carried out as a continuous process.12-16  Of these two approaches, SFLS enables higher 

growth temperatures that give generally better nanowire quality with a larger amount of 

long, kink-free nanowires, at least in the case of Si.12, 13   

The quality of Si nanowires depends sensitively on the Si reactant decomposition 

kinetics.  In the SFLS process, there are several determining factors, including the 

precursor chemistry (monophenylsilane (MPS)), the seed metal, the reaction temperature 

and pressure, the reactant and seed concentrations, and the solvent.12, 13  Reactant 

decomposition must be fast enough to provide a sufficient supply of Si atoms for 

sustained nanowire growth, but not so fast as to induce homogeneous Si particle 

formation.  Significant fluctuations in Si supply in the reaction leads to defects in the 
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nanowires.17  We have found that a continuous flow reactor provides the most accurate 

control of reactant concentration during SFLS nanowire growth.  This system provides 

steady-state MPS decomposition over extended reaction times.  One problem, however, is 

that Si nanowires accumulate in the reactor and, over time, a shell forms on the nanowire 

surface.13  Since the amorphous shell can influence the properties of the nanowires, we 

set out to characterize its composition and understand the origins of its growth.  As 

reported in this Chapter, the shell is composed of polymerized phenylsilane.  A method 

for removing this shell material and passivating the silicon surface by hydrosilylation is 

also described.   

2.2 EXPERIMENTAL DETAILS 

2.2.1 Materials and supplies 

Dodecanethiol (≥98%), gold tetrachloroaurate trihydrate (99.9+%), sodium 

borohydride (98+%), tetraoctylammonium bromide (98%), decane (99%), and anhydrous 

toluene (99.8%) were purchased from Sigma Aldrich. Monophenylsilane (MPS, >95%) 

and Diphenylsilane (DPS, >95%) were purchased from Gelest.  Hydrofluoric acid (HF, 

28.9 M), hydrochloric acid (HCl, 12.1 M), nitric acid (HNO3,15.8 M), chloroform (ACS 

grade), ethanol (ACS grade), methanol (ACS grade), and toluene (ACS grade) were 

purchased from fisher scientific. Technical grade 1-dodecene (>90%) was purchased 

from Fluka.  Deionized water (DI-H2O) was used in all aqueous preparations.  All 

chemicals were used as received. 

2.2.2 Synthesis of Au nanocrystal seeds 

2 nm diameter dodecanethiol-coated Au nanocrystals were synthesized according 

to literature methods.18 In a typical reaction, 1.10 g (2 mmol) of tetraoctylammonium 

bromide (TOAB) was dissolved in 40 mL of toluene.  The solution was combined with 
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0.1616 g (0.39 mmol) of tetrachloroaurate trihydrate dissolved in 15 mL of DI-H2O. The 

bi-phasic mixture was stirred moderately for 30 min before the aqueous and organic 

phases were separated. The organic layer, containing the transferred Au ions, was 

collected in a clean flask and the aqueous layer was discarded. 0.240 mL (1.0 mmol) of 

dodecanethiol was added to the organic phase and the solution was stirred until a color 

change from yellow/orange to white was observed. In a separate beaker, 0.189 g (5 

mmol) of sodium borohydride was dissolved in 12.5 mL of DI-H2O.  After the color 

change, the borohydride solution was added slowly to the gold/dodecanethiol solution. 

The solution immediately turned dark purple/black, indicating the formation of 2 nm Au 

nanocrystals. This mixture was stirred for 3 hours before separating the organic and 

aqueous phases. The aqueous phase was discarded and the organic phase, containing 2 

nm Au nanocrystals, was kept for further purification.  

The Au nanocrystal dispersion was centrifuged at 8,000 RPM (8228g RCF) for 5 

minutes at room temperature. The precipitate, containing poorly capped nanocrystals and 

solid byproducts, was discarded.  The supernatant was equally dispersed over 4 

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 clear supernatant was discarded. The Au nanocrystals were redispersed 

in chloroform and combined into one centrifuge tube.  The total chloroform volume was 

5 ml. 10 mL of methanol was added to the nanocrystal dispersion and the solution was 

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

discarded. The cleaning procedure was repeated 2 more times before making 1 mg/ml 

stock solutions of 2 nm Au nanocrystals in toluene. 
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2.2.3 Synthesis of Si nanowires   

Si nanowires were grown by the supercritical fluid-liquid-solid (SFLS) process in 

a 10 mL titanium grade 2 reactor (High Pressure Equipment Co. (HIP)) as previously 

described.13  Figure 2.1 shows a schematic of the reactor design.  The inlet and outlet of 

the reactor were connected to 1/16” stainless steel high pressure tubing (Valco) via 

titanium reducers (HIP).  The reactor outlet was connected to a micro metering valve 

(HIP).  The inlet was connected to a high pressure 6-way valve (Valco) which also held a 

30 mL precursor injection cylinder (HIP).  The system was pressurized by pushing water 

through a high pressure liquid chromatography (HPLC) pump (Alcott).  The pump was 

connected to an injection cylinder filled with anhydrous toluene that fed into the 6-way 

valve.  This allowed for quick switching between neat anhydrous toluene and precursor 

solution.  The reactor pressure was measured with a digital pressure gauge (Sensotech).  

The temperature of the brass heating block was maintained to within ±1 ºC by regulating 

resistive heaters inside the heating block using a feedback temperature controller 

(Omega) connected to a 120 watt variac (Star Energy Co.).  
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Figure 2.1:  Diagram of SFLS equipment.  Solvent and precursor cylinders contain an 
internal plunger that separates the two fluids in the piston.   The plungers 
move through the piston as water is pumped through the system 

 

Prior to a reaction, the reactor body was heated overnight in an oven at 80 ºC to 

remove any surface adsorbed water. Oxygen was removed by sealing the reactor in a 

nitrogen-filled glovebox.  The rector was transferred to the high pressure system where it 

was heated to 490 ºC and pressurized to 8.2 MPa with anhydrous toluene. 

A reactant solution of MPS (0.25ml, 2.0 mmol) in 30 ml of anhydrous toluene 

with 0.6 ml of a 1 mg/ml dispersion of 2 nm dodecanethiol-coated Au nanocrystals in 

anhydrous toluene (to give an atomic Si:Au ratio of 660:1) was prepared in a nitrogen-

filled glovebox.  The reactant solution was transferred to an injection cylinder sealed, and 

removed from the glovebox.  The precursor injection cylinder was then connected to the 
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6-way valve and pressurized to 8.9 MPa. At 8.9 MPa, the inlet valve to the pre-

pressurized, heated reactor was opened and the precursor solution was injected at a rate 

of 0.5 mL/min into the heated reactor.  The system pressure was allowed to increase to 

10.3 MPa and maintained by manually adjusting the flow rate of the exit stream using the 

micro metering valve. After 40 min, the precursor feed was stopped by closing the inlet 

valve. The exit valve was then closed and the reactor was removed from the heating 

block. Compressed air was blown over the reactor to quickly cool it to room temperature 

in 30 min.  At room temperature, the reactor was opened and the Si nanowires were 

collected by gently scraping them off of the reactor walls.  A typical 40 min reaction 

yields 25 to 30 mg (~45 mg/hr) of Si nanowires.  Longer reaction run times (> 40 min run 

time) were done using a larger volume precursor injection cylinder and the reaction 

solution volume was scaled accordingly.  All other conditions remained the same.  For 

clarification reaction run time refers to the length of time the precursor solution was 

continuously fed into the supercritical reactor at a rate of 0.5 ml/min.  For example, a run 

time of 10 min would result in a total reaction solution volume of 5 ml being injected into 

the reactor.  For a 40 min reaction, 20 ml would be injected.    

Si nanowires were purified by dispersing ~30 mg of nanowire product with 5 ml 

of chloroform and then precipitating by centrifuging at 8000 RPM (8228g RCF) for 5 

min at ambient atmosphere.  Glass centrifuge tubes were used for all manipulations of 

silicon nanowires unless stated otherwise (Kimble 45600-30).  After centrifugation, the 

precipitated Si nanowires were collected by carefully decanting the supernatant.  This 

cleaning process was repeated three times before dispersing the wires in chloroform and 

storing on the bench top in a capped vial.  Time sensitive measurements were taken 

immediately after clean up.   
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2.2.4 Shell etching procedure.  

 The phenylsilane coating was removed using a two step process.  All etching 

results were preformed on nanowires synthesized from a 40 min run time reaction, which 

had an average amorphous shell thickness of 7.7 nm.  Wet oxidation of polyphenylsilane 

was done with an aqua regia (1 part HNO3 to 3 parts HCl acid) solution.  Typically, 10 

mg of Si nanowires were dispersed in 25 ml of chloroform and added to a 50 ml beaker 

followed by 10 ml of the aqua regia solution.  Upon vigorous stirring, an emulsion was 

created. After 24 hrs of stirring, the emulsion was separated and the top aqua regia layer 

was extracted with a pipette and discarded.  The remaining chloroform layer containing 

the nanowires was washed by adding a 10 ml aliquot of DI-H2O and shaking the biphasic 

mixture for 30 seconds. After shaking, the biphasic mixture was allowed to separate and 

the top aqueous layer was extracted and discarded.  The process was repeated 2 times to 

ensure any residual acid was removed.  Nanowires were then transferred to a centrifuge 

tube and spun at 8000 RPM (8228g RCF) for 5 min.  The precipitated Si nanowires were 

collected and redispersed in 25 ml of chloroform.   

Dry oxidation of the polyphenysilane shell was done using a UV-ozone chamber.  

10 mg of Si nanowires were dispersed in 5 ml of chloroform and deposited on 3 inch 

diameter Si wafer.  Care was taken to spread the wires into a thin, uniform layer.  The Si 

substrate was then placed in a UV-ozone chamber (Jelight, model 42).  After 30 min in 

the chamber, the wires were collected from the substrate and redispersed in 5 ml of 

chloroform.  The wires were then spread out again on a Si substrate and exposed to UV-

ozone for another 30 min.  This ensured all surfaces of the wires were exposed to UV-

ozone. After the second UV-ozone cycle, the wires were collected and dispersed in 25 ml 

of chloroform. 
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The oxidized shell was dissolved in an HF emulsion. 10 ml of HF etching solution 

(1 part each, HF, ethanol, and DI-H2O) was added to a 50 ml nalgene beaker containing 

~10 mg of oxidized nanowires in 25 ml of chloroform.  The biphasic mixture was then 

vigorously stirred to create an emulsion.  After 2 hours of stirring, the emulsion was 

separated and the aqueous layer was removed.  The remaining chloroform layer was 

transferred to a polypropylene centrifuge tube and 10 ml of ethanol was added.  The 

etched nanowires were then precipitated from solution by centrifugation at 10,000 RPM 

(12846 g RCF) for 3 min.  A brown colored precipitate remained on the side of the tube 

after centrifugation, the clear supernatant was discarded. The precipitate was redispersed 

in 1 ml of chloroform and 2 ml of ethanol and then spun at 10,000 RPM (12846 g RCF) 

for 3 min.  The clear supernatant was discarded and the cleaning process was repeated 

two more times before collecting the precipitate and redispersing in chloroform.   

2.2.5 Surface passivation with 1-dodecene.   

After shell removal, the Si nanowires were passivated with 1-dodecene by a 

thermal hydrosilylation using standard Schlenk line techniques. In a typical reaction, HF 

etched Si nanowires (~5 mg) were dispersed in 10 ml (0.051 ml)) of decane and injected 

through a septum into a 3-neck round bottom flask connected to a Schlenk line manifold.  

The transfer process was done quickly after etching to minimize nanowire exposure to 

air.  10 ml (0.045 mol) of dodecene was then injected into the 3-neck flask.  Dissolved 

oxygen was removed from the solvent by performing 3 freeze-pump-thaw cycles.  The 

solvent in the Schlenk flask, containing nanowires, decane, and dodecene, was frozen 

with liquid nitrogen under a nitrogen atmosphere.  Once frozen, the solvent was allowed 

to thaw slowly under vacuum.  The process was repeated 2 more times before heating the 
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solution to 170 ºC at 15 ºC/min.  The reaction solution was incubated for 5 hrs before 

removing the heating mantle and cooling to room temperature. 

Once cooled, the reaction solution was transferred to a centrifuge tube and 5 ml of 

ethanol was added.  The functionalized nanowires were then precipitated from solution 

by centrifugation at 8,000 RPM (8228g g RCF) for 5 min.  A brown colored precipitate 

remained on the side of the tube after centrifugation, the clear supernatant was discarded. 

The precipitate was redispersed in 1 ml of chloroform and 2 ml of ethanol and then spun 

at 8,000 RPM (8228g g RCF) for 5 min.  The clear supernatant was discarded and the 

cleaning process was repeated 3 more times before collecting the precipitate and 

redispersing in chloroform.   

2.2.6 Materials characterization.   

Transmission electron microscopy (TEM) was performed on a Tecnai G2 Sprit 

BioTWIN operating at 100kV.  High resolution TEM (HRTEM) images were obtained 

with a JEOL 2010F equipped with a field emission gun operated at 200 kV. The JEOL 

2010F HRTEM is equipped with an Oxford Inca energy dispersive X-ray spectrometer 

(EDS) and high angle annular dark field detector (HAADF), which was used to obtain 

EDS composition line profiles radially along the diameter of the nanowires.  TEM 

samples were prepared by drop-casting dilute dispersions of nanowires suspended in 

chloroform onto 200 mesh lacy carbon copper grids (Electron Microscopy Sciences).  

EDS measurements were taken of wires suspended over vacuum to minimize background 

signal.  Scanning electron microscopy (SEM) imaging was performed using a Zeiss 

Supra 40 VP SEM at a working voltage of 2 kV and working distance of 3-6 mm.  SEM 

samples were prepared by depositing Si nanowires onto Si substrates with native oxide.  



 44 

X-ray diffraction (XRD) was performed with a Bruker Nonius D8 Advance 

powder diffractometer using Cu Kα radiation (λ=1.54 Å). Nanowires were deposited 

onto quartz substrates and scanned for 3-4 h with a scan rate of 12°/min at 0.02° 

increments with a simultaneous sample rotation of 15°/min.  

X-ray photoelectron spectroscopy (XPS) was conducted with a Kratos 

photoelectron spectrometer equipped with a tungsten charge neutralizer (operated at 4.8V 

bias) and 180° hemispherical electron energy analyzer. Al K-α was the X-ray radiation 

source. The X-ray takeoff angle was 68º and the spot size was 200 µm.  Samples were 

prepared by depositing wires onto indium tin oxide coated glass (Delta Technologies). 

Spectra were collected at 0.05 eV steps with 1000 ms integration time at each step.  XPS 

instrument was operated continuously under 10-9 torr vacuum for the data collection.  All 

spectra were calibrated to the hydrocarbon peak at 284.5 eV and background subtraction 

of the raw data was done using a Shirley model.   

Deconvolution of the XPS spectra was done using CasaXPS software.  All the 

deconvoluted peaks were modeled as Voigt functions (30% Gaussian character).  For the 

Si 2p region, Si0 2p3/2, Si0 2p1/2, Si+1, Si+2, Si+3
, and Si+4 peaks were placed at 99.3 eV, 99.9 

eV, 100.1 eV, 101.1 eV, 102.3 eV and 103.3 eV, respectively.  Zero-valent Si spin splits 

were assumed to have the same FWHM and the area of the 2p1/2 was set as half the area 

of the 2p3/2.  Similarly, one FWHM value was used for all the other oxide peaks; 

however, for simplicity other oxidative states were not divided into their respective spin 

splits.  As such, values for the FWHM of the oxide peaks were constrained by placing it 

between 1.8X and 2.2X the FWHM of the zero-valent peaks. Compositional analysis was 

done by integrating the total area of each background subtracted peak.  Relative 

sensitivity factors (RSF) of 0.328 and 0.278 were used for Si 2p and C 1s, respectively.  
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It was assumed that the RSF values did not change based on the oxidative state of the 

peak.    

Attenuated Total Reflectance Fourier transform Infrared spectroscopy (ATR-

FTIR) was preformed using a Thermo Mattson Infinity Gold FTIR. Background scans 

were first taken of a clean ATR stage.  Just prior to measurement, nanowires were ground 

in a mortar and pestle and then deposited on the ATR crystal from a solution of 

chloroform.  Before each scan, the sample chamber was purged with nitrogen for 15 min 

to remove any traces of water, CO2, or chloroform.   

Mass spectrometry was carried out on a TSQ quantum (Thermo scientific).  

Liquid samples were prepared in gas chromatography vials.  Analysis was preformed 

under chemical ionization with methane gas.     

2.3 RESULTS AND DISCUSSION 

2.3.1 Nanowire synthesis and shell formation.  

Figure 2.2A-F shows SEM and TEM images of Si nanowires synthesized by 

decomposing monophenylsilane (MPS) in the presence of gold nanocrystals in 

supercritical toluene at 490 ºC and 10.3 MPa.  Reactions were carried out by 

continuously feeding the reactant solution of Au nanocrystals and MPS in toluene into a 

heated reactor at 0.5 ml/min, with reaction run times varying between 10 min and 6 hr.  

XRD and HRTEM imaging confirmed that the nanowires are composed of crystalline Si, 

but there is also a significant amorphous shell on most of the nanowires, especially at the 

longer reaction times.  Figure 2.3 shows XRD and HRTEM of a nanowire sample made 

with a 40 min run time.  The crystalline core of the nanowire is clearly visible, with an 

amorphous shell that is 4.3 nm thick (Figure 2.3A).  The amorphous coating also gives 

rise to a broad peak at 2θ≈21º in the XRD data (Figure 2.3B).   
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Figure 2.2:  A) An SEM image of Si nanowires obtained from a 40 min reaction, and 
representative TEM images of Si nanowires after reaction run time of (B) 10 
min, (C) 20 min, (D) 40 min, (E) 2 hrs, and (F) 6 hrs. G) Plot of the average 
amorphous shell thickness and crystalline core diameter as a function of 
reaction run time.  Averages are based on the measurement of 100 
nanowires per sample.   
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Figure 2.3:   (A) High resolution TEM image of a Si nanowire obtained after a 40 min 
run time with a 4.3 nm thick polyphenylsilane shell.  The predominant 
nanowire growth direction observed by TEM was <111>, which is 
consistent with previous reports for Au nanocrystal-seeded SFLS Si 
nanowire growth.12,13  B) XRD of Si nanowires obtained after a 40 min run 
time.  The diffraction pattern indexes to diamond cubic Si (PDF # 027-
1402).  The broad peak at 2θ≈21º is from the amorphous coating around the 
nanowires. 
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The coating was significantly thicker in nanowire samples made with longer 

reaction run times.  Figure 2.2A-F shows examples of nanowires obtained after longer 

reaction run times.   After 10 min, the nanowires had only a very thin amorphous shell 

that was 1-2 nm thick on average, and some nanowires that were free of the shells.  

Increased reaction run time of 20 min led to all nanowires having shells, which were 

approximately 3.0 nm thick.  Run times of 6 hr led to shells that were nearly 60 nm thick 

(Table 1).  These data are consistent with shell growth occurring throughout the reaction.  

There was also more variation in shell thickness with longer reaction run times, 

indicating that nanowires formed earlier in the process and having the longest residence 

time in the reactor, accumulate the thickest shells.   

The average diameter of the crystalline Si core, however, was not affected by the 

run time.  Regardless of run time, the average diameter was 25 nm.  The nanowire length 

was also unaffected by the reaction run time.  The continuous addition of gold 

nanocrystals and MPS to the reactor leads to steady-state nucleation and growth of 

additional nanowires that end up at just over 20 µm in length, with the total mass of 

nanowire product increasing with reaction run time, as summarized in Table 1.  After a 6 

hr reaction run time, the reactor is completely filled with 185 mg of a porous mesh of 

nanowires that are slightly longer than 20 µm on average and relatively free of kinks.   
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Table 2.1:    Summary of nanowire product obtained at increasing reaction run time: total 
mass, diameter distribution, shell thickness, and the color of the product.  

Run time (min) Mass of product 
(mg) 

Nanowire 
core diameter 

(nm) 

Shell Thickness 
(nm) 

Color 

10 3.0 24.51 ± 11.6 1.1 ± 1.0 Brown 

20 8.5 28.59 ± 11.2 3.01 ± 1.58 Yellow/brown 

40 28 25.1 ± 13.7 7.7 ± 3.5 Yellow/brown 
120 55 22.8 ± 10.1 13.1 ± 6.3 Bright yellow 

360 185 22.48 ± 8.2 54.8 ± 15.35 Bright yellow 
 

  Even though the dimensions of the crystalline Si nanowires did not change with 

reaction run time, the color of the nanowire product differed, becoming more yellow as 

the shell thickness increased.  Short run times of 10-40 min yield a product with a 

brownish yellow color, while longer reactions of 120 min or more yielded a bright yellow 

product.  This color difference is related to the relative thickness of the amorphous 

coating on the nanowires.  
 

2.3.2 Shell Composition.   

The shell is composed of polymerized phenylsilane.  Figure 2.4A shows a 

nanobeam EDS line scan across a core-shell Si nanowire taken from a 6 hr run time 

reaction.  The Si signal was strongest when the beam was positioned within the 

crystalline core of the nanowire.  When the beam was positioned in the shell, the Si signal 

decreased in intensity and a large carbon signal was detected.  A very small oxygen 

signal was detected in the shell, with no other detectable elements. 
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Figure 2.4:   (A) EDS line scan across a Si nanowire from a 6 hr run time reaction.  The 
crystalline core diameter is 24.5 nm and the amorphous shell thickness is 
35.2 nm.  The counts from Si, C, and O are graphed on the line scan.  (B) 
XPS spectra of the Si2p region for Si nanowires taken from a 40 min run 
time reaction. Core-shell Si nanowires were exposed to ambient conditions 
on the bench top for 5, 14, and 28 days. Spectra were normalized to the Si0 
peak.  (C) ATR-FTIR of Si nanowires taken from a 40 min run time 
reaction. Nanowires from a 40 min reaction had an average amorphous shell 
thickness of 7.7 nm and average crystalline core diameter of 25.1 nm. 
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The shell is composed of Si and C, with very little oxygen, and ATR-FTIR 

spectra revealed that the most of the carbon in the sample is present as a phenylated 

silane.  For example, the FTIR spectra of nanowires obtained from  a 40 min reaction run 

time with an average shell thickness of 8 nm (Figure 2.4C) exhibited characteristic 

aromatic C=C stretching at 1430 and 1595 cm-1
, aromatic C-H stretching at 3080-3010 

cm-1, aromatic C-H out-of-plane deformation bands at 695 and 740 cm-1, and X-sensitive 

band at 1100 cm-1 due to the interaction of the in-plane aromatic ring vibration and 

stretching vibration of the (aromatic carbon)-Si bond.   Significant amounts of Si-H is 

also observed (Si-H vibrations at 2100 cm-1), which would be expected along the 

backbone of a polyphenylsilane polymer.19   

The phenylsilane shell is a byproduct of MPS decomposition.  Phenylsilane reacts 

by phenyl redistribution to silane (SiH4) and higher order phenylsilanes as illustrated in 

Figure 2.5A.12  SiH4 decomposes to Si for nanowire formation, whereas higher order 

phenylsilanes are reaction byproducts.12, 13  Mass spectroscopy of the reaction effluent 

confirmed the presence of the phenylsilane disproportionation products, diphenylsilane 

and triphenylsilane, respectively (See Appendix A).  MPS and higher order phenylsilanes 

can polymerize, and in this case, deposit over the course of the reaction on the nanowire 

surfaces (Figure 2.5B).  
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Figure 2.5:   (A) MPS disproportionation to diphenylsilane and silane.  Two 
diphenylsilanes can react further to produce triphenylsilane and MPS 
(reaction not shown).12  (B) Reaction of MPS to polyphenysilane and 
hydrogen. (C) Oxidation of polyphenylsilane upon oxygen exposure.  

 

XPS data of nanowires exposed to air is also consistent with the nanowires being 

coated with a polymerized phenylsilane shell.  Figure 2.4B shows XPS data of Si 

nanowires obtained from reactions run for 40 min after exposure to air.  There is an 

intense peak in the Si2p binding region at ~99.3 eV, and after 5 days in air there is a 

relatively weak shoulder from a combination of oxidized Si species: Si1+ at 100.1 eV, Si2+ 

at 101.1 eV, Si3+ at 102.3 eV, and Si4+ at 103.3 eV.  The majority of the oxidized silicon 

species has an oxidation state less than 4.  After two weeks in air, the Si3+ peak at 102.1 

eV in the XPS grew significantly, which is consistent with literature reports for slow 
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oxidation of polysilanes to polysiloxanes with oxygen exposure at room temperature.20, 21  

Oxygen incorporates into the Si back-bone of the polymer, creating a siloxane (Si-O-Si) 

catenation and SiO2C2 bonding environment with an Si binding energy of 101.9 eV 

(Figure 2.5C).22-25  ATR-FTIR spectra also showed the presence of Si-O species; for 

example, the width of the peak from 1100-1000 cm-1 is due to asymmetric Si-O-Si 

stretching (Figure 2.4C).  Prolonged exposure to air caused the intensity of the Si-O-Si 

peak to increase and overshadow the X-sensitive band from the Si-Ph bond at 1100 cm-1.   

A slow oxidation is also typical of amorphous Si, however, its oxidation results in SiO2 

(103.3 eV), which was not observed by XPS.26  In comparison, Si nanowires that have 

had their shells removed (see detailed discussion below) and were then exposed to air, 

oxidize primarily to SiO2.  For example, the XPS (Figure 2.6D) exhibits a significant 

peak at 103.3 eV corresponding to Si with an oxidation state of +4.   

Polyphenlysilanes are typically synthesized by Wurtz-type coupling of 

dichlorosilanes (R1R2SiCl2) with sodium or by catalytic dehydrocoupling of primary 

silanes (RSiH3) with transition metal catalysts (Zr, Ti, and Hf metallocenes).27-32  These 

reactions can proceed at relatively mild temperature and pressure, however, there is no 

catalyst in the nanowire growth reaction.  Nonetheless, it appears that the relatively high 

temperature and pressure used to grow the Si nanowires (490 ºC and 10.3 MPa) can 

induce phenylsilane polymerization.   

2.3.3 Shell removal.   

The phenylsilane shell prevents chemical access to the Si nanowire surface and 

for some applications needs to be removed.  The shell could not be dissolved with any 

solvent (including toluene, hexane, ethanol, or chloroform), including hot toluene at 490 

ºC.  It is possible that the shell is covalently bonded to the Si surface, as Li et al. recently 
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showed that MPS can be bonded to a crystalline Si surface through a Si-Si bond via 

transition metal catalyzed dehydrogenative coupling.33  Although no catalyst is present in 

the nanowire growth reactions, the high temperature and pressure may facilitate bonding.  

Li et al. also suggested that steric crowding of the surface hydrides on the Si surface 

makes subsequent polymerization unlikely.  The SFLS-grown Si nanowires allow 

phenlysilane polymerization, perhaps due to the high curvature of the nanowire surface, 

which may alleviate steric hindrance.  The uniform thickness of the polyphenylsilane 

shell along the nanowire length also suggests a heterogeneous polymerization off the 

nanowire surface.  A rougher shell would be expected if polymerization occurred 

homogeneously in the solvent followed by deposition onto the nanowire surface.    

The polyphenylsilane shell was removed using a two-step etch.  The shell was 

first oxidized by immersion in an aqua regia (AR) emulsion for 24 hr or by exposure to 

UV-ozone for 1 hr.  Figure 2.6A, B shows TEM images of the nanowires after AR and 

UV-ozone oxidation. Oxidation of the shell is confirmed by XPS Figure 2.6D.  The Si0 

intensity in the Si2p region decreases and oxidized Si species are observed, shifting to 

higher binding energies: 102.5 eV for AR, and 103.3 eV for UV-ozone compared to 

102.1 eV in air (Figure 2.6D and 2.4B).  XPS of Si nanowires with varying UV-ozone 

exposure times exhibit a shift in the position of the oxidation peak from 102.1 eV (10 sec 

UV-ozone exposure) to 103.3 eV (10 min UV-ozone exposure), indicating the shell layer 

transformed from a polysilane (Si-Si), to silioxane (Si-O-Si), and then to an oxide (SiO2) 

(Figure 2.7A).  Phenylsilane oxidation is accelerated under UV radiation, whereby 

oxygen insertion occurs by photo-scission of the Si-Si polymer backbone.34  A decrease 

in carbon content was also observed with longer UV-ozone exposure, which corroborates 

the removal of Si-C bonds and formation of SiO2 (Figure 2.7B).  Similar photochemical 

conversion of a siloxane backbone to SiOx is known for poly(dimethylsiloxane) exposed 
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to UV-ozone.35, 36 ATR-FTIR spectra of the Si nanowires after AR oxidation also 

confirmed oxide formation and removal of carbon, an intense Si-O peak (1100-1000 cm-

1) was observed with no peaks associated with C-H and C=C bonds from the phenyl 

groups in the polymer (Figure 2.10A). 
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Figure 2.6:  TEM images of Si nanowires after (A) exposure to aqua regia and (B) UV-
Ozone oxidation. (C) High resolution TEM image of an Si nanowire after 
the two-step UV-Ozone/HF etching process. (D) XPS of the Si2p region for 
nanowires after 5 days exposure to air, 1 hr UV-Ozone exposure, 24 hr 
Aqua regia exposure, and 2 hr HF etching are shown (for simplicity only the 
XPS spectra for wires that underwent UV-ozone oxidation and then HF 
etching are shown. Si nanowires that underwent aqua regia oxidation and 
sequential HF etching are shown in Figure 2.10C).  In the HF etched 
sample, the ratio of the Si0 to SiO2 peak areas is comparable to a Si wafer 
with 1.2 nm native oxide layer, 5.8 vs 4.6 Si0/SiO2 respectively.  Clear 
definition of the Si 2p½ and 2p3/2 spin orbit splitting, typically seen for 
crystalline Si, is also observed giving additional indication of shell removal.  
Diameters of AR/HF and UV-Ozone/HF etched Si nanowires were 27.5 ± 
9.8  nm and 29.9 ± 9.2 nm respectively, as determined by TEM. 
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Figure 2.7:  (A) XPS spectra of Si2p binding region for silicon nanowires exposed to 
UV-ozone for times ranging from 10 sec to 1 hr. Nanowires were taken 
from a 40 min run time synthesis and had an average shell thickness of 7.7 
nm.  The silicon oxidation peak at higher binding energy shifts from 102 eV 
to 103.3 eV and increases in intensity with increasing UV-ozone exposure. 
A decrease in Si0 peak intensity is also observed with increase in UV-ozone 
exposure.  (B) Peak area ratios of SiO2/Si0 (103.3 eV/99.3 eV) and SiO2/C 
(103.3 eV/284.5 eV) taken from XPS measurement as a function of SiNw 
exposure time to UV-Ozone.  A decrease in carbon and Si0 species is 
observed with increase in UV-ozone exposure.  
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 The oxidized shell was then removed by stirring in a hydrofluoric acid (HF) 

emulsion for 2 hr.  Note that without the oxidation step, the shell could not be removed 

by HF etching.   Furthermore, it was not possible to combine the oxidation and etching 

processes into one step.  Doing so, dissolved the nanowires in 3-4 min of stirring in a 

combined AR/HF etch solution.  This etch rate is actually slower than expected based on 

standard etching rates typical of wafers, which depending on the ratio of HF to nitric 

acid, can be varied from 2-100 µm/min.37  The slower than expected etch rate is perhaps 

due to slow diffusion of the etchant to the nanowire surface in the emulsion.  

Nonetheless, the etch is too fast to be controlled without destroying the nanowires and the 

oxidation/etching processes must be separated.    

HRTEM of the Si nanowires after HF etching confirmed that the shell is 

completely removed (Figure 2.6C).  Oxidation of the nanowires in air for 2 days after 

removal of the shell led to a clear SiO2 signal in the XPS (Figure 2.6D), with binding 

energies at 103.3 eV, corresponding to Si4+.  Peaks with the characteristic binding energy 

of 99.3 eV, corresponding to Si0, is also observed.  XRD of the nanowires with shells 

removed also confirmed that the nanowires remained crystalline and intact (Figure 2.8).  

The broad diffraction peak corresponding to the amorphous shell is also gone.   
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Figure 2.8.   XRD of shell free silicon nanowires after undergoing an aqua regia 
oxidation and HF etch.  

2.3.4 Influence of phenylsilane shell on yield.   

With the formation of the phenylsilane shell around the nanowires, the product 

mass does not represent the true yield of crystalline nanowires obtained from the reaction.  

The contribution of the polyphenylsilane shell must also be accounted for.  The masses of 

the crystalline Si core , and shell material , are related to the crystalline core 

diameter of , nanowire length L, and the shell thickness :     

 

 (1) 

 (2) 
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ρSi and ρShell are the densities of crystalline Si (2.3 g/cm3)38 and the 

polyphenylsilane coating (~1.1 g/cm3).39, 40  The total mass of the sample also includes the 

weight of the gold seeds, :  

 

       (3) 

 

However, the gold seed contribution is only ~2% of the total mass collected and 

therefore taken to be negligible (mAu<<MT) in this calculation. The mass fraction of 

crystalline silicon (xSi) in the sample is then defined as: 

 

 (4) 

 

The mass fraction of silicon was calculated using the average measured values for 

the crystalline core diameter and amorphous shell thickness. Multiplying the total mass of 

product obtained from the reactions by the mass fraction gives the mass of crystalline 

silicon allowing the conversion of MPS to crystalline Si nanowires to be calculated.  First 

of all, the theoretical conversion of MPS to Si is only 75 percent, as phenyl redistribution 

leads to a fraction of tetraphenylsilane as a reaction byproduct.12   Therefore, the 

fractional yield of crystalline Si compared to the theoretical yield is:  

 

 (4) 
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where nT-Si is the total moles of Si input to the reactor.  Figure 2.9 shows the yield of 

crystalline Si nanowires as a function of reaction run time.  The yield decreases with 

longer reaction run times as proportionally more phenylsilane reactant deposits on the 

nanowire surface.   This analysis suggests that nanowire accumulation in the reactor 

should be avoided to decrease the growth of this shell and to improve the yield of 

crystalline Si nanowires.   

 

Figure 2.9: Yield of crystalline Si (�) and total mass of nanowires collected (�) as a 
function of reaction run time.     

2.3.5 Surface passivation by hydrosilylation.  

After shell removal, the Si nanowire surface was functionalized with 1-dodecene 

by thermal hydrosilylation. HF etching of crystalline Si is known to produce the Si-H 

surface terminations needed for hydrosilylation.41 Attempts were made to see an Si-H 

stretch (2100 cm-1) by ATR-FTIR spectroscopy of the Si nanowire sample immediately 

after HF etching, however, it could not be observed.  Only a small amount of silicon 

oxide in the region of 1100-1000 cm-1 was observed in the ATR-FTIR spectra.  XPS of 

the freshly HF-etched sample showed only a very low concentration of oxide 
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immediately after HF etching (Figure 2.10C).  The Si-H bond is apparently too short 

lived when exposed to air and oxidizes during the 30 min needed to obtain an ATR-FTIR 

spectra after washing of the wires. 

    
The Si nanowires were rapidly transferred to an inert environment after the HF 

etching process, and heated to 170 ºC and incubated for 5 hrs in the presence of 1-

dodecene.  At temperatures above 100 ºC, Si-H bonds undergo homolytic cleavage, 

generating Si radicals that react with terminal alkenes to form Si-C bonds via 

hydrosilylation.42 Figure 2.10A shows FTIR spectra that confirm the thermal 

hydrosilylation reaction proceeds on the silicon nanowires using 1-dodecene.  The CH2 

and CH3 stretches (2840-2975 cm-1), CH3 asymmetric rocking/CH2 scissoring (1480-1440 

cm-1), and CH3 symmetric rocking (1390-1370 cm-1) are characteristic of alkane 

molecules.  The alkene C-H stretch at wave numbers greater than 3000 cm-1 was not 

visible, indicating excess dodecene was thoroughly washed from the sample and the 

peaks observed are from alkyl chains on the surface of the nanowires. No peaks 

associated with polyphenylsilane were visible either, signifying complete shell removal.  

A broad feature from 1300-700 cm-1, in the region of Si-O bonding is also visible 

however XPS of the functionalized nanowires showed little oxidation (SiO2, 103.3 eV) 

was present immediately after passivation (Figure 2.10B).  In comparison to the HF 

etched Si nanowires, a broader peak in the XPS spectra centered at ~ 100 eV was 

observed for the 1-dodecene passivated silicon nanowires.  The width is due to 

contributions from the Si1+ (100.1 eV) oxidation state which is characteristic of Si-C bond 
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formation further confirming thermal hydrosilylation occurred.43 The Si-C contribution is 

much larger in comparison to hydrosilylated silicon wafers because XPS probes more of 

the nanowire surface than internal core due to the high surface curvature of the 

nanowires.42  The results are analogous to angle resolved XPS measurements preformed 

on planar surfaces at low takeoff angles, which increases sensitivity to surface species.44, 

45  Due to this observation, we compare the SiO2 peak areas (Si4+, 103.3 eV) to the total 

contributions from zero valent silicon (Si0 2p3/2, 99.3 eV and Si0 2p1/2 99.9 eV) and Si-C 

(Si1+, 100.1 eV) oxidation states that make up the majority of the nanowire surface. After 

2 weeks of exposure to air, the passivated wires showed no significant oxidation, the ratio 

of the ((Si0 + Si-C)/SiO2) peak areas was 12.5 (Figure 2.10B).  In comparison, the shell 

free, unpassivated Si nanowires showed a significant increase in SiO2 (103.3 eV), the 

ratio of ((Si0 + Si-C)/SiO2)) peak area was 3.76 (Figure 2.10C).  The extent oxidation in 

the unpassivated nanowires is much higher in comparison to a planar silicon wafer with 

1.2 nm thick native oxide, the rato of Si0/SiO2 peak areas is 5.8.  This observation is 

consistent with XPS sensitivity towards surface species due to the high surface curvature 

of the nanowires.  The much slower rate of oxidation of the alkene-passivated nanowires 

is consistent with hydrosilylation and Si-C bond formation on the nanowire surface.42  
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Figure 2.10: (A) ATR-FTIR spectra of Si nanowires: as made, after AR oxidation, after 
HF etching, and after dodecene passivation. XPS of the Si2p region for (B) 
dodecene passivated and (C) HF etched Si nanowires immediately after 
being prepared (0 days) and after exposure to air on the bench top for 7 days 
and 14 days.  Data points represented by red circles (○) were fit (-) by 
summing the separate peak contributions from the Si0 2p1/2, Si0 2p3/2, Si1+, 
Si2+, Si3+, and Si4+ oxidation states. The ratio of ((Si0 + Si-C)/SiO2) peak 
areas for the unpassivated nanowires was 53.8 for 0 days, 10.4 after 7 days, 
and 3.76  after 14 days exposure to air.  For the dodecene passivated 
nanowires the ratio of ((Si0 + Si-C)/SiO2) peak areas was 297.8 for 0 days, 
20.8 after 7 days, and 12.5 after 14 days exposure to air.  
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The dodecene passivation of the nanowires also aided their dispersibility.  After 

hydrosilylation, the nanowires formed homogonous, milky-brown dispersions in 

chloroform.  Prior to hydrosilylation, the nanowires flocculated within 1 hr after 

dispersing by sonication.  TEM of the functionalized Si nanowires showed no shell was 

present after thermal hydrosilylation (Figure 2.11). 

     

 

Figure 2.11: (A, B) TEM of 1-dodecene passivated silicon nanowires after shell removal.  

2.4 CONCLUSION 

Significant quantities of Si nanowires can be generated in a continuous flow 

supercritical fluid reactor by the SFLS process. 185 mg of Si nanowires can be obtained 

in a 6 hr reaction in a 10 mL reactor volume.  During the reaction, the nanowires 

accumulate in the reactor and a shell of polymerized phenylsilane deposits on the 

nanowires.  A post-synthesis, two-step oxidation and etch procedure can remove the 

shell.  These etched nanowires can then be hydrosilylated with alkenes to directly 

passivate the Si surface.  It appears that the ideal reactor design should enable the 
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extraction of the nanowires once they form in the reactor to eliminate the formation of the 

phenylsilane shell.   
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CHAPTER 3: PRINTED MAGNETIC FEPT NANOCRYSTAL FILMS  

 

3.1 INTRODUCTION 

New materials systems are needed to meet the demand of 1 terabit/in2 magnetic 

memory storage media.1, 2  Magnetic colloidal nanocrystals are an interesting possibility 

for this purpose, as they can be synthesized in large quantities with diameters less than 10 

nm and processed using low temperature deposition methods like inkjet printing,3 

spraying,4 or stamping.5-10  Due to their small size, however, most nanocrystals are 

superparamagnetic and susceptible to room temperature thermal fluctuations that switch 

magnetic orientation and cause data loss.11  Therefore, only nanocrystals of materials with 

hard magnetic properties (i.e., high BHmax) like compositionally ordered FePt and CoPt 

can exhibit the magnetic stability needed for long-term data storage.12, 13  The synthesis of 

nanocrystals of these types of materials is now well established,14-17 but deposition 

methods for these nanocrystals on substrates and an understanding of their magnetic 

properties is not. 

For magnetic memory storage applications, the material must exhibit a sufficient 

magnetic field for detection.  The magnetic field from individual nanocrystals is too weak 

to be detected using current technologies and therefore, functional magnetic “bits” must 

be composed of many nanocrystals, and these bits must be deposited with controlled 

position on a substrate.  Various approaches to patterned nanocrystal deposition exist, 

including chemical surface tethering,18, 19 block copolymer templating,20 and electrostatic 

deposition,21 but they tend to be slow, requiring multiple fabrication steps, and often fail 

to provide uniform substrate coverage over large areas.  One of the most reliable and 

straightforward methods to deposit uniform monolayers of nanocrystals is to use a 
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Langmuir Blodgett (LB) trough.  Hydrophobic nanocrystals are assembled at the air-

water interface of the LB trough and then transferred by dipping a substrate into the 

densely packed film. Wafer-scale deposition of uniform monolayers of nanocrystalline 

materials, ranging from nanowires to spherical nanocrystals, has been assembled in this 

way.22-28 Patterned arrays of nanocrystals have also been transferred by dipping a 

patterned polydimethylsiloxane (PDMS) stamp and then pressing the stamp onto a 

substrate to transfer the nanocrystals.5-8  Such patterns typically have micrometer scale 

dimensions. New fabrication techniques, however, have yielded PDMS stamps with 

nanometer-scale features.29 

In this Chapter, the patterned deposition of uniform monolayers and multilayers 

with controlled thickness of FePt nanocrystals using a combination of LB assembly and 

PDMS stamp-transfer and printing.  The optimal conditions for obtaining monolayers of 

hexagonal close-packed nanoparticles are described.  Both ligand-coated FePt 

nanocrystals and silica-coated FePt nanocrystals were studied.  The as-prepared FePt 

nanocrystals are chemically disordered with weak magnetic properties and must be 

annealed at high temperature (>550oC) to obtain the chemically-ordered L10 FePt phase.  

Printed FePt nanocrystal films were also annealed and their magnetic properties were 

measured.  The permanent magnetization of multilayer L10 FePt nanocrystal films was 

detectable by room temperature magnetic force microscopy (MFM). 

3.2 EXPERIMENTAL DETAILS 

3.2.1 Materials and supplies 

 Platinum acetylacetonate (Pt(acac)2, 97%), iron pentacarbonyl (Fe(CO)5, 

99.999%), oleylamine (70%), oleic acid (99%), Igepal CO-520, tetraethyl orthosilicate 

(TEOS, 98%), and octadecyltrimethoxysilane (OTMOS, 90%) were purchased from 
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Sigma-Aldrich. Ethanol (ACS grade), acetone (ACS grade), 2-propanol (ACS grade), and 

chloroform (ACS grade) were purchased from Fisher Scientific. Dioctyl ether (>97%) 

and cyclohexane (ACS grade) were purchased from Fluka. Ammonium hydroxide 

(NH4OH, 30% aqueous solution) was purchased from EMD Chemicals. (Tridecafluoro-

1,1,2,2-tetrahydrooctyl)-1-trichlorosilane was purchased from Gelest.  PDMS (Dow 

Corning, Sylgard 184) was purchased from EIS Inc.   All chemicals were used as 

received.  Deionized water (DI-H2O) was used in all aqueous preparations.  High purity 

nitrogen and forming gas (7% H2, 93% N2) were purchased from Matheson Trigas.  

3.2.2 FePt nanocrystal synthesis 

FePt nanocrystals were synthesized using standard Schlenk line techniques as 

reported elsewhere in literature.14  In a typical reaction, 0.5 mmol (0.192 g) of Pt(acac)2 

was mixed with 10 ml of dioctyl ether in a 3-neck flask.  The flask was connected to the 

Schlenk line manifold and the mixture was degassed by cycling nitrogen and pulling 

vacuum three times within a 1 hr period at 45 ºC.  The headspace of the flask was refilled 

with nitrogen and the mixture was heated to 120 ºC.  1.15 mmol (0.15 ml) Fe(CO)5, 4.4 

mmol (1.45 ml) oleylamine, and 4.25 mmol (1.35 ml) oleic acid were sequentially 

injected through a septum into the solution.  The temperature was increased at a heating 

rate of 15 ºC min-1 to 240 ºC and incubated for 1 hr.  After incubation, the reaction 

mixture was refluxed at ~297 ºC for an additional 1 hr before removing the heating 

mantle and allowing the solution to cool to room temperature.  5 mL of chloroform was 

added to the nanocrystal product and subsequently transferred into a 50 mL centrifuge 

tube.  Initial centrifugation at 8000 RPM for 5 min rid the nanocrystal product of 

uncapped or large chunks of nanocrystals.  The precipitate was discarded and ~ 15 mL of 

ethanol was added until the supernatant became turbid (indicating flocculation of 
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nanocrystals).  The turbid solution was centrifuged at 8000 RPM for 5 min and a 

transparent supernatant was achieved.  The supernatant was discarded and the 

precipitated nanocrystals on the sides of the centrifuge tube were redispersed in 2 mL of 

chloroform.  2 to 4 mL of ethanol was added to re-precipitate the nanocrystals from 

solution via centrifuging at 8000 RPM for 5 min.  The solvent/anti solvent washing step 

was repeated twice to remove any excess ligands.  The final FePt nanocrystal precipitate 

was redispersed in chloroform at a concentration of 10 mg/mL. The Fe:Pt composition of 

the nanocrystals determined by Energy Dispersive X-ray Spectroscopy (EDS) elemental 

analysis was 42:57.  Half of the FePt nanocrystals were separated to be coated with silica 

shells.  

3.2.3 SiO2 coating of FePt nanocrystals 

FePt nanocrystals were coated with silica shells as described previously.30  10 ml 

of a 1 mg/ml dispersion of FePt nanocrystals in cyclohexane was added to a solution of 6 

ml of Igepal in 100 ml of cyclohexane.  0.65 ml of an aqueous 30 vol% NH4OH solution 

was added drop-wise followed by the addition of 1.0 ml of TEOS.  The mixture was 

stirred for 72 hr upon which it was transferred to a separatory funnel.  30 mL of methanol 

was added to the solution and separation between a cyclohexane-rich phase and 

methanol-rich phase began.  The FePt@SiO2 nanoparticle transferred to the methanol-

rich phase.  The cyclohexane was discarded and the ethanol solution was connected to a 

rotary evaporator and ethanol was evaporated until ~ 10 mL of solution was left.  The 

nanoparticles were then isolated by centrifugation at 8000 RPM for 5 minutes and 

redispersed in 5 mL of ethanol.   

The FePt@SiO2 nanoparticles were surface-modified with OTMOS following 

procedures described by Wang et al.31 10 mg of FePt@SiO2 nanoparticles were mixed 
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with 0.1 ml of 30 vol% NH4OH (aq.) to 10 ml of ethanol.  0.5 ml of 10 vol% OTMOS in 

chloroform was added drop-wise to this solution and stirred for 24 hr.  The nanoparticles 

were isolated by centrifugation the mixture at 8000 RPM for 5 minutes.  The precipitate 

was redispersed in 2 mL of chloroform.  4 mL of ethanol was added to the FePt@SiO2 

chloroform solution to flocculate the nanoparticles.  The solution was centrifuged at 8000 

rpm for 5 min which precipitated the FePt@SiO2 nanoparticles on the side wall of the 

centrifuge tube.  The clear supernatant was discarded and the chloroform/ethanol washing 

step was repeated two more times before finally redispersing the nanoparticles in 

chloroform.     

3.2.4 PDMS stamp fabrication 

PDMS stamps were fabricated by following the procedure previously described 

by Kumar et al.32 PDMS masters were fabricated on silicon wafers using an AZ 

photoresist and conventional photolithography techniques.  The lithography mask used 

contained arrays of lines, dots, and squares ranging in size from 1.5-20 µm (Toppan 

photomasks).  Silanization of the photoresist surface was done by vacuum depositing 

(tridecafluoro-1,1,2,2-tetrahydrooctyl)-1-trichlorosilane in a desiccator.33  Silanization 

was necessary to prevent sticking of the PDMS to the mold.  Stamps were prepared by 

casting PDMS and curing overnight in an oven at 60 ºC.  All silicon and glass substrates 

were rinsed with DI-H2O, acetone, and isopropanol followed by a 20 min UV-ozone 

cleaning (Jelight 42) prior to use.   

3.2.5 Nanocrystal monolayer formation and pattern transfer 

Langmuir-Blodgett (LB) films of nanocrystals were assembled using a KSV mini 

trough system 2 enclosed in a Plexiglas cabinet.  Pure DI-H2O was used as the subphase 

for all LB studies and the trough and barriers were thoroughly cleaned with ethanol and 
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rinsed with DI-H2O before each deposition.  Nanocrystals were spread onto the trough 

using chloroform dispersions of 0.5 mg/ml FePt nanocrystals or FePt@SiO2 nanoparticles 

added via a 100 µl microsyringe (Hamilton). Small droplets were formed at the tip of the 

syringe and carefully brought contact with the water surface.  Note that since chloroform 

is denser than water,34 the droplet size must be small and carefully lowered to the water 

surface to insure it does not penetrate the surface and sink to the bottom of the trough.  

Other solvents were tested, but chloroform was found to work very well due to its 

volatility and immiscibility with water.35  Depending on the desired nanoparticle loading, 

a total of 300-600 µL of the nanocrystal dispersion was added to the trough.  After 

allowing 10 minutes for complete evaporation of the solvent, the LB trough was 

compressed at 10 mm/min to the desired surface pressure.  Surface pressure-area 

isotherms were recorded using a platinum wilhelmy plate (KSV, 51066) connected to a 

KSV film balance.    

LB nanocrystal films were transferred from the LB trough to silicon or glass 

substrates by a vertical lift-off procedure.  The substrate was dipped vertically below the 

water surface prior to compressing the film and then after compressing the film to the 

desired surface pressure, the substrate was lifted at a rate of 1 mm/min to transfer the LB 

film to the substrate.  LB films of nanocrystals were transferred to the PDMS stamps by a 

Langmuir-Schaefer technique in which the stamp was carefully brought into contact 

horizontally with the water surface.6   

3.2.6 Materials characterization  

Transmission electron microscopy (TEM) was performed using either a Phillips 

EM208 at an accelerating voltage of 80 kV or a JEOL 2010F equipped with a field 

emission gun operated at 200 kV.  The JEOL 2010F TEM is equipped with an Oxford 
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Inca energy dispersive X-ray spectrometer (EDS), which was used to obtain 

compositional profiles of the nanocrystals.  TEM samples were prepared by dropcasting 

dilute dispersions of nanoparticles in chloroform onto 200-mesh copper grids (Electron 

Microscopy Sciences).  Scanning electron microscopy (SEM) imaging was performed on 

nanocrystals deposited on silicon substrates using either LEO 1530 or Zeiss Supra 40 VP 

SEMs at a working voltage and distance of 10 kV and 3-6 mm.  All TEM and SEM 

images were acquired digitally. 

Wide angle X-ray diffraction (XRD) was performed with a Bruker Nonius D8 

Advance Powder Diffractometer using Cu Kα radiation (λ=1.54 Å).  For XRD, 

nanoparticles were deposited onto quartz substrates and scanned for 12 hours with a scan 

rate of 12 deg/min at 0.02 deg increments with a simultaneous sample rotation of 15 

deg/min.   

Small angle X-ray scattering (SAXS) was performed on a home built system 

using a rotating copper-anode generator (Bruker Nonius) operated at 3.0 kW in vacuum.  

Scattered photons were collected on a multiwire gas-filled detector (Molecular 

Metrology, Inc.).  The scattering angle was calibrated using silver behenate standard and 

all experimental data was corrected for background scattering.  A Kapton liquid cell filled 

with dilute dispersions of FePt nanocrystals in cyclohexane was used to obtain the 

solution phase SAXS data.   

Grazing incidence small angle X-ray scattering (GISAXS) was performed on the 

D1 line at the Cornell High Energy Synchrotron Source (CHESS).  Radiation of 

wavelength λ = 1.252 Å with a bandwidth d(λ)/λ of 1.5% was used.  Scattering patterns 

were collected on a MedOptics fiber coupled CCD camera with 14-bit dynamical range 

per pixel.36  Images were background corrected and a pedestal value of 15 was added to 

avoid negative values.  The sample to detector distance was 675 mm as measured by a 
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silver behenate powder standard.  The incident angle of the X-ray beam was 0.1º and 

images were taken with an exposure time of 5 seconds. Images were processed using 

FIT2D.37 

The magnetic properties of the nanocrystals were measured using a 

superconducting quantum interference device (SQUID, Quantum Design) magnetometer.  

Typically, magnetization measurements used 5 to 7 mg of dry nanoparticles placed in a 

gelatin capsule (Eli Lilly and Company).  For some measurements, nanoparticles were 

annealed by heating at 700 °C for 4 hours under flowing forming gas (7% H2 93% N2) 

inside a 1” diameter quartz tube in a Lindberg/Blue M (TF55035A) tube furnace.   

Magnetic force microscopy (MFM) and atomic force microscopy (AFM) was 

performed under ambient conditions at room temperature on a Digital Instruments 

Multimode Microscope.  A CoCr tip magnetized out of the substrate plane was used for 

MFM (MESP, Veeco).  Prior to MFM imaging, the FePt nanocrystal and FePt@SiO2 

nanoparticles films were magnetized with an 8 T magnetic field to align the 

magnetization direction either perpendicular or parallel to the substrate.  Separate 

topography and magnetic phase shift images were obtained by performing first a line-

scan of the sample topography in TappingMode; then repositioning the tip 60 nm above 

the sample using Liftmode to measure the magnetic response along the same contour.  

This procedure was repeated until the entire area had been scanned.      

3.3 RESULTS AND DISCUSSION 

3.3.1 Langmuir-Blodgett (LB) monolayer formation 

Ordered monolayers of oleic acid/oleylamine (OA/OLA)-stabilized FePt 

nanocrystals (Figure 3.1A) and OTMOS-stabilized FePt@SiO2 nanoparticles (Figure 

3.1B) were assembled on an LB trough. The FePt core diameter was determined from 
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solution SAXS to be 6.9 ± 1.0 nm (Figure 3.1C). Figures 3.2A and 3.3A show typical 

surface pressure-area isotherms of the OA/OLA-stabilized FePt and OTMOS-stabilized 

FePt@SiO2 nanoparticles.  The isotherms are qualitatively similar, but the FePt@SiO2 

nanoparticle layer is slightly more compressible and required lower surface pressures to 

obtain ordered monolayers suitable for transfer. The compressibility of   FePt@SiO2 

nanoparticles were determined to be an order of magnitude greater than FePt 

nanocrystals, 0.021 ± 0.006 m/mN vs. 0.005 ± 0.001 m/mN. 38 
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Figure 3.1:  TEM image of (A) 7.0 ± 0.6 nm diameter OA/OLA-stabilized FePt 
nanocrystals and (B) 25.3 ± 1.8 nm diameter OTMOS-stabilized FePt@SiO2 
nanoparticles (diameters determined from TEM images). C) SAXS of FePt 
nanocrystals dispersed in cyclohexane (1 mg/mL).  The solid line (�) is a 
best fit to the (�) experimental data, which yields an average nanocrystal 
diameter is 6.9 ± 1.0 nm.  A Porod plot of the data is shown in the inset. The 
FePt diameter determined from SAXS will be throughout the text.  
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Figure 3.2:  (A)  Surface pressure-area isotherm and (B-E) SEM images of an LB film of 
6.9 ± 1.0 nm diameter OA/OLA-stabilized FePt nanocrystals.  The film was 
compressed at 10 mm/min. 0.15 mg of FePt nanocrystals were dropped onto 
an area of 250 cm2.  The upper x-axis denotes the surface coverage of FePt 
nanocrystals.  The SEM samples were prepared by vertically lifting a silicon 
substrate out of the LB film at the indicated surface pressures.  The inset in 
(D) shows a higher magnification image of the nanocrystal film.   
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Figure 3.3:  (A) Surface pressure-area isotherm and (B) SEM image of a LB film of 25.3 
± 1.8 nm diameter OTMOS-stabilized FePt@SiO2 nanoparticles.  The silica 
shell thickness is 9 nm.  0.18 mg of nanocrystals were deposited onto an 
area of 250 cm2.  The monolayer in (B) was at a surface pressure of 20 
mN/m.  
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The FePt nanocrystals deposited on the air-water interface initially associate into 

interconnected strands like those shown in Figure 3.2B.  Compression reduced the void 

space between these strands without a measurable increase in surface pressure until the 

surface area was reduced to 55 ± 3.5 cm2 for the OA/OLA-stabilized FePt nanocrystals 

and 87 ± 6.0 cm2 for the OTMOS-stabilized FePt@SiO2 nanoparticles, at which point the 

surface pressure increased significantly.  At these surface coverages, the monolayers 

undergo a phase transition from a low density gas-like expanded state to a liquid-like 

compressed monolayer.22   The corresponding surface coverage of the phase transition of 

55 to 65% for the OA/OLA-stabilized FePt and OTMOS-stabilized FePt@SiO2 

nanoparticles is consistent with previous observations for gold nanocrystals.23   

FePt@SiO2 nanoparticle films were transferred to PDMS stamps when the 

pressure was increased to 20 mN/m.  Dense close-packed monolayers spanning an entire 

1 cm2 silicon substrate (Figure 3.3B) were obtained at this pressure.  The monolayer did 

however exhibit some imperfections, which included particle vacancies, voids 

approximately 100-200 nm in diameter, and some small particle aggregates 100-500 nm 

in diameter.       

The OA/OLA-capped FePt nanocrystals were transferred at a pressure of 30 

mN/m.  At 20 mN/m, the OA/OLA-capped FePt nanocrystals still exhibited significant 

voids (1-3 µm in diameter) in the film (as in Figure 3.2C) and therefore, the monolayers 

were further compressed before transfer.  At 30 mN/m, the monolayers were virtually 

free of voids and spanned a 1 cm2 silicon substrate (Figure 3.2A, D).  However, like the 

FePt@SiO2 nanoparticle films, the OA/OLA-capped FePt nanocrystal monolayers had 

some imperfections, including particle vacancies and small voids (10-20 nm diameter, 

corresponding to 2-3 nanocrystals) residing predominantly at grain boundaries, as well as 

particle aggregates 30-200 nm in diameter scattered throughout the film (Figure 3.2D).   
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Overcompression buckled the nanocrystal films, making them unsuitable for 

transfer.  Buckling of the OA/OLA-capped nanocrystals occurred at 42 mN/m when the 

pressure-area isotherm plateaued.  Figure 3.2E shows an SEM of a buckled film with 

white bands that correspond to bilayers.  These bilayers extend perpendicular to the 

compression direction.       

When excess capping ligand was present in the dispersion, it was impossible to 

make close-packed monolayers of nanoparticles.  Free capping ligand partitions to the 

air-water interface and prevents close-packing of the nanoparticles over extended areas 

and influences the pressure-area isotherms.  Figure 3.4A shows isotherms of nanoparticle 

monolayers formed with “clean” dispersions (i.e., minimal free capping ligand) and 

“dirty” dispersions that had a significant amount of free ligand.  Clean films had lower 

starting surface pressures (0-0.5 mN/m) compared to films that had residual ligands (3-9 

mN/m) (Figure 3.4A, dirty FePt@SiO2).  The dirty films also exhibited a gradual rise in 

surface pressure at the start of compression and an early transition to the liquid-like 

regime (Figure 3.4A, dirty FePt).  Clean monolayers displayed a characteristic flat (~0 

mN/m) surface pressure until reaching 55 to 65 % surface coverage and transitioning to 

the liquid-like region.  SEM images (Figures 3.4B, C) of compressed monolayers with 

significant free capping ligand revealed pools of surfactant separating domains of ordered 

nanocrystals.  These surfactant domains were typically outlined with a thick multilayer 

ring of nanocrystals.  Meldrum et al. has also reported intervening surfactant domains in 

their LB films of oleic acid-capped silver nanoparticles.39  To alleviate problems caused 

by free capping ligand, nanoparticles were precipitated and redispersed immediately prior 

to use to ensure that clean dispersions were spread on the trough (see experimental 

section).  Ligands were found to desorb over time from the nanoparticles when stored as 
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dispersions and therefore, nanoparticles were always used within one week of 

preparation. 

 

Figure 3.4:  (A)  Surface pressure-area isotherms and SEM images of OA/OLA-
stabilized FePt nanocrystals and OTMOS-stabilized FePt@SiO2 
nanoparticles with (“dirty”) and without (“clean”) residual free capping 
ligand.  “Clean” nanoparticle dispersions were obtained by washing the 
nanoparticles three times by solvent/antisolvent precipitation and 
redispersion as described in the experimental section.  “Dirty” nanoparticle 
dispersions were those that were washed twice or less or washed three times 
but then stored for more than a week.  The SEM images correspond to the 
“dirty” films of (B) FePt nanocrystals and (C) FePt@SiO2 nanoparticles on 
silicon substrates transferred by vertical lifting from the LB trough at 25 
mN/m and 20 mN/m, respectively.  The dark regions in (B) and light grey 
region in (C) are surfactant domains.   
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3.3.2 Nanoparticle film transfer and printing. 

Nanoparticles were stamped using the process described in Figure 3.5.  The LB 

monolayer of nanoparticles was transferred to a PDMS stamp patterned with arrays of 

dots, lines, and squares with 1.5 to 20 µm feature sizes, and stamped onto a Si substrate.  

During stamping onto the substrate, care was taken to avoid pressing the raised stamp 

features onto the substrate.  Figure 3.6A, B, D show SEM images of stamped monolayers 

of OA/OLA-capped FePt nanocrystals and FePt@SiO2 nanoparticles on Si substrates.  

The nanoparticles transferred cleanly with feature edge resolutions of approximately 50 

nm for the FePt and FePt@SiO2 nanoparticles.  Chemical treatment of the substrate was 

not required.   
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Figure 3.5:  PDMS stamping of nanocrystal monolayers: (1) a patterned PDMS stamp is 
brought into contact with the LB trough water surface and (2) lifted—the 
nanoparticles adhere to the PDMS stamp without any special surface 
treatment—then (3) the inked stamp is contacted with the substrate and held 
there for ~30 seconds before (4) lift-off to leave a transferred pattern of 
nanoparticles on the substrate.  Steps 1 and 2 can also be repeated to form a 
multilayer of nanocrystals that can then be transferred to a substrate.  (The 
stamp features and particles are not drawn to scale). 
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Figure 3.6:   SEM images of PDMS-stamped OA/OLA-capped FePt nanocrystals and 
OTMOS-stabilized FePt@SiO2 nanoparticles: 1.5 µm circular features 
containing monolayers of (A) FePt nanocrystals and (B) FePt@SiO2 
nanoparticles;  arrays of 1.5 µm squares of (C) FePt nanocrystal multilayers 
(6 particles thick); and circles of (D) FePt@SiO2 nanoparticle monolayers; 
and (E, F) magnified images of 1.5 µm circular features of an (E) FePt 
multilayer (4 particles thick) and an (F) FePt@SiO2 multilayer (4 particles 
thick).  Multilayers were made using stamping Method 1.   



 87 

Multilayers of FePt nanocrystals and FePt@SiO2 nanoparticles could also be 

stamped by repeated inking of the PDMS stamp with nanocrystals from the LB trough 

prior to stamping (Method 1) (Figure 3.5 step 1, 2).  Patterned multilayers of FePt 

nanocrystals (1-6 monolayers thick) and FePt@SiO2 nanoparticles (1-4 monolayers thick) 

could be printed with good edge resolution and feature uniformity (Figure 3.6C, E, and 

F).  Multilayers could also be transferred by sequentially printing stamps containing 1-2 

layers of nanoparticles (Method 2).  Figure 3.10B shows a crossed line feature made by 

sequentially stamping two separately inked line stamps at a 90° angle with respect to 

each other.  The nanoparticles adhere to both substrate and underlying nanoparticle 

layers, without lifting the previous layer of nanoparticles off the substrate.  Both methods 

achieve features of similar uniformity.  

3.3.3 GISAXS characterization of transferred films 

GISAXS40, 41 of a vertically lifted LB film and stamped monolayer of OA/OLA-

stabilized FePt nanocrystals confirmed the existence of long range hexagonal close-

packed order of the nanoparticles in the film.  Figure 3.7A, B show a typical GISAXS 

scattering pattern for both samples; sharp Bragg rods and higher order reflections are 

present, indicating ordered nanocrystal packing in the transferred film.   The ratio of peak 

positions to the primary peak follows a sequence of 1, √3, √4, √7, indicating hexagonal 

close-packed order, which is consistent with the SEM observations.  For the vertically 

lifted LB film, the first order scattering peak at q=0.661 nm-1 corresponds to the {10} row 

with a d-spacing of 9.51 nm and nearest neighbor distance (δ) of 10.98 nm (Figure 3.7A).  

This is close to the interparticle spacing of 11.5 nm determined from SEM images.  The 

next two Bragg rods correspond to the {11} and {20} rows.  For the stamped monolayer 

these two peaks appear to be merged in the projection integration (Figure 3.7C).  This is 
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due to peak broadening caused by the finite size of multiple randomly orientated 

hexagonally packed grains in the nanocrystal monolayer.  Table 3.1 summarizes the peak 

positions of both scattering images.  The oscillating intensity along the vertical scattering 

rods is due to the nanocrystal spherical form factor.     
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Figure 3.7:   GISAXS scattering pattern for a monolayer of 6.9 nm diameter FePt 
nanocrystals (A) vertically lifted from the air-water interface and (B) 
stamped on a silicon substrate at a surface pressure of 30 mN/m.  The plot is 
a projection integration onto the x-axis of the scattering images. The lattice 
row indices of a hexagonal monolayer are also indicated.  
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Table 3.1: Summary of Bragg rod/scattering positions and corresponding d-spacing 
( ), nanocrystal diameter and size distribution, nanocrystal nearest 
neighbor distance (δ), and grain size (D) of the vertically lifted and stamped 
films in Figure 3.7A, B.  The unique input parameters used to simulate the 
scattering patterns, including an order parameter (σsDW) and lattice constant 

(a) [ ] is also listed.  d ± % std was determined 

from SAXS and σsDW was picked to best fit the model to the experimental 
data.  All other input parameters were determined from the experimental 
GISAXS analysis. 

Experimental GISAXS Results 
Reflection Vertical transfer PDMS stamping 

qmax(nm-1)/d{10}(nm) 0.661 / 9.51  0.656 / 9.58 

q{11}(nm-1)/d{11}(nm) 1.148 / 5.48 1.171 / 5.36 
q{20}(nm-1)/d{20}(nm) 1.325 / 4.74 1.339 / 4.69 
q{21}(nm-1)/d{21}(nm) 1.740 / 3.61 -- 

d (nm ± % std) 6.9 ± 15% 6.9 ± 15% 
Average δ (nm) 10.98 11.06 
Average D (nm) 120 90 

Simulated GISAXS Parameters 
σsDW (nm) 1.15 1.35 

Average a (nm) 10.98 11.06 

Nanocrystal Monolayer Ordering 
σsDW / δ  0.10 0.12 

 
 

Analysis of the GISAXS data yields quantitative information about the grain size 

and range of order in the nanocrystal monolayers. The average grain size of the 

assembled nanocrystal film was extracted from the GISXAS data by fitting the Scherrer 

equation (See Appendix B). The average grain size of the vertically transferred and 

stamped monolayers determined from the widths of the {10} Bragg rods were 120 nm 

and 90 nm.  These estimated grain sizes are also consistent with the average grain size 
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observed by SEM (Figure 3.8A, B). The scattering data was also modeled to determine 

the degree of order within the film (See Appendix B for model details). Best fits to the 

GISAXS data for the monolayers yielded the values of  listed in Table 3.1  is 

the relative displacement in the lattice, or the standard deviation of the positions of the 

nanocrystals in the monolayer with respect to a perfect hexagonal lattice  The value of 

 provides a statistical measure of the order in the monolayers.  The vertically 

transferred monolayer had the smallest value of , , and a center to 

center nearest neighbor distance δ=10.98 nm. Therefore, almost all of the nanocrystals 

(95.4%) are positioned within 2  of the perfect lattice positions.  This corresponds to 

a value of .  Much of this lattice disorder relates to the 

size distribution of the nanocrystal cores (6.9 nm ± 1.0 nm) of 15 %.  The 

compressible/flexible ligands on the surface of the nanocrystals could also help 

compensate for some lattice polydispersity.42, 43 The stamped monolayer had less order 

than the vertically transferred film, with .  The stamped film had δ=11.06 

nm, so the majority of the nanocrystals lie within 24.4% ( ) 

of their ideal lattice positions.  This difference in order between the vertically transferred 

and stamped films is significant, but small enough that it would be difficult to determine 

accurately simply from SEM images alone.   

The slight loss of order in the stamped film compared to the vertically transferred 

film, results from the use of the PDMS stamp to transfer the nanocrystals monolayer from 

the Langmuir trough to Si substrate.  The GISAXS model provides a method of 

deconvoluting grain size contributions from lattice disorder.  It is noticeable from the 

SEM images that the grain size in the stamped films is smaller than the vertically 

transferred films, but the slight difference in lattice order would be difficult to determine 

accurately from the SEM image (Figure 3.8A, B).  Although similar processing 
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conditions were used, the difference in grain size presumably comes from the self 

organization of nanocrystal islands on the Langmuir trough prior to compression, film 

formation, and deposition.   

 

 

Figure 3.8:  SEM images of FePt nanocrystal monolayers on silicon substrates deposited 
using (A) vertical transfer (Langmuir-Blodgett) and (B) PDMS stamping 
(Langmuir-Schaefer) transfer techniques. The insets illustrate each 
deposition technique.   
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3.3.4 Magnetic properties of stamped nanocrystals. 

 The stamped FePt nanocrystals and FePt@SiO2 nanoparticles were converted 

from their as-synthesized random alloy composition to the hard magnetic, 

compositionally-ordered, face-centered tetragonal (fct) L10 phase by annealing at 700 °C 

for 4 hours under forming gas (7% H2, 93 % N2).30 The films were examined by AFM and 

MFM after annealing.  XRD (Figure 3.9C) confirmed the transformation to the L10 phase 

and SEM showed that the stamped nanocrystal patterns retained their integrity after 

annealing (Figure 3.9A, B) with no observable migration of material across the silicon 

surface.  Annealing of the OA/OLA-capped FePt nanocrystals (Figure 3.9A) led to 

sintered continuous films of FePt.  In contrast, the FePt cores of the FePt@SiO2 

nanoparticles (Figure 3.9B) did not sinter during the annealing process.  The silica shell 

was recently shown to withstand annealing temperatures up to ~850oC without 

degradation.30  The AFM images confirmed that the thickness of the stamped features 

remained uniform after the annealing process, revealing only a few small indentations 

corresponding to cracks in the film (Figure 3.10A, B).   

       



 94 

 

Figure 3.9:  SEM images of (A) FePt (6 monolayers) and (B) FePt@SiO2 (3 monolayers) 
nanoparticles printed using stamping method 1 onto Si substrates as 1.5 µm 
diameter circles after annealing at 700 ºC for 4 hours under forming gas.  
(C) XRD of FePt nanocrystals and FePt@SiO2 nanoparticles before and 
after annealing.  For clarity the diffraction peak intensities were normalized 
by the {111} diffraction peak at 2θ=39o.  The slight shifting of the 
diffraction peaks to higher angle, and the emergence of new diffraction 
peaks at 2θ angles of 53.7º and 60.5º confirms the transition to the 
tetragonal L10 phase.  The narrowing of the diffraction peaks from the 
OA/OLA-stabilized FePt nanocrystals is consistent with crystal grain 
growth and coalescence during annealing.  From the observed peak widths, 
the Scherrer equation44 was used to estimate the average crystal domain 
sizes.  The uncoated FePt nanocrystals increased in grain size from 5 nm to 
12 nm in diameter and the FePt@SiO2 nanoparticles did not change in size 
from 5 nm.45   
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Figure 3.10: AFM and MFM images of FePt nanocrystals and FePt@SiO2 nanoparticles 
after annealing.  All images were acquired with the MFM tip magnetized out 
of the plane of the paper at lift height of 60 nm. (A)  Topographical image of 
a 1.5 µm feature of FePt nanocrystals 6 layers thick made using stamping 
Method 1.  (B) Crossed line pattern of stamped FePt@SiO2 nanoparticles 4 
layers thick at the line intersection using stamping Method 2.  (C, D)  MFM 
images of FePt nanocrystals and FePt@SiO2 nanoparticles corresponding to 
features in (A, B), respectively, after alignment of the magnetic domains out 
of the plane of the paper.  (E, F) MFM images of patterns with similar 
dimensions to those shown in images (A, B), respectively, after alignment of 
the magnetic domains into the plane of the paper.      
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Magnetic contrast between the annealed FePt features and the diamagnetic silicon 

substrate was easily visualized by MFM. Figure 3.10C shows an MFM image of a 

magnetized feature: the observed negative phase shift of 2.3º corresponds to an attraction 

between the MFM tip and the sample, indicating permanent magnetization of the FePt 

film.  When the direction of the MFM tip magnetization was reversed, a positive phase 

shift of 2.3º was observed, corresponding to repulsion between the MFM tip and sample 

(Figure 3.10E).  Thinner films gave a weaker MFM respoinse; for example, a stamped 

feature only three nanocrystal layers thick (at the same lift height of 60 nm) gave a phase 

shift of only 0.5º.  These MFM measurements showed significantly better magnetic 

signal uniformity compared to prior MFM measurements of annealed patterned films of 

Pt@Fe2O3 core-shell nanoparticles.7            

Figure 3.10B shows a topographic image of two crossed stripes of FePt@SiO2 

nanocrystals.  Each stripe is two particle layers thick.  AFM line scans showed a uniform 

height at the intersection that dropped sharply from four to two nanoparticle layers thick 

at the junction, as expected.  This feature geometry conveniently allowed a test of the 

dependence of the MFM detection resolution on the feature thickness.  Figure 3.10D 

shows the MFM scan after the feature was magnetized with an external 8T field out of 

the plane of the substrate.  A faint outline of the feature (corresponding to a negative 

phase shift of 0.04º) is visible, indicating a weak interaction with the MFM tip.  But after 

switching the magnetization of the film, the MFM still measured a negative phase shift of 

similar magnitude (Figure 3.10F).  The reversal of the magnetization direction did not 

give rise to a positive phase shift as expected, indicating that the MFM response did not 

result from a magnetic interaction between the tip and the film, but was probably a result 

of van der Waals interactions.   
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SQUID measurements of the magnetic properties of the FePt@SiO2 nanoparticles 

showed that they were magnetic at room temperature (Figure 3.11A) and that the lack of 

MFM signal was not because the sample was not magnetic.  The magnetic remanence 

was 17.7 emu/g FePt for the FePt@SiO2 nanoparticles vs. 28.5 emu/g FePt for the FePt 

nanocrystals.  The annealed printed features are definitely permanent magnets at room 

temperature, with coercivities of 0.33 T for the FePt@SiO2 nanoparticles and 0.75 T for 

the sintered FePt nanocrystals.  The high coercivity prevents demagnetization, either 

thermally or in the presence of weak external magnetic field—as emanates from the 

MFM tip for example.  At 60 nm above the sample, the magnetic field experienced by the 

sample from the MFM tip is only 33 mT,46 which is well below the coercivity of the FePt 

nanocrystals and FePt@SiO2 nanoparticles.  Since demagnetization by the MFM tip is 

unlikely, the low MFM signal of the printed FePt@SiO2 nanoparticles results simply 

from the low magnetic density of the material.  FePt makes up only 11% of the total mass 

of the FePt@SiO2 nanoparticles, which translates to an areal Bohr magneton density of 

6.5 x 1014 µB/cm2.47  The areal Bohr magneton density of the films of annealed 

(uncoated) FePt nanocrystals is nearly two orders of magnitude higher, at 1.6 x 1016 

µB/cm2.  The magnetic field density of the stamped, annealed FePt@SiO2 nanoparticle 

features is below the detection limit of the MFM tip though it is measurable for films 

thicker than 100 nm.45    
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Figure 3.11:  (A) M-H loop for FePt nanocrystals and FePt@SiO2 nanoparticles at room 
temperature after being annealed at 700 ºC for 4 hrs in forming gas.  
Magnetization was normalized to a per gram of FePt basis in the sample.  A 
noticeable constriction in the hysteresis loop for the FePt@SiO2 was also 
observed. (B) Zero field cooled (ZFC) and field-cooled (FC) scans of the 
magnetization versus temperature. after being annealed at 700 ºC for 4 hrs in 
forming gas. 
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3.4 CONCLUSIONS 

In conclusion, FePt nanocrystals and FePt@SiO2 nanoparticles could be 

assembled into close-packed monolayers at the air-water interface of an LB trough and 

transferred onto silicon substrates using patterned PDMS stamps.  The initially random 

alloy FePt was converted to the hard magnetic L10 phase by annealing at 700oC under 

forming gas.  The patterned features retained their shape and edge resolution.  The 

patterned films of annealed FePt nanocrystals were permanent magnets at room 

temperature with magnetic signal detectable by room temperature MFM.  MFM, 

however, could not detect the permanent magnetization of the stamped and annealed 

FePt@SiO2 nanoparticles.  The low magnetic field strength from the printed FePt@SiO2 

nanoparticles was the result of the dilution of the FePt in the silica shells in the layer.   

Lowering the measurement temperature, in order to increase the sensitivity of the 

MFM, or decreasing the silica shell thickness, would increase the ferromagnetic response 

from the FePt@SiO2 nanoparticles to make them detectable by MFM.  Lowering the 

operating temperature, however, would limit the practicality of implementing FePt@SiO2 

nanoparticles in consumer based magnetic memory storage devices.  Alternatively, the 

scanning Hall probe microscope47 may be able to image the magnetic properties of the 

existing films.   
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CHAPTER 4:  IN SITU GISAXS CHARACTERIZATION OF A LATERALLY 
COMPRESSED MONOLAYER OF IRON OXIDE NANOCRYSTALS AT AN AIR-

WATER INTERFACE 
 

4.1 INTRODUCTION 

A variety of synthesis techniques exist for the preparation of monodisperse metal 

and semiconductor nanomaterials.  As a randomly dispersed ensemble, these materials 

exhibit a wide variety of size-dependent optical, electronic, and magnetic properties 

which have been demonstrated in applications such biological imaging, heavy metal 

removal, and catalysis.1-5  In these applications, the orientation and translational order of 

the nanocrystals is not important, however applications, in the area of electronic, optics, 

and magnetic memory, require the assembly of these nanocrystal materials into well-

defined macroscopic 2-D and 3-D nanocrystal superlattices.6-9  This is especially 

important to magnetic memory applications where a monolayer of magnetic nanocrystals 

precisely placed in a hexagonally ordered lattice is necessary to reproducibly address 

each individual bit.  

Two dominate bottom-up methods for nanocrystal assembly are dropcasting and 

Langmuir Blodgett assembly.10-17 Both methods rely on the assembly of nanocrystals at 

an interface, be it liquid/solid, liquid/vapor, or liquid/liquid.17, 18  Of the two, dropcasting 

has major limitations in the preparation of 2-D monolayers over large areas. The complex 

symphony of solvent evaporation, solvent contact angle, substrate tilt angle, substrate 

surface chemistry, and interaction of excess ligand with the dispersion of nanocrystals 

can produce not only a monolayer but multilayers of nanocrystals as well.16, 17, 19, 20  The 

Langmuir Blodgett technique provides a reproducible method for monolayer formation 
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and has been shown to produce uniform monolayers with a variety of nanomaterials 

ranging from nanoparticles to nanorods and nanowires over large areas (> 1 cm2).10-15, 21  

Additionally, the Langmuir Blodgett trough provides control over the surface coverage 

and compression of nanomaterials at the air-water interface.  This allows for deformation 

of the ligand layer surrounding the nanocrystals and a decrease in edge-to-edge spacing 

between nanocrystals in the films. 

A recent study by Tao et al. demonstrated the optical response of an LB film of 

large silver nanocrystals (~100 nm diameter), exhibiting localized plasmon resonance, 

could be tuned by compression of the film.22  Additionally, 2.7 nm diameter silver 

nanocrystals at the air water interface have shown a reversible transition from insulator-

to-metal with compression of the nanocrystal monolayer due to increased electronic 

coupling.23  In both cases the increase in electronic coupling was attributed to the 

proximity of the nanocrystal cores which was varied by compression and relaxation of 

the LB trough barriers. These measurements were preformed in situ, at the air-water 

interface, however for device fabrication transfer of the LB film from the air-water 

interface to a substrate is needed. It is therefore reasonable to ask whether the spacing 

between nanocrystals, i.e. films compression dependent properties, on the air-water 

interface remain intact after transfer.  In this Chapter, in situ grazing incidence small 

angle X-ray scattering (GISAXS) is used to study the compression and transfer of 

monodisperse iron oxide (Fe2O3) nanocrystals from the air-water interface to silicon 

substrates.  It was found compression of the film resulted in a decrease in edge-to-edge 

spacing between nanocrystals.  Transfer of the film, by the Langmuir Blodgett technique, 

to silicon substrates resulted in expansion in the edge-to-edge spacing.  
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4.2 EXPERIMENTAL DETAILS 

4.2.1 Materials and supplies.   

All chemicals were used as received.  Iron pentacarbonyl (Fe(CO)5, 99.999%) and 

oleic acid (99%) were purchased from Sigma-Aldrich. Ethanol (ACS grade), 2-propanol 

(ACS grade), acetone (ACS grade), and chloroform (ACS grade) were purchased from 

Fisher Scientific. Dioctyl ether (>97%) was purchased from Fluka. Deionized water (DI-

H2O) was used in all aqueous preparations.  

4.2.2 Iron oxide nanocrystal synthesis.  

Monodisperse 7 nm diameter, oleic acid stabilized  Fe2O3 nanocrystals were 

prepared on a schlenk line as previously described.24 In a 25 mL three-neck flask, 10 mL 

of dioctyl ether and 1.44 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 1 h 

before removing the heating mantle and allowing the reaction flask to cool to room 

temperature. The flask was then opened to air for 30 min to oxidize the as-made Fe 

nanocrystals.   The reaction solution was cleaned up by first centrifuging for 5 min at 

8000 rpm (8228g). The precipitate, consisting of poorly functionalized nanocrystals, was 

discarded. 5 ml ethanol was then added to the supernatant and this mixture was 

centrifuged for 10 min at 8000 rpm (8228g) to precipitate the nanocrystals. The clear and 

colorless supernatant was discarded. The nanocrystals were further purified by 

redispersing in 1 ml of hexane followed by the addition of 2 ml of ethanol as an 

antisolvent and then centrifuged at 8000 rpm (8228g) for 5 min. The precipitate was 

collected and the purification procedure was completed 2 more times before dispersing 
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the nanocrystals in chloroform. Monodisperse 14 nm Fe2O3 nanocrystals were prepared 

using the same method but 3.04 mmol of oleic acid was used. 

4.2.3 Nanocrystal monolayer formation.  

Langmuir Blodgett (LB) films of Fe2O3 nanocrystal monolayers for GISAXS 

measurements were made using a KSV mini trough system 2 enclosed in a Plexiglas 

cabinet.  Pure DI-H2O was used as the subphase.  The trough and barriers were 

thoroughly cleaned with ethanol and rinsed with DI-H2O before the formation of each 

monolayer.  Nanocrystals were spread onto the water surface by depositing small droplets 

of 7 nm Fe2O3 nanocrystals dispersed in chloroform (0.5 mg/ml) via a 100 µl 

microsyringe (Hamilton).  Small droplets were formed at the tip of the syringe and 

carefully brought into contact with the water surface to insure the droplet did not 

penetrate the water surface and sink to the bottom of the trough. A total of 300 µL of the 

nanocrystal dispersion was deposited onto the water surface (250 cm2 of available area).  

After allowing 10 minutes for complete evaporation of the solvent, the LB trough was 

compressed at 10 mm/min to the desired surface pressure. For 14 nm Fe2O3 nanocrystals, 

800 µl was deposited on the surface from a concentration of 0.25 mg/ml in chloroform.   

Surface pressure-area isotherms were recorded using a platinum Wilhelmy plate (KSV, 

51066) connected to a KSV film balance.  See Appendix C for calculation of nanocrystal 

surface coverage. 

LB films of Fe2O3 nanocrystal monolayers were transferred from the air-water 

interface to 15 x 15 mm silicon substrates (NOVA wafers, p-type test wafers with native 

oxide) by a vertical lift-off procedure (LB technique).  The silicon substrate was placed 

vertically below the water surface prior to deposition of the nanocrystals and compression 

of the film.  After depositing the nanocrystals, and compressing the film to the desired 



 107 

surface pressure, the substrate was retrieved at a rate of 1 mm/min.  The desired surface 

pressure was maintained during film transfer by allowing the KSV mini software to move 

the barriers as needed. After each monolayer was transferred to a silicon substrate, the LB 

trough was thoroughly cleaned with ethanol and DI-H2O before the procedure was 

repeated to create new monolayer. All silicon substrates were cleaned by rinsing with DI-

H2O, acetone, and 2-propanol followed by a 10 min UV-ozone cleaning (Jelight 42) prior 

to use.  

In situ grazing incidence small angle X-ray scattering (GISAXS) measurements 

were prepared on a smaller LB trough machined to fit within the dimensions of the 

GISAXS stage on the D1 line at the Cornell High Energy Synchrotron Source (CHESS). 

The Teflon trough was machined from a single block of Teflon having dimensions of 56 

mm L, 56 mm W, 40 mm H.  A depression measuring 50 mm by 50 mm with a 2 mm 

depth and 3 mm lip around the edge was machined into one face to contain the water.  A 

moveable barrier (10 mm H, 10 mm W, 60 mm L) was machined from a separate piece of 

Teflon.  In situ compression of the film was achieved by using a syringe pump (Kd 

Scientific) with a push rod set in the syringe holder to move the barrier at a calibrated 

speed.  The trough was cleaned with ethanol and rinsed with DI-H2O before each use.  

DI-H2O was used as the subphase and 40-150 µl of a 0.5-0.25 mg/ml solution of Fe2O3 

nanocrystals dispersed in chloroform was carefully deposited drop wise onto the water 

surface.     

4.2.4 Materials characterization.   

Transmission electron microscopy (TEM) was performed using a Technai G2 

Sprit BioTWIN. TEM samples were prepared by dropcasting dilute dispersions of 

nanoparticles in chloroform onto 200-mesh copper grids (Electron Microscopy Sciences).  
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Scanning electron microscopy (SEM) imaging was performed on nanocrystals deposited 

on silicon substrates using a Zeiss Supra 40 VP SEMs at a working voltage of 10-15 kV 

and working distance of 3-6 mm.  All TEM and SEM images were acquired digitally.         

Grazing incidence small angle X-ray scattering (GISAXS) was performed on the 

D1 line at CHESS.  Radiation of wavelength λ= 1.252 Å with a bandwidth Δλ/λ of 1.5% 

was used.  Scattering patterns were collected on a MedOptics fiber coupled CCD camera 

with 14-bit dynamical range per pixel.36 All sample to detector distances were calibrated 

using a silver behenate standard. The sample to detector distance was 957 mm when 

scattering images were taken on the nanocrystal films deposited onto silicon substrates.  

The sample to detector distance was 903 mm when scattering images were taken on the 

air-water interface.  The incident angle of the X-ray beam was 0.2º for LB films of Fe2O3 

nanocrystals transferred onto silicon substrates. Images were taken with exposure times 

ranging from 0.1 to 10 seconds and processed using FIT2D.25 Dilute dispersions of Fe2O3 

nanocrystals suspended in hexane were placed in capillary tubes to obtain size 

distributions of the nanocrystals cores by small-angle X-ray scattering (SAXS).  The 

sample to detector distance for the SAXS setup was 890 mm. 

GISAXS measurements of nanocrystal films transferred to silicon substrates were 

done using the standard reflectivity stage and alignment procedure at CHESS.  Alignment 

of the LB trough for in situ GISAXS measurement of nanocrystals at the air-water 

interface required a different alignment protocol.  First, the standard reflectivity stage was 

replaced with the machined Teflon trough.  The center of the small LB trough was 

machined so that its center corresponded with the center of the reflectivity stage, which 

provided the same sample to detector distance as measured by the silver behenate 

standard.  Once securely attached to the GISAXS platform, the top surface of the Teflon 

trough was aligned parallel with the X-ray beam.  Pure DI-H2O was then added to the 
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trough so that the water height was ~2 mm above the Teflon edge which provided a flat 

surface to scatter off of.  A small droplet of nanocrystals dispersed in chloroform was 

then deposited on the water surface. Scans were taken incrementally in the vertical, z-

direction, until scattering from the nanocrystals surface was observed. Figure 4.1 shows 

the X-ray scattering geometry used for the in situ GISAXS measurements of Fe2O3 

nanocrystals at the air-water interface.   
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Figure 4.1: Illustration of the in situ GISAXS experimental configuration.  (A) shows a 
zoomed in side view of the in situ LB trough edge with respect to the X-ray 
beam. (B) shows the top view of the in situ LB trough with respect to the X-
ray beam.    
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4.3 RESULTS AND DISCUSSION  

4.3.1 Langmuir-Blodgett film formation 

Hexagonally ordered monolayers of oleic acid-stabilized Fe2O3 nanocrystals were 

assembled using a Langmuir Blodgett (LB) trough. Figure 4.2A shows a TEM image of 

the Fe2O3 nanocrystals deposited onto a carbon coated grid. The diameter of the Fe2O3 

nanocrystals determined from solutions SAXS was 7.14 ± 0.54 nm (Figure 4.2B,C). 

Figure 4.3A shows typical surface pressure-area isotherms of the Fe2O3 nanocrystals.  

Arrows on the isotherms indicate surface pressures at which LB films were transferred 

from the air-water interface to a silicon substrate by the LB technique. The Isotherms 

showed two phase transitions before the film buckled. The Fe2O3 nanocrystals start in the 

gas phase, which comprises of nanocrystal islands each having hexagonal order.  Further 

compression of the film lead to the first phase transition from the gas to liquid state, 

which can be seen on the isotherm at a surface area of 144 cm2 (surface coverage of 0.5).  

SEM of LB film transferred to a silicon substrate in this compression region showed the 

gathering of hexagonally ordered nanocrystal islands and reduction of the large void 

space between them (Figure 4.3B, C ). Further compression of the film resulted in a rapid 

increase in surface pressure and transition from the liquid state to the solid phase which 

can be seen at a surface area of 87 cm2 (surface coverage of 0.82).  A continuous 

monolayer was transferred to a silicon substrate within the solid phase region at a surface 

pressure of 12 mN/m.  The continuous nanocrystal monolayer comprised of multiple 

hexagonally ordered nanocrystal grains.  The monolayers were free of large voids and 

contained only small holes on the order of 20-50 nm and defects such as particle 

vacancies residing predominantly at grain boundaries (Figure 4.3D). Further compression 

of the LB film resulted in buckling of the film causing the formation of multilayer 

wrinkles, which were observed by SEM inspection of the vertically transferred 
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nanocrystal films (Figure 4.3E).  The buckling transition is also observed on the 

isotherms by a knee at a surface area of 72 cm2. The LB film evolution and shape of the 

isotherms are consistent with the compression of hexagonally ordered nanocrystal 

domains observed for both the LB films of bare Oleic acid/olylamine capped FePt 

nanocrystals and OTMOS capped FePt@SiO2 core-shell nanoparticles in Chapter 3.6 

 

 

 

Figure 4.2:  (A) TEM image of Fe2O3 nanocrystals dropcasted onto a carbon grid. (B, C) 
Solution phase SAXS of Fe2O3 nanocrystals in hexane.  (B) Normalized 
scattering intensity vs q and (C) Porod plot of scattering vs q. The 
experimental data (■) and best fit (solid line) are shown. See Appendix B 
for SAXS model. From the best fit, the core diameter and standard deviation 
was determined to be 7.14 ± 0.54 nm.   
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Figure 4.3:  (A) Surface pressure-area isotherm of 7.14 ± 0.54 nm oleic acid stabilized 
Fe2O3 nanocrystals on a Langmuir Blodgett trough.  The upper x-axis 
denotes the surface coverage of Fe2O3 nanocrystals. See Appendix C for 
coverage calculations. (B-E) SEM images of the LB films taken at surface 
pressures of (B) 0 mN/m, (C) 1 mN/m, (D) 12 mN/m, and (E) 16 mN/m. 
The vertical dashed lines if figure (A) denote the start (green) and end (red) 
of compression for the in situ LB GISAXS measurements discussed later.  
The nanocrystals are contained within the darker regions of figure (B) and 
(C).  
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4.3.2 GISAXS characterization of Fe2O3 nanocrystal monolayers transferred onto 
silicon substrates using a Langmuir-Blodgett trough 

 GISAXS scattering images 7 nm Fe2O3 nanocrystal LB films transferred to 

silicon substrates at different surface pressures were taken at CHESS using an incident 

angle of 0.2°. The inset of Figure 4.4A shows a representative GISAXS detector image 

from a monolayer of Fe2O3 nanocrystals transferred to a silicon substrate at a surface 

pressure of 7 mN/m.  The orientation of the substrate retrieval direction is perpendicular 

to the direction of the X-ray beam.  The graph shows an x-projection integration of the 

detector image and reveals three distinct peaks with a ratio of their qx peak positions to 

the primary peak following a sequence of 1, √3, √4 indicating hexagonal order which is 

consistent with SEM observations (Figure 4.4A, Figure 4.3D).  The bragg rod reflections 

correspond to the {10}, {11}, and {20} rows as labeled in Figure 4.4A. Scattering images 

were also taken with the X-ray beam parallel to the substrate retrieval direction, which 

also showed 3 peaks characteristic of hexagonal order. 
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Figure 4.4:  (A) GISAXS scattering pattern (inset) for a monolayer of 7.14 nm Fe2O3 
nanocrystals on a silicon substrate transferred at a surface pressure of 7 
mN/m. The plot is a projection integration onto the x-axis of the scattering 
image.  The lattice row indices of a hexagonal monolayer are indicated on 
the projection integration. (B) Schematic of a hexagonal lattice with edge-
to-edge spacing (δ), center-to-center spacing (a), and crystalline core (Dc) 
defined.  (C) Shows the edge-to-edge spacing of the 7.14 nm Fe2O3 
nanocrystal films as a function of surface pressure for the monolayers 
transferred onto silicon substrates. Each point is an average of three 
measurements taken at 3 different locations along the 15 mm wide substrate.  
The standard deviation is within the height of the squared symbols. Edge-to-
edge values determined from both parallel and perpendicular orientations of 
the X-ray beam with respect to the retrieval direction are plotted. 
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The peak position from the first-order {10} Bragg rod for the 7 nm diameter  

Fe2O3 nanocrystal LB film in Figure 4.4A corresponds to qx=0.73 nm-1 and gives a d10 

spacing of 8.58 nm.  Given the monolayer forms a hexagonal lattice, the center-to-center  

spacing (a) between two nanocrystals can be determined from simple geometrical 

arguments (a= d10*2/√3) (Figure 4.4B).  The edge-to-edge spacing (δ) between 

nanocrystals is calculated by subtracting the nanocrystal core diameter (Dc) from the 

center-to-center spacing (δ=a-Dc) (Figure 4.4B).  For the scattering image shown in 

Figure 4.4A of 7 nm diameter hexagonally ordered Fe2O3 nanocrystals, the center-to-

center spacing is 9.91 nm and edge-to-edge spacing is 2.76 nm. A similar analysis was 

preformed on all of the GISAXS scattering images and the edge-to-edge spacing vs 

surface pressure is plotted in Figure 4.4C for both orientations of the X-ray beam with 

respect to the substrate retrieval direction.   

A decrease in edge-to-edge spacing was observed with increasing surface 

pressure. For the 7 nm diameter Fe2O3 nanocrystals with the X-ray beam oriented 

perpendicular to the substrate retrieval direction, an edge-to-edge spacing of 3.12 nm was 

measured for a film transferred at a surface pressure 0 mN/m. At a surface pressure of 1 

mN/m the edge-to-edge spacing of the transferred films increased slightly to 3.3 nm. 

Once in the solid phase region of film compression, the edge-to-edge spacing between 

nanocrystals in the transferred film decreased from 3.2 to 2.76 nm at a surface pressure of 

7 mN/m. LB films transferred just before buckling had an edge-to-edge spacing of 2.80 

nm, which decreased further to 2.70 nm after buckling.  The overall change corresponds 

to a decrease in the edge-to-edge spacing of 0.6 nm.  

Interesting to note is the small differences in the edge-to-edge spacing with 

respect to the orientation of the X-ray beam and substrate retrieval direction.  Nanocrystal 

monolayers consist of multiple hexagonally ordered grains having random orientations 
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with respect to the X-ray beam, therefore these powder films are not expected to have any 

rotational dependence on their scattering peak positions. Analysis of the films with the 

dipping direction both perpendicular and parallel to the X-ray beam indicates on average 

the parallel orientation has a smaller edge-to-edge separation in comparison to the 

perpendicular orientation. For example, at a surface pressure of 7 mN/m the 

perpendicular orientation has a edge-to-edge separation of 2.76 nm compared to 2.49 nm 

observed in the parallel orientation.  The difference is significant given the resolution of 

the detector in this region is 0.03 nm.  The result indicates expansion of the hexagonal 

lattice in the z-direction caused by slipping of the nanocrystals rows as the film is 

transferred onto the substrate (Figure 4.5). The nanocrystal monolayer is confined to the 

width of the silicon substrate, leaving little room for the film to expand allowing it to 

retain a smaller edge-to-edge distance in the y-direction (Figure 4.5).   Transfer of the 

monolayer begins at the three phase contact line between the substrate, water, and air.26, 27  

A nanocrystal line is first pinned at the interface and as the substrate is withdrawn, the 

continuous deposition of the monolayer is governed by the interaction of the particles 

with the substrate, interparticle interactions, substrate withdrawal speed, and the 

interfacial force applied to the substrate by the barrier.26-29 Substrates were withdrawn 

from the water subphase at a rate of 1 mm/min for the transfer of all LB films to insure a 

smooth moving meniscus to minimize stick-slip at the three phase contact line and water 

entrainment between the nanocrystal monolayer and substrate.26 Despite these 

precautions, the small changes observed here indicate sliping of the film can occur at 

length scales on the order of 0.3 nm that are difficult to accurately measure by SEM and 

TEM measurements. Typically large macroscopic changes in the nanocrystal lattice (~50 

µm) are observed with stick-slip film structures such as the periodic line patterns 

demonstrated by Huang et al.28  
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Figure 4.5:  Illustration depicting vertical retrievel of a silicon substrate from the water 
surface of the Langmuir-Blodgett trough. Red circles denote nanocrystals at 
the air-water interface. 

4.3.3 In situ GISAXS of Fe2O3 nanocrystals at the air-water interface during 
nanocrystal deposition.  

In situ GISAXS experiments were preformed at CHESS using a smaller home 

built LB trough to look at the edge-to-edge separation of the 7 nm diameter Fe2O3 

nanocrystals in the hexagonal lattice before transfer. Figure 4.1 depicts the experimental 

setup showing the side and top view of the trough with respect to the X-ray beam.  The 

orientation of the X-ray beam is perpendicular to the compression direction which allows 

comparison of the in situ film to the perpendicular orientation of X-ray beam and 

retrieval direction of the ex situ films. The same 7 nm diameter Fe2O3 nanocrystal 

solution used for the GISAXS measurements of static LB films on silicon substrates were 

also used for GISAXS measurements of nanocrystals at the air-water interface. 

Additionally, both the preparation of LB films on silicon substrates as well as the in situ 
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GISAXS measurements of the Fe2O3 nanocrystals at the air-water interface were obtained 

within a week of nanocrystal synthesis and clean up to minimize any changes in 

nanocrystal behavior due to ligand desorption from the  Fe2O3 nanocrystal surface over 

time.6   
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Figure 4.6:  Charaterization of film during nanocrystal deposition. GISAXS scattering 
image (inset) and projection integration from a monolayer of 7 nm diameter 
Fe2O3 nanocrystals on the air-water interface of the LB trough at a surface 
coverage of (A) 0.18 and (B)  0.72. In both images the edge-to-edge 
separation between nanocrystals remains unchanged at 2.10 nm during 
deposition.  
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 Fe2O3 nanocrystals were added drop-wise to the air-water interface of the in situ 

LB trough in incremental aliquots of 10 µl for the 7 nm diameter Fe2O3 nanocrystals. 

After each incremental deposition, a scattering image of the nanocrystal film at the air-

water interface was taken. The inset of Figure 4.6A shows scattering images of 7 nm 

diameter Fe2O3 nanocrystals deposited on the air-water interface at a low surface 

coverage of 0.18. GISAXS scattering images of the film, even at low nanocrystal surface 

coverage, revealed the presence of scattering peaks due to the hexagonal order of the 

nanocrystals at the air-water interface. The scattering was very weak and the higher order 

{11} and {20} bragg rods are barely visible indicating long range order has not 

developed in the film (Figure 4.6A, inset).  With increasing surface coverage, the 7 nm 

diameter Fe2O3 nanocrystals showed an increase in scattering intensity and the 

observance of the higher order bragg rods seen in Figure 4.6B. The ratio of the bragg rod 

peak positions/primary peak for the Fe2O3 nanocrystals on the air-water interface 

followed a sequence of 1, √3, √4 confirming the formation of hexagonally ordered 

domains as previously observed by SEM and GISAXS scattering images of LB films 

transferred on silicon substrates.  

At a surface coverage of 0.72 for the 7 nm diameter Fe2O3 nanocrystals, an 

additional droplet of particles caused the droplet to ball up and slide down the edge of the 

trough.  This observation signified the saturation limit of the nanocrystals at the air-water 

interface.  When the water surface was unsaturated, the droplet of nanocrystals readily 

spread into a thin film on the water surface.  The saturation point is denoted on the 

Isotherms in Figure 4.3A by the vertical green dashed line. The saturation point lies 

within the liquid region of the isotherm just before the transition to the solid phase. 

Calculation of the edge-to-edge separation from the {10} Bragg rod during the deposition 

of Fe2O3 nanocrystals showed the edge-to-edge separation remained at 2.10 nm as the 
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surface coverage increased from 0.18 to 0.72 for 7 nm diameter Fe2O3 nanocrystals 

during deposition. Based on the SEM images of LB films in this surface coverage range, 

no change in the edge-to-edge separation is expected as the surface contains nanocrystal 

islands separated by void space which gives room for the nanocrystals to rearrange on the 

air-water interface.  

Subtle differences in the GISAXS scattering pattern of the transferred LB films on 

silicon and in situ monolayer at the air-water exist. First, Scattering off of the air-water 

interface reduces the vineyard contribution due to the low reflectivity of the water 

surface. This confirms the X-ray beam is probing Fe2O3 nanocrystals at the air-water 

interface and not along the trough edge (air-Teflon interface). The scattering peaks are 

also sharper in the in situ measurement as seen by comparison of the x-projection 

integrations shown in Figure 4.4A (ex situ) and Figure 4.6B (in situ). The higher order 

peaks corresponding to the {10} and {20} rows are also clearly separated in comparison 

to the transferred films on silicon, where the two peaks appear to overlap due to disorder 

in the film caused by anisotropic transfer of the film (Figure 4.4A vs Figure 4.6B).      

Comparison of the edge-to-edge separation measurements taken from the LB 

films on silicon substrates and in situ GISAXS measurements at the air-water interface 

revealed a large change in the edge-to-edge separation upon transfer of the LB films at 

low surface coverage. On LB films transferred to silicon substrates in the liquid phase at 

a surface coverage of 0.64, the value of the edge-to-edge separation was 3.3 nm 

compared to 2.10 nm measured over the surface coverage range of 0.18-0.72 on the air-

water interface. The difference in edge-to-edge separation indicates a slip of 1.2 nm 

between the {10} rows giving further evidence of nanocrystal slipping under the vertical 

deposition conditions for films taken at low surface coverage. Comparison of the edge-to-

edge separation to the value obtained with the parallel X-ray beam and retrieval 
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orientation for transferred films shows a slightly smaller change in edge-to-edge 

separation of 0.9 nm (2.1 nm (in situ) vs 3.0 nm (ex situ)) indicating some expansion in 

the y-direction occurs during transfer. This may be induced by the natural parabolic 

curvature of the water meniscus when in contact with the substrate causing the monolayer 

to expand in the y-direction (Figure 4.5).28, 30  

4.3.4 In situ GISAXS of Fe2O3 nanocrystals at the air-water interface during film 
compression.  

The film of nanocrystals at the air-water interface was compressed to a higher 

surface coverage to compare the change in edge-to-edge separation of LB films 

transferred at high surface coverage. Starting at the saturation surface coverage (0.72), 

the nanocrystal film was compressed at a controlled rate using a Teflon barrier. The 

compression region is denoted in Figure 4.3A by the vertical green and red dashed lines.  

The film was compressed at a rate of 0.5 mm/min and GISAXS scattering images were 

taken approximately every 10 seconds to monitor the compression of the film.  The film 

was compressed to a final surface coverage of 1.2 however, only scattering images taken 

between a surface coverage of 0.72 and 0.95 were used.  The smaller surface coverage 

window was due to the interaction of the X-ray beam with water meniscus at the edge of 

the barrier which significantly tilted the Bragg rods and eventually blocked the beam as 

the barrier moved across the center of the in situ LB trough.  

During the compression, a smooth shift in the qx position to higher q-values, 

lower d-spacing, was observed for the bragg rods in the GISAXS scattering images 

(Figure 4.7A).  The relative peak positions of the {10}, {11}, and {20} rows also shifted 

equally maintaining the hexagonally packed 1, √3, √4 peak ratio sequence.  Extraction of 

the edge-to-edge spacing from the qx peak position of the {10} bragg rod as function of 

surface coverage during the first compression is shown as the black squares in Figure 
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4.7D.  Compression of the film from a surface coverage of 0.72 to 0.95 resulted in a 

steady decrease in the edge-to-edge spacing from the starting equilibrium value of 2.1 nm 

to 1.3 nm (~ 0.8 nm). An increase in scattering intensity near the beam stop was also 

observed which was attributed to the formation a more continuous scattering layer as the 

nanocrystals moved closer together. 
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Figure 4.7:  (A, B, C) Contour plots of GISAXS scattering projection integrations taken 
during (A) 1st compression, (B) 1st decompression, and (C) 2nd compression 
of 7.14 nm diameter Fe2O3 nanocrystals.  D) Plot of edge-to-edge separation 
vs. surface coverage. Calculation of the edge-to-edge separation was 
determined from the peak position of the {10} Bragg rod.  The same film of 
Fe2O3 nanocrystals was compressed, decompressed, and compressed a 
second time at a rate of 0.5 mm/min with scattering images taken every 10 
sec.   
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The space between nanocrystals is taken up by the passivating ligands on the 

surface of the nanocrystals; therefore the change in edge-to-edge separation measured 

signifies a compression of the ligand layer. At equilibrium, it has been observed that the 

edge-to-edge separation between nanocrystals is on the order of one ligand length instead 

of two as if the ligands were fully extended.31-33 For our system the spacing is 2.1 nm at 

the start of compression which is approximately the length of one fully extended oleic 

acid molecule (1.8-2.5 nm).34-36 The small spacing between particles suggests either 

interpenetration of the ligands or displacement of the ligands occurs upon contact of the 

nanocrystals.  The ability to compress the ligand layer is derived from the packing 

density of ligands on the surface of the nanocrystal. Small diameter nanocrystals have a 

much higher surface curvature resulting in a higher free volume available to the ligand 

allowing it to deform more as it interacts with other nanocrystals in the film.  Heath et al. 

derived, using geometric arguments, that the free volume available to the ligand on the 

surface of a nanocrystal scales as L3/D2.10  The free volume available to the ligand may 

account for ligand displacement on the surface of the nanocrystal causing the interparticle 

spacing to be smaller than two ligand lengths.32    

Compression of LB nanocrystal films by the externally applied force of the 

barriers compresses the soft ligand layer beyond its equilibrium distance of 2.1 nm. This 

deformation is related to the compressibility of the film which was extracted from the 

solid phase region of surface pressure-area isotherm and determined to be 0.02 m/mN 

(Figure 4.3A).37 Literature values of oleic acid used as a surfactant monolayer are 

between 0.022-0.0175 m/mN.38 It is interesting to note the similarity in compressibilities 

between the oleic acid capped Fe2O3 nanocrystal film and pure oleic acid surfactant 

monolayer.  This observation was somewhat surprising given the significant difference in 

orientation of the hydrophobic end groups for oleic acid molecules versus an oleic acid 
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capped nanocrystal on the air-water interface. Colloidally grown nanocrystals surrounded 

with capping ligands have the functional headgroup of the capping ligand bound to the 

surface of the nanocrystal and the hydrocarbon tail extending outward.  When these 

nanocrystals are spread onto an air-water interface the hydrocarbon tail of the capping 

ligand interacts with the water subphase and ligands on adjacent nanocrystals.  Surfactant 

monolayers have their functional (typically polar) headgroup free to interact with the 

water subphase and hydrocarbon tail extending away from the water surface.  In this 

context, these two different systems should interact differently under compression giving 

rise to different surface pressure isotherms and compressibilities.  Nonetheless, the 

similarities in the compressibility of oleic acid as a surfactant and oleic acid capped 

Fe2O3 nanocrystals indicate that the compressibility of the nanocrystals film is governed 

by the capping ligand layer surrounding the inorganic nanocrystal core.  As a 

comparison, monodisperse 14.9 ± 0.82 nm diameter oleic acid capped Fe2O3 nanocrystals 

were prepared and compressed on the LB trough (Figure 4.8).  The larger oleic acid 

capped Fe2O3 nanocrystals showed similar gas, liquid, and buckling transitions but had a 

lower solid phase compressibility of 0.005 m/mN signifying a stiffer ligand shell which is 

expected as the free volume available to the ligands is reduced due to the lower surface 

curvature of the nanocrystal.10   
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Figure 4.8:  (A) Surface pressure-area isotherm of 14.9 ± 0.82 nm oleic acid stabilized 
Fe2O3 nanocrystals on a Langmuir Blodgett trough. The film was 
compressed at 10 mm/min. 800 µl of a 0.25 mg/ml dispersion of Fe2O3 

nanocrystal dispersed in chloroform was deposited onto an area of 250 cm2
. 

Arrows indicate surface pressures at which LB films were transfered to 
silicon substrates.  The upper x-axis denotes the surface coverage of Fe2O3 
nanocrystals. (B-E) SEM images of LB films transferred at surface pressures 
of 0 mN/m (B), 4 mN/m (C), 20 mN/m (D), and 29 mN/m (E).  The lighter 
regions of figures (B) and (C) correspond to the Fe2O3 nanocrystals.  
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To our knowledge this is the first time ligand compression of oleic acid capped 

Fe2O3 nanocrystal monolayers at an air-water interface has been measured by in situ 

GISAXS.  Previous in situ GISAXS measurements of 6 nm dodecanethiol capped gold 

and 2.2 nm mercaptohexadecanoic acid capped gold showed lateral compression of the 

film had no affect on the average edge-to-edge separation of nanocrystals with increasing 

surface coverage.31, 39   The previously mentioned GISAXS results conflict with the 

results of Collier et al. who attributed a metal-to-insulator transition with a decrease in 

edge-to-edge spacing of 2.7 nm hexanethiol capped silver nanocrystals compressed on an 

LB trough.23  Additionally, Tao et al. have reported compression of a polymer ligand 

layer on larger silver nanocrystals whose optical response varied with decreasing edge-to-

edge seperation.22  Although we are in the same size regime as the 6 nm diameter 

dodecanethiol capped gold, the observed change in our system may come from the 

difference in molecular structure between the capping molecules used.  Oleic acid is a 18 

carbon chain molecule with a double bond between carbon 9 and 10 resulting in a cis 

configuration which reduces the linearity of the molecule as well as its packing efficiency 

making the ligand shell more compressible compared to the more linear dodecanethiol 

and mercaptohexadecanoic acid used in the previous studies. 31, 39, 40  

4.3.5 In situ GISAXS characterization of Fe2O3 nanocrystals at the air-water 
interface during film expansion.  

 
GISAXS images were also taken of the same film as it decompressed from a 

surface coverage 1.2 to 0.72 at 0.5 mm/min (Figure 4.7B). The edge-to-edge separation 

with decompression is shown in Figure 4.7D as the red diamonds. The edge-to-edge 

separation relaxes to the starting length of 2.2 nm at a much higher surface coverage of 
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0.84 causing hysteresis in the measurement.  The observed hysteresis is caused by 

buckling and wrinkling of the nanocrystal film upon compression as seen by the surface 

pressure-area isotherm (Figure 4.3A). The maximum surface coverage reaches 1.2 for the 

in situ GISAXS experiments, which is beyond the buckling point of the film.  Wrinkling 

of the nanocrystal film causes the area taken up by the nanocrystals on the air-water 

interface to decrease due to the formation of multilayers, thus reducing the surface 

coverage of nanocrystals on the air-water interface.  As the film is decompressed, the 

change in surface coverage occurs quickly resulting in a faster return to the equilibrium 

edge-to-edge separation of 2.2 nm.  To confirm buckling of the film, a second 

compression of the nanocrystal film was preformed at a barrier speed of 0.5 mm/min with 

GISAXS images taken approximately every 10 seconds (Figure 4.7C). The change in 

edge-to-edge separation of the second compression is shown in Figure 4.7D  as the blue 

triangles and follows very closely to the trend of the decompression cycle. The starting 

edge-to-edge separation is 2.1 nm at a surface coverage of 0.72 and remains unchanged 

until a surface coverage of 0.82 where further compression results in a continual decrease 

in the edge-to-edge separation.  The transition agrees favorably with the transition of the 

decompression cycle which occurs at a surface coverage of 0.84, thus the shift in the 

onset of ligand compression is due to buckling of the film. SEM of the nanocrystal film 

transferred to a silicon substrate confirmed the formation of multilayers which is 

consistent with film buckling.  The results indicate the compression the ligand layer on 

the surface of the nanocrystal is reversible. 
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4.3.6 Nanocrystal transfer at high surface pressure.  

The results of decompression indicate the nanocrystal film is in an unstable state 

and the stored energy in the ligand layer can be easily released, like a spring, with small 

perturbations of the liquid surface.   During transfer, the three phase contact line causes 

the water sub phase to bend and locally increases the surface area available to the 

nanocrystal film allowing the ligands on the nanocrystal surface to relax before transfer 

(Figure 4.9).  The increase in local surface area is dependent on the contact angle, surface 

tension, and substrate lift speed.  Under static conditions, the relationship between 

meniscus height (h) and contact angle (θ) is given by:  

 

where γ is the surface tension, ρw is the density of water, and g is gravity.41   

At low contact angles, the meniscus height increases resulting in an increase in 

local surface area.  Furthermore, it is well know for the contact angle to decrease even 

further as the substrate is lifted from the water subphase.42 Low contact angles are desired 

for the continuous transfer of nanocrystals monolayers but the resulting local expansion 

of the water sub phase causes the compressed ligand layer on the surface of the 

nanocrystals to relax resulting in an expansion of the hexagonal lattice. This can be seen 

by comparing the edge-to-edge separation of films on water at surface coverage of 0.95 

to films transferred onto silicon substrate at a surface coverage of 1.0. The edge-to-edge 

separation on the compressed air-water surface is significantly smaller than that measured 

for a transferred film on a silicon substrate just before buckling, 1.3 nm vs 2.8 nm, 

respectively.  At high surface coverage, the film is continuous and the compressibility of 

the film is low allowing the barrier to efficiently move material towards the substrate.  

This should alleviate slipping of the film in the z-direction however expansion in an 
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edge-to-edge spacing beyond the equilibrium value of 2.1 nm to a value of 2.8 nm 

indicates some slipping of the film still occurs as well. 

 

Figure 4.9:.  Illustration of nanocrystal monolayer transferred from the air-water 
interface to a silicon substrate.  The contact angle is measured by the angle 
between the substrate and liquid-air interface.  As the angle decreases, the 
meniscus height (h) rises and increases the local surface area near the 
substrate.  

4.4 CONCLUSION 

GISAXS provides a powerful tool for the quantitative analysis of 2-D nanocrystal 

monolayer at both solid and liquid interfaces. We demonstrated using in situ GISAXS 

that the edge-to-edge separation of oleic acid on 7 nm Fe2O3 nanocrystals can be 

decreased by lateral compression of a hexagonally packed monolayer at the air-water 

interface of a Langmuir Blodgett trough. Transfer of the films to silicon substrates 

resulted in an expansion of the hexagonal lattice for 7 nm diameter oleic acid capped 

Fe2O3 nanocrystals. Lattice expansion is due to two mechanisms: (1) slipping caused by 

weak interparticle interactions and (2) relaxation of the compressed ligand shell due to 

the local increase in surface area near the substrate. These observations have significant 

implications on the transfer of 2-D nanocrystal monolayers by the vertical transfer 
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technique.  For one, the properties associated with the films on air-water interface, either 

having optical or metallic behaviors based on proximity of nanocrystals cores, may not be 

transfer as expected.  Additionally, ex situ TEM measurement of ligand spacing is not a 

direct measurement of what may be on the trough surface. Finally, relaxation of the film 

may occur anisotropically therefore relaxation/slipping of the nanocrystal monolayer 

upon transfer may not be equal in both the perpendicular and parallel directions with 

respect to compression of the film.   
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CHAPTER 5: CONCLUSIONS AND FUTURE RESEARCH DIRECTIONS 

5.1 CONCLUSIONS 

5.1.1 Supercritical fluid synthesis of silicon nanowires 

Silicon nanowires possess interesting mechanical and electronic properties which 

suggest they will be useful in a variety of commercial applications such as flexible field 

effect transistors, battery anodes, photovoltaics, and non-volatile memory. The primary 

route to Silicon nanowire synthesis has been by gas phase approaches, where the low 

throughput and high cost of vacuum equipment is prohibitive to commercialization. 

Solution phase growth approaches are attractive for commercialization because they offer 

high yields and the potential for continuous synthesis.  I explored the scale up of the 

silicon nanowire synthesis using a continuous flow through supercritical fluid reactor 

(Chapter 2).  

Significant quantities of silicon nanowires were made by supercritical fluid-

liquid-solid (SFLS) growth using 2 nm gold seeds and monophenylsilane in supercritical 

toluene at 490 °C and 10.3 MPa.  Reactants were fed into the reactor at 0.5 ml/min for 

varying lengths of time (10 min – 6 hr). Unlike a true continuous flow through reactor, 

nanowires were found to accumulate in the reactor and reaction runtimes greater than 10 

min resulted in the deposition of an amorphous shell on the crystalline surface of the 

nanowire.  The shell became thicker with longer reaction run time, however the diameter 

of the crystalline core remained unchanged.  The shell was identified as polyphenylsilane 

formed by polymerization of monophenylsilane (MPS) inside the reactor. Left on, the 

shell acts as a barrier to charge transport, which is undesirable for electronic applications.  
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The shell was removed by a simple two-step post synthesis etch. Passivation of dangling 

Si bonds on the surface of the nanowire was achieved through hydrosilylation with a 

terminal alkene to form a Si-C bond. Functionalization of the surface ligand also 

improved the nanowires solubility in organic solvents.  

The results of this study demonstrated the importance of understanding 

monophenylsilane decomposition kinetics and its effect on shell formation. The etching 

technique demonstrated in this thesis provides a simple solution for shell removal while 

maintaining nanowire morphology and crystallinity. The results allow testing of 

nanowires in electronics applications to be pursued, however further understanding of 

shell formation will be needed to stop its growth during synthesis and form shell free 

silicon nanowires in one step.  

5.1.2 Langmuir-Blodgett assembly of magnetic nanocrystals 

Magnetic nanocrystals constitute an interesting class of materials for bottom-up 

manufacture of non-volatile magnetic memory.  The ability to colloidally synthesize 

magnetic nanocrystals with diameters below 7 nm provides a cost effective route to 

achieving storage densities greater than 1 Tb/in2. One barrier to commercialization is the 

need for robust assembly strategies to form continuous monolayers of colloidally 

synthesized magnetic nanomaterials in order to mimic the chemical vapor deposited, 

uniform, magnetic thin films currently used in commercial magnetic hard drives. Chapter 

3 discusses the development of the Langmuir-Blodgett technique for assembly of uniform 

monolayers and multilayers of magnetic nanocrystal.   

Continuous monolayers of FePt and Silica coated FePt were formed using a 

Langmuir-Blodgett (LB) trough. Trace amounts of free capping ligand in the deposition 

solution was identified as the cause of discontinuous film formation. Patterned 
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monolayers and multilayers of FePt and silica coated FePt nanocrystals were printed onto 

silicon substrates by lifting them onto pre-patterned polydimethylsiloxane stamps from 

the air-water interface of the LB trough, followed by transfer printing onto the substrate. 

The weakly magnetic, as-synthesized, random alloy FePt nanocrystals were converted to 

the hard magnetic L10 phase by annealing at 700 ºC under forming gas.  This caused 

sintering and an increase in grain size was observed for the bare FePt nanocrystals while 

the silica coating prevented sintering. Magnetic force microscopy of the printed features 

could detect remnant magnetization at room temperature for the bare FePt features.  No 

remnant magnetization was detected for the Silica coated FePt.  

The low magnetic field strength of silica coated FePt was a result of low areal 

magnetic density. This discovery indicates measurement tools with higher sensitivity are 

needed to measure the magnetic response from magnetic domains on the order of 7 nm or 

smaller.  The tools necessary to read such weak magnetic signals may be cost prohibitive 

and impractical for commercialization of magnetic memory derived from small diameter 

(< 7 nm) colloidally synthesized magnetic nanocrystals.   

5.1.3 Grazing incidence small angle X-ray scattering of nanocrystal monolayers 

Langmuir-Blodgett assembly of colloidal nanocrystals is a robust method for 

forming structured nanocrystal monolayers over larger areas (> 1 cm2). Nanocrystal 

monolayers are generally qualitatively characterized by scanning electron microscopy 

and transmission electron microcopy often assuming the transferred film is representative 

of the film on the water surface.  Grazing incidence small angle x-ray scattering 

(GISAXS) is a powerful tool for quantitative characterization of a nanocrystal 

monolayer’s structure and lattice spacing.  In this thesis, GISAXS was used to 

quantitatively analyze nanocrystal monolayer films before and after transfer from the air-
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water interface allowing further understanding of the dynamics of film transfer and its 

impact on film morphology.   

Continuous hexagonal monolayers of monodisperse 7 nm Fe2O3 nanocrystals 

capped with oleic acid were made using a Langmuir-Blodgett trough.  Films were 

transferred at various surface pressures within the gas, liquid, and solid phase regions of 

the isotherm by vertical lift. GISAXS characterization of the static films revealed a 

decrease in edge-to-edge spacing with increasing surface pressure (3.3-2.7 nm). In 

comparison, GISAXS of the hexagonally packed monolayer film at the air-water 

interface had an even smaller edge-to-edge spacing of 2.2 nm at the start of compression 

indicating some expansion of the monolayer’s hexagonal lattice occurred during transfer.  

Compression of the film at the air-water interface resulted in a steady decrease in edge-

to-edge spacing down to 1.3 nm just before buckling.  The decrease in effective ligand 

length was attributed to compression of the flexible ligand layer on the surface of the 

nanocrystals. Transfer of the film, at high surface pressures, caused relaxation of the 

compressed ligand layer resulting in an expansion of the hexagonal lattice upon transfer. 

The in situ GISAXS technique demonstrated in this thesis is a valuable tool for 

characterizing Langmuir-Blodgett film compression in real time.  The ability to 

accurately measure small changes in nanocrystals spacing within the film allowed further 

understanding of ligand deformation during compression and ligand relaxation after 

transfer to a substrate.  Further use of this characterization technique will help improve 

transfer of nanocrystal monolayers from a Langmuir-Blodgett trough, especially when 

precise nanocrystal spacing is desired.   
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5.2 FUTURE RESEARCH DIRECTIONS 

5.2.1 Supercritical fluid synthesis of silicon nanowires 

Silicon nanowires with core-shell structures were produce in high yields, with 

long kink free morphologies, using a continuous flow through supercritical fluid reactor. 

Post synthesis etching was required to remove the shell adding additional processing 

steps.  The ideal synthesis would encompass a route for growing long (> 20 µm), kink-

free silicon nanowires continuously in a supercritical fluid medium without shell 

deposition.  Very little shell was observed for a reaction run time of 10 min indicating 

immediate removal of the wires from the reaction zone is one route to shell prevention. 

Continuous wire removal may be achieved by enlarging the diameter of the exit pipe.  In 

the current system, the inner diameter of the exit stream is a restrictive 1/16” but can be 

enlarged to 33/64” (~0.5 inch) (Figure 5.1A).  Preliminary results using an enlarged exit 

tube diameter indicated nanowires could be pushed out of the reaction zone with the 

continuous flow of fluid. The new system design however changes the volume and 

temperature profile of the reactor, which greatly affects the quality and growth kinetics of 

the silicon nanowires (Figure 5.1B).  Optimization and further understanding of the 

supercritical fluid reactor is then necessary to produce shell free silicon nanowires in one 

step.  Once shell free surfaces are achieved, in situ passivation of the silicon surface may 

be pursued, further reducing the number of processing steps needed to achieve solution 

processable nanowires for commercial applications.             
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Figure 5.1:  (A) Image of supercritical fluid reactors. Top reactor depicts the current 
reactor design with 1/16” ID exit pipe. Bottom reactor shows modification 
with 33/64” ID exit tube pipe.  (B) SEM image of tortuous silicon nanowires 
synthesized in the modified reactor using the standard conditions found in 
Chapter 2. Wires were collected from within the large diameter exit pipe.  

Understanding the electrical properties of silicon nanowires will be vital to 

determining their electronic applications.  Preliminary results of SFLS grown silicon 

nanowires used as field effect transistors indicate large amounts of hysteresis which is 

detrimental to devices performance and reliability.  One source of hysteresis may arise 

from dangling bonds on the surface of crystalline nanowires which introduces trap sites 

in the band gap of silicon. Removal of these traps may be accomplished by passivation of 

surface dangling bonds with terminal alkenes through Si-C bond formation.  One route to 
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passivation via hydrosilylation was demonstrated in this thesis. Due to steric hindrances 

of the alky groups, complete passivation of the silicon surface may not be achieved.  A 

study varying the chain length of the passivating terminal alkene may provide insight into 

ligand coverage on the surface of the nanowire and its affect on electronic properties.   

Alternatively, passivation of the crystalline surface by a thermally grown silicon oxide 

may provide an additional route to removal of surface defects. Further understanding of 

surface defects and their affect on device performance will be necessary to develop 

electronic applications for silicon nanowires.  

5.2.2 Langmuir-Blodgett assembly of magnetic nanocrystals 

 Patterned monolayers and multilayers were used to test the ferromagnetic 

magnetic response of bare and silica coated FePt nanocrystals by magnetic force 

microscopy. No remnant magnetization was observed for silica coated FePt due to the 

low areal density of magnetic material.  Low temperature magnetic force microcopy and 

hall probe microscopy are more sensitive probing techniques and may provide valuable 

insight into the strength of the magnetic field emanating from the small magnetic 

domains. Future experiments varying the silica shell thickness or removing the shell after 

annealing to assemble a monolayer with hard magnetic, compositionally ordered, FePt 

nanocrystals may provide another route to obtaining a measureable magnetic response.  

Shell removal requires multiple processing steps, further complicating the assembly and 

manufacturing process.  As the LB assembly approach is established in this work, 

continued effort into synthesis strategies to directly form compositionally ordered L10 

FePt ( < 7nm diameter) would be beneficial to further development of bottom-up 

strategies for magnetic memory manufacturing. 
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Alternatively, silica coated FePt may be used as a charge storage layer in flash 

memory applications.  Flash memory is based on the traditional metal-oxide-

semiconductor field effect transistor (MOSFET) structure, however two gates are used.  

A control gate sits at the top of the gate stack with a floating gate just below it, in the 

oxide layer.  Charge is injected into the oxide layer by modulating the control gate and is 

stored in the floating gate layer. The presence of charge in the floating gate modifies the 

threshold voltage needed to turn on current flow. The bit is read as a 1 or 0 depending on 

whether current is flowing through the channel. Current methods of flash memory 

fabrication require thick oxide layers to prevent charge loss during normal operation.  

The thick oxide requires higher voltages to inject charge which results in faster 

degradation of the device.  Storing charge on a nanocrystal monolayer embedded in the 

oxide allows thinner oxide layers to be used which increases switching times and 

decreases degradation.1 The ability to stamp patterned monolayers of silica coated FePt 

would allow multiple memory nodes to be formed in one step.  Utilizing a simple MOS 

capacitor test structure, to attain high-frequency capacitance-voltage and current-voltage 

characteristics, would allow silica coated FePt to be evaluated for flash memory 

applications.2  

5.2.3 Grazing incidence small angle X-ray scattering of nanocrystal monolayers 

  Grazing incidence small angle x-ray scattering (GISAXS) is a powerful tool for 

characterizing the crystal structure, grain size, and lattice spacing of assembled 

nanocrystal monolayers and multilayers. Furthermore, the ability to perform time 

resolved GISAXS at an air-water interface instead of on static nanocrystal films 

deposited onto substrates allows for characterization of dynamic processes such as 
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nanocrystal assembly, LB film compression, and phase transitions in nanocrystal 

ordering.   

Capping ligands play an important role in the stabilization of nanocrystals in 

solution. They also to prevent coalescence between nanocrystals when two or more are 

brought in close proximity. The separation distance between the edges of two 

nanocrystals cores is dependent on many factors one of them being the stiffness/density 

of the ligand shell. Changes in the ligand length, ligand functionality, and the diameter of 

a nanocrystal can vary the packing density of ligands on the surface of a nanocrystal.3 

The stiffness of the ligand shell is related to the compressibility of a Langmuir-Blodgett 

film, which is calculated from the surface pressure-area isotherms.  The ability to 

simultaneously perform in situ GISAXS measurements during compression of the 

monolayer would provide insight into stiffness of the shell layer by monitoring the 

changes in lattice spacing under lateral compression. A study using monodisperse gold 

nanocrystals with varying diameters and ligand chain lengths would provide an 

interesting platform to correlate the calculated film compressibility to the physical ligand 

deformation observed through GISAXS. If treated as a spring, the shell layer could be 

modeled using a simple relationship based on Hooke’s law.  The results would give a 

better scientific understanding of ligand stiffness and aid in designing nanocrystals 

monolayers with specific edge-to-edge spacing for optical, magnetic, and electronic 

applications. 

In situ GISAXS of nanocrystal monolayers at the air-water interface could also be 

used to characterize phase transitions in nanocrystal assembly. Hexagonal CuS disks 

assemble as hexagonally packed monolayers at the air-water interface (Figure 5.2B). 

Compression of the film with an LB trough revealed some sections transitioned from a 

hexagonal phase to columnar phase (Figure 5.2C).  Inspection of the isotherm gives no 
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clues as to the transition point, therefore it is unclear when the transition to columnar 

packing occurs (Figure 5.2A). A study using in situ GISAXS to monitor compression of 

the CuS disks would give valuable information on the mechanism of this phase transition 

and the surface pressure needed to cause flipping.  Nanorod assembly may also be 

monitored by in situ GISAXS at the air-water interface to quantify transitions from 

randomly oriented to the nematic or smectic phases.4   

 

 

  Figure 5.2: (A) Surface pressure-area isotherm of CuS disks compressed at 10 mm/min. 
A total of 0.3 mg of material was deposited on the surface from a 0.5 mg/ml 
dispersion of CuS disks in chloroform. (B) SEM image of a hexagonally 
packed monolayer of CuS disks vertically lifted at a surface pressure of 20 
mN/m. (C) SEM image of a CuS film vertically lifted at a surface pressure 
of 54 mN/m.  Regions of hexagonal and columnar ordering are visible.    
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APPENDIX A: POLYPHENYLSILANE SHELL DEPOSITION, REMOVAL, AND 
PASSIVATION OF SFLS-GROWN SILICON NANOWIRES 

 

PART 1: MASS SPECTROSCOPY ANALYSIS OF SILICON NANOWIRE REACTION EFFLUENT 

Mass spectroscopy was used to identify molecular reaction byproducts in the 

effluent of the SFLS synthesis.  As a calibration, mass spectroscopy was preformed on 

monophenylsilane (MPS), diphenylsilane (DPS), and anhydrous toluene, as obtained 

from the manufacturer (Figure A1-3).   Mass spectroscopy of MPS (Mw 108 g/mol) 

shows two predominant peaks at 107 and 109 m/z indicating MPS with the abstraction or 

addition of a hydrogen atom due to chemical ionization (Figure A1).  No peaks 

associated with DPS or triphenylsilane (TPS) were visible.  The peak at 79 m/z 

corresponds to benzene (Mw 78 g/mol) possibly caused by fragmentation of MPS.  Mass 

spectroscopy of DPS was preformed to understand its fragmentation under chemical 

ionization.  The spectra indicates the presence of MPS (107 m/z), DPS (183 m/z, Mw 184 

g/mol), and TPS (259 m/z, Mw 260 g/mol) (Figure A2). Analysis of the effluent from a 

40 min Si nanowire reaction indicates the presence of DPS (183 m/z) (Figure 4A).  The 

Si nanowire precursor (MPS) does not contain DPS thus it is believed to have formed via 

disproportionation of MPS inside the reactor.         
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Figure A5:  Chemical ionization mass spectroscopy of neat monophenylsilane (MPS, 
Mw 108 g/mol). Peaks at m/z of 107 and 109 indicate MPS, m/z of 79 
indicates benzene.    
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Figure A2:   Chemical ionization mass spectroscopy of neat DPS.  Peaks at m/z of 107, 
183, and 259 correspond to MPS, DPS, and TPS respectively.  



 150 

 

Figure A3:  Chemical ionization mass spectroscopy of anhydrous toluene (Mw 92 
g/mol).  Peak at 93 m/z corresponds to toluene.       
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Figure A4:   Chemical ionization mass spectroscopy of the reaction effluent.  Mass 
spectroscopy indicates the presence of Benzene (79 m/z), DPS (183 m/z), 
and TPS (259 m/z).  DPS and TPS are not present in significant amounts in 
the pure MPS precursor (Figure A1).   The detectable amount found in the 
reaction effluent suggest DPS and TPS were formed during the reaction by 
disproportionation of MPS  
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APPENDIX B:  MODELING GRAZING INCIDENCE SMALL ANGLE X-RAY 
SCATTERING DATA 

 

In a grazing incidence small angle X-ray scattering (GISAXS) measurement, an 

X-ray beam in grazing incidence reflects off a supporting substrate and scatters off the 

nanocrystals in a monolayer, as illustrated in Figure B1.  Periodic order in the monolayer 

produces a diffraction pattern of Bragg rods, which can be indexed to determine the 

characteristic lattice spacing and symmetry of the monolayer.1  When the nanocrystal 

layer does not have periodic order, scattering peaks can still arise and are related to the 

center-to-center distances between nearest nanocrystal neighbors, δ.  
 

  

Figure B1:   Illustration of a GISAXS experiment.  An X-ray beam, or incident wave 
vector (ki), at an incident angle of (αi) reflects off the substrate surface, 
scattering from nanocrystals in the monolayer.  The positional order in the 
layer creates a diffraction pattern.  2θf and αf are the in-plane and normal 
angles of scattered beam or final wave vector (kf).   
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PART 1: GISAXS MODEL   

 

 

Figure B2: GISAXS patterns for 6.9 nm diameter FePt nanocrystal monolayers 
deposited on Si substrates by (A) vertical transfer and (B) PDMS stamping 
techniques.  Data was taken from Chapter 3.  The simulated GISAXS 
patterns of (A) and (B), shown in figures (C) and (D) respectively, were 
calculated using Eqns (1-10), representing the best fits for each experimental 
pattern, assuming hexagonally packed monolayers of 6.9 ± 1.1 nm diameter 
spherical nanocrystals with center to center nearest neighbor distances (δ), 
grain sizes (D), and order factor (σsDW) as described in Table B1. 
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Figure B2A, B show experimental GISAXS scattering patterns for FePt 

nanocrystal monolayers transferred from the Langmuir Blodgett trough by vertical 

transfer and PDMS stamping techniques as demonstrated in Chapter 3. Both monolayers 

show distinct Bragg rods, indicating long-range periodic order of the nanocrystals. The 

Bragg rods in Figures B2A, B index to the {10}, {11}, and {20} reflections of a two-

dimensional hexagonal lattice with a lattice parameter a=11 nm.  The vertically 

transferred monolayer also shows a fourth-order reflection that indexes to {21} rows.  

The appearance of these reflections requires very extended order and have been observed 

in only a couple of cases.2, 3  It should be noted that transmission small angle X-ray 

scattering (SAXS) of these films would not be sensitive enough to characterize the 

monolayer structure due to the relatively small scattering cross-section in the 

transmission configuration.  Table B1 summarizes the GISAXS peak positions and 

corresponding d-spacing, along with the lattice constant and/or nearest neighbor distances 

(δ), grain sizes (D), and unique input parameters used to simulate the monolayers.   
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Table B1:   Table taken from Chapter 3. Summary of Bragg rod/scattering positions and 
corresponding d-spacing ( ),4 nanocrystal diameter and size 
distribution, nanocrystal nearest neighbor distance (δ), and grain size (D) of 
the vertically lifted and stamped films in Figure B2A, B.  The unique input 
parameters used to simulate the scattering patterns, including an order 

parameter (σsDW) and lattice constant (a) [ ] is also 

listed.  d ± % std was determined from SAXS and σsDW was picked to best fit 
the model to the experimental data.  All other input parameters were 
determined from the experimental GISAXS analysis. 

Experimental GISAXS Results 
Reflection Vertical transfer PDMS stamping 

qmax(nm-1)/d{10}(nm) 0.661 / 9.51  0.656 / 9.58 

q{11}(nm-1)/d{11}(nm) 1.148 / 5.48 1.171 / 5.36 
q{20}(nm-1)/d{20}(nm) 1.325 / 4.74 1.339 / 4.69 
q{21}(nm-1)/d{21}(nm) 1.740 / 3.61 -- 

d (nm ± % std) 6.9 ± 15% 6.9 ± 15% 
Average δ (nm) 10.98 11.06 
Average D (nm) 120 90 

Simulated GISAXS Parameters 
σsDW (nm) 1.15 1.35 

Average a (nm) 10.98 11.06 

Nanocrystal Monolayer Ordering 
σsDW / δ  0.10 0.12 

 

 

 Analysis of the GISAXS data yields quantitative information about the range of 

order in the nanocrystal monolayers.  The GISAXS intensity I(q), of the film is 

proportional to the Vineyard factor , structure factor  of the nanocrystal 

monolayer, and an averaged shape factor  for the individual nanocrystals: 

,  (1) 
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where,  and  are related to the scattering wave vector q = kf - ki.5  For GISAXS, q is 

often separated into parallel and perpendicular components: 

.  î and are unit vectors in the x and z 

directions, respectively, and kf,x, ki,x, kf,z, ki,z, qx, and qz are the wave vector magnitudes.  

Additionally, the wave vector transfer coordinates (qx and qz) can be related to angular 

coordinates by  and  (Figure B1).  

The magnitude of q is .  For isotropic scattering, the magnitude of 

the wave vector simplifies to  where θf is the scattering angle 2θf. 

The Vineyard factor, , describes scattering from the substrate and depends 

on the incident angle of the X-ray beam ( ), the critical angle of the substrate ( ), and 

:6, 7 

,  (2) 

where (10 keV)=0.18° is taken for Si and .8 For all scattering 

measurements done on FePt nanocrystals,  was 0.25°.  υ=β/Δ=0.01 accounts for X-ray 

absorption by the nanocrystals, where β and Δ correlate to the X-ray refractive index 

n=1-Δ-iβ.7  Figure B4A shows a sample calculation of —it is most prominent near 

the critical angle of the substrate.     

The averaged shape factor, , can be estimated from size distribution 

data obtained from TEM images, or determined more accurately from SAXS 
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measurements of dilute dispersions.  For a dilute dispersion of non-interacting particles, 

:9   

,  (3) 

For spherical nanocrystals of radius R:9, 10    

,  (4) 

The nanocrystal size distribution is typically Gaussian, with a mean radius R0, and 

standard deviation σ:10, 11    

,  (5) 

The structure factor , can be expressed in terms of a Debye-Waller factor 

, and a lattice factor :12  

,  (6) 

 describes the effect of the lattice on the scattered intensity: 

,  (7) 

where mhk0 is the peak multiplicity factor or the degeneracy of specific sets of lattice 

planes.  For example, mh00=6 for an hcp lattice because the ( ), ( ), ( ), ( ), 

( ) and ( ) reflections are degenerate.  Other important multiplicity factors for an 

hcp monolayer are mhh0=6 and mhk0=12.12  L(qx) is a normalized peak shape function that 

accounts for the polycrystallinity in the monolayer and the size of the domains of 

superlattice.  L(qx) is taken as a Lorentzian,  

,  (8) 

Where  relates to the average grain size D, in the nanocrystal film: 
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, (9) 

The parameter  was determined by fitting the Scherrer equation, 

, to the Bragg reflections in the GISAXS data.13, 14  K is a constant, 

taken to be 0.90, λ is the wavelength of radiation, θhkl is the Bragg reflection, and Bhkl is 

the full width at half maximum of the diffraction peak.  The average grain size is 

calculated from the {10} Bragg rod is tabulated in table B1.   

 describes the local positional variation of the nanocrystals with respect to a 

perfect hexagonal lattice within each ordered domain:  

, (10) 

 is the relative displacement in the lattice, or the standard deviation of the positions 

of the nanocrystals in the monolayer with respect to a perfect hexagonal lattice, as 

illustrated in Figure B3.  The parameter  provides a quantitative measure of order in 

the monolayer and is obtained by fitting Eqn (1) to the data.    
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Figure B3: Illustrations of .  (A, B) The “+”signs and transparent circles outlined 
with black lines represent the ideal center positions of perfectly 
monodisperse nanocrystals in a perfect hexagonal lattice.  The actual center 
positions and circumferences of the nanocrystals (represented with “•”s and 
solid grey circles) are statistically distributed around these perfect lattice 
positions as shown with a Gaussian distribution of the separation between 
the actual center positions of the nanocrystals and the perfect lattice 
positions, as illustrated in (B) and (C).  The standard deviation length, , 
is represented by the dashed lines. 

 

Figure B4 shows calculated (as both line slices and contour plots (inset)) , 

, , and  determined from a best fit of Eqn (1) to the experimental 

GISAXS data of the vertically transferred monolayer in Figure B2A using the parameters 

in Table B1.  Model calculations of  are also plotted for the stamped film in Figure 

B2D.  The model captures all of the major features of the GISAXS data for the two 

different monolayers preparations.  For instance, the maximum intensity along the qx 

horizon in the I(q) contour plot (inset Figure B4D) arises from V(qz) contributions, seen 

in Figure B4A.  The resulting Bragg rods in the I(q) contour plot are due to the finite 

thickness of the monolayer and is captured in S(qx) as seen in Figure B4C.  The 
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modulation in intensity of the Bragg rods in the qz direction are due to the shape factor of 

the nanocrystals (Figure B4B) and are evident in the 2D plot in the inset of Figure B4D.   

 

 

Figure B4: Line slices and 2D contour plots (insets) of (A) V(qz), (B) P(qx,qz), (C) S(qx), 
and (D) produced using the GISAXS model.   
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APPENDIX C:  MONOLAYER SURFACE COVERAGE 

 

PART 1: DETERMINATION OF NANOCRYSTAL SURFACE COVERAGE ON THE AIR-WATER 
INTERFACE.  

Surface coverage was calculated based on the collapse area (Ac) measured at the 

buckling transition.1  At the collapse area, the film transitions from a continuous 

monolayer to a wrinkled film. The surface coverage of the nanocrystals at the air-water 

interface is assumed to be 100% at this point.  The exact surface area corresponding to 

this transition was determined by the intersection of two lines (Figure C1).  First, a line 

was fitted to the region of the isotherm after buckling (buckling/wrinkling was confirmed 

by SEM of transferred LB films) (Figure C1 blue line).  Another line was fitted to the 

region of the isotherm before buckling (Figure C1 red line).  The point of intersection 

between these two lines corresponds to Ac (72 cm2). The fractional surface coverage 

(area at 100% nanocrystals coverage/actual available area to the nanocrystal) of the films 

was then calculated from this value.  For instance, the collapse area for the deposition of 

300 µl of solution containing 7.14 nm diameter Fe2O3 nanocrystals on the water surface 

corresponds to a surface area of 72 cm2 (Figure C1). At the buckling point, the surface 

coverage is 1 by definition (1=72 cm2/72 cm2).  The value can be multiplied by 100 to 

give a percent surface coverage. For the same film, a surface coverage of 0.5 corresponds 

to a trough area of 144 cm2 (0.5 =72 cm2/144 cm2).  Calculation of the surface coverage 

using this method is preferred since many assumptions are made when determining of the 

number of nanocrystals on the water surface based on the mass of nanocrystals deposited.  

For instance, there is error in the measurement of the nanocrystal mass due to the 

possibility of residual solvent trapped between nanocrystals at time of mass 
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measurement.  Additionally, error arises in assuming the coverage of ligands on the 

nanocrystal surface or the amount of unbound ligand still present in solution.  At such 

small nanocrystal diameters, the mass contribution from the ligands can account for 

nearly 30-60 % of the total mass therefore the contribution is not negligible. 

 

 

Figure C1:   Langmuir Blodgett isotherm of 7 nm Fe2O3 nanocrystals compressed at the 
air-water interface (Data obtained from Chapter 4). 300 µl of a 0.5 mg/ml 
solution was deposited. Best fits to the region before buckling (red line) and 
after buckling (blue line) are denoted on the graph.  The collapse area is 
found by the intersection of the two lines. Its projection onto the x-axis is 
denoted by the green dashed line.  A value of 72 cm2 was obtained.   

Based on the volume of nanocrystal solution deposited on the water surface and 

area at 100% surface coverage, the nanocrystal solutions can be described as having units 

of surface-area per volume deposited.  For instance, the deposition of 300 µl of a ~ 0.5 

mg/ml dispersion of 7.14 nm Fe2O3 nanocrystals in chloroform resulted in the surface 

coverage of 100% at a trough area of 72 cm2.  This translates to an area/volume deposited 

concentration of 0.24 cm2/µl (72 cm2/300µl).  Using this value as the concentration, the 

area associated with 100% surface coverage for the deposition of 40 µl of the same 
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solution is 9.6 cm2 (9.6 cm2=0.24 cm2/µl*40 µl).  This scaling argument is used to 

correlate the surface coverage of the nanocrystals on the small LB trough used for in situ 

GISAXS measurements to the large KSV mini trough used to measure the surface 

pressure-area isotherms in Chapter 4.  This can be done since the same nanocrystal 

dispersions are used for both experiments.   
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