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Nanowires have attracted intensive research efforts due to their one-dimensional 

quantum confinement and their ability to serve as the building blocks for and functional 

components of future semiconductor devices.  Widespread use of nanowires in bottom-up 

device fabrication will require a general method for the controllable synthesis of 

nanowires with regards to shape, size, composition, and interfacial properties. 

 Gallium arsenide and gallium phosphide nanowires as small as 8 nm in diameter 

were synthesized in supercritical hexane and seeded by alkanethiol-stabilized 7 nm gold 

nanocrystals.  The wires are single crystal with a zinc-blende structure and grow 

exclusively in the <111> direction.  The importance of precursor degradation kinetics 

was explored. 

Multiple lamellar {111} twins are observed in GaAs, GaP and InAs nanowires 

synthesized by supercritical fluid-liquid-solid (SFLS) and solution-liquid-solid (SLS) 

approaches.  All of these nanowires have zinc blende (cubic) crystal structure and were 

grown in the <111> direction.  The twins cross-section the nanowires to give them a 
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“bamboo”-like appearance in TEM images.  In contrast, Si and Ge nanowires with <111> 

growth direction do not exhibit {111} twins, even though this is a common twin plane 

with relatively low twin energy in diamond cubic Ge and Si.  However, Si and Ge 

nanowires with <112> growth directions typically have several {111} twins extending 

down the length of the nanowires.  A semi-quantitative model that explains the observed 

twinning in III-V and IV nanowires is presented.         

 Heterojunction solar cells were fabricated from colloidal solutions of CdTe and 

CdSe nanorods by sequential spin casting onto ITO coated glass substrates.  A broad 

range of factors impacting the success of the solar cell fabrication were explored; 

including the method of nanorod synthesis, choice of capping ligand, method of active 

layer application, and use of hydrazine treatment.  It is necessary to maximize the 

stability of the nanords in solution to ensure even application into thin films.  However, 

electrical properties of the nanorod films are improved by using weaker stabilizing 

agents.  The devices exhibit good diode behavior.  
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Chapter 1:  Introduction 

 

1.1 BACKGROUND ON NANOWIRE SYNTHESIS 

Nanowires represent an important class of materials, having the characteristics of 

one-dimensional quantum confinement when smaller than a critical diameter and the 

potential to connect electrically the components in an integrated nanoscale system.  In 

addition, nanowires can serve as the building blocks for and functional components of 

logic devices,[1] sensors,[2] and single nanowire lasers.[3]  Widespread use of nanowires in 

bottom-up device fabrication will require a general method for the controllable synthesis 

of nanowires with regards to shape, size, composition, and interfacial properties. To date, 

several general synthetic strategies have been proposed.[4]  These strategies include self-

assembly dictated by the natural anisotropic crystallographic structure,[5] guiding of the 

growth by a template,[6] kinetic control through the use of surface modifying capping 

agents, self-assembly of nanoparticles,[7] and confinement by a liquid droplet or solid 

particle that serves as a catalyst - often called the vapor-liquid-solid (VLS) process.   

Other routes are available, but in these we find chemical routes that are generally 

applicable to several different material systems.  Among them, perhaps the most 

promising for the economical production of bulk quantities of semiconductor nanowires 

is VLS growth. 
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1.1.1 Vapor-Liquid-Solid Nanowire Growth 

The VLS-mechanism was first described by Wagner and Ellis in their pioneering 

work on the synthesis of micron scale Si whiskers.[8]  In its preferred form, the 

mechanism is designed to capitalize on a eutectic phase created between the wire material 

and the seed metal.  Figure 1 presents a 3-step process that follows an idealized path on 

the pseudo-binary Au/GaAs phase diagram for the production of GaAs nanowires seeded 

by gold nanoparticles.[9]  Growth of nanowires by VLS using gas-phase reactants, as with 

chemical vapor deposition (CVD) and laser ablation, has been demonstrated for many 

different semiconductor/metal systems.[4,10,11]  Metal-seeded nanowire growth in solution 

has been called solution-liquid-solid (SLS) growth, and enables the use of higher reactant 

concentrations.  Compared to gas-phase VLS approaches, solution-phase methods offer a 

potentially greater variety of materials chemistry, higher throughput rates, and a wide 

range of in situ doping and chemical surface derivatization possibilities.  Unfortunately, 

the eutectic temperatures of most metal/semiconductor combinations exceed the boiling 

point of conventional solvents.  Therefore, researchers have sought to combine high-

temperature regimes with solution-phase chemistry to produce a general method for the 

large-scale synthesis of semiconductor nanowires.    
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Figure 1.1: A pseudo-binary phase diagram of Au-GaAs.  The arrows outline the VLS  
process from GaAs absorption by Au nanoparticles (I) to eutectic 
formation and liquification (II) and finally supersaturation and 
precipitation of crystalline GaAs (III) 
 

 

1.1.2 Supercritical Fluid-Liquid-Solid Nanowire Growth 

To combine high-temperature and solution-phase processing, we have explored 

the use of pressurized solvents at temperatures exceeding their critical points to produce a 

wide range of materials, and have referred to this approach as supercritical fluid-liquid-

solid (SFLS) growth.[12-16]  The use of supercritical fluids as a reaction medium has 

several advantages: including the ability to tune the density, viscosity and diffusivity of 

the medium with small changes in temperature and pressure; the ability to integrate 
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supercritical fluids into almost any reactor design and configuration; an increased solvent 

strength; and the ability to access high temperatures while maintaining high precursor 

concentration.       

Others in our group have previously demonstrated the SFLS synthesis of Si and 

Ge in supercritical hexane seeded by alkanthiol-capped Au nanocrystals,[12-15]  the effects 

of temperature, pressure, precursor selection, seed metal, and reactor type have all been 

explored for these single component semiconductors.  The logical next step is to continue 

expanding the range of viable metal/semiconductor combinations for nanowire growth by 

SFLS.  This requires exploring binary semiconductor materials.  To this end we will 

endeavor to make GaAs and GaP nanowires using the SFLS process. 

 

1.2 TWINNING DEFECTS IN NANOWIRES 

In GaAs and GaP nanowires, twinning faults are observed. The defects are 

confined to a single complete (111) plane and result from a reflection in order across a 

single fcc close-packed atomic layer: in essence, the ABCABCABC stacking becomes 

ABCABACBA, where the reflection in symmetry occurs in the italicized plane, B (see 

Figure 1.2).  Twins can also be thought of as a single hexagonal close pack (HCP) layer 

inserted into the face centered cubic (FCC) stacking.  Twinning faults are endemic to III-

V semiconductors both in bulk and, it seems, at the nanoscale.     
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Figure 1.2: A model of a segment of GaAs viewed in the <110> zone axis exhibiting a  
symmetry about the twin marked by the italicized B.  

 
 

The presence of crystal faults may prove a major limitation to the integration of as 

grown III-V semiconductor nanowires into the plethora of devices now proposed for their 

use, but no theoretical study on the formation of nanowire twins has been performed.  

However, twin formation during liquid encapsulated Czochralski (LEC) growth of III-V 

semiconductor ingots has been studied.[17,18,19]  However, this work is limited by the 

inability to completely characterize individual twins in bulk semiconductors.  Nanowires 

offer an ideal metric for the study of individual twins and the mechanism of their 

formation.  
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1.3 BACKGROUND ON SOLAR CELLS 

With the invention of the solar cell came the prospect that clean, renewable solar 

power could be harnessed for the large-scale distributed production of electricity.  In the 

intervening 60 years, solar cells have found use in many niche markets, such as mobile 

and off-grid power generation, but accounts for less than 1% of all US power.[20]  The 

crystalline silicon solar cell is by far the most common, having efficiencies for 

commercially available systems reaching as high as 24%.[21]  However, the efficiency of 

such devices has leveled off in recent years.[22]  Widespread use is hindered by the high 

fabrication costs of the Si wafers.  Crystalline Si fabrication requires high temperatures 

(400°-1400°C), high vacuum, and many lithography steps and can account for more than 

50% of the installed cost.[22]  The result is a cost per peak watt that can be 5 to 20 times 

greater than that provided by conventional generating methods.  

 Recently, organic photovoltaics that utilize conjugated polymers have been 

widely studied since they offer lightweight, flexible, and low-cost alternatives that are 

easily fabricated from solution.  Power conversion efficiencies as high as 4.3% have been 

demonstrated for plastic solar cells fabricated by screen printing when exposed to 

monochromatic light.[23]  Achieving commercially viable device efficiencies using 

conjugated polymers is limited by their extremely low carrier mobilities, typically on the 

order of 10-4 cm2V-1s-1 for electrons.[24] This in turn limits the exciton diffusion length to 

about ~10 nm.[25]  Devices with a traditional bilayer configuration that mimics a p-n 

junction would have a photoactive layer only 20 nm thick.  To alleviate this problem, 

most polymer-based devices have a bulk heterojunction where the electron-accepting and 
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hole-accepting materials are intimately mixed.  Still, the inability to quickly remove 

carriers increases the likelihood of recombination and limits efficiency. 

 Colloidal semiconductor nanocrystals offer all of the processing advantages 

enjoyed by polymers, but retain the superior transport properties of bulk semiconductors.  

In addition, quantum confinement in nanocrystals increases the absorption coefficients 

allowing for thinner devices,[26] and band gap tuning is possible by controlling the 

nanocrystal size.  Alivisatos first combined nanorods of CdSe with semiconductive 

polymer poly(3-hexylthiophene) (P3HT) to produce bulk-heterojunction solar cells.[27] 

While an increase in monochromatic efficiency to 6.9% was seen, hybrid 

semiconductor/polymer photovoltaics will always be limited by the poor carrier 

mobilities of organic compounds.  The highest field effect hole mobilities observed in 

polymers so far is 0.1 cm2V-1S-1 for P3HT in its regioregular form.[28]   

To alleviate this problem, researchers have sought to create solar cells that 

combine nanocrystals of two different semiconductors as the hole-accepting and electron-

accepting components.  CdTe and CdSe nanorods have the required type II band offset, 

and have recently been fashioned into a simple bilayer device by sequentially spin-

casting CdTe and then CdSe onto ITO glass with Al as a top contact.[29]  This device is 

very stable in air because it lacks any organic components.  Films of nanocrystals possess 

low carrier concentrations and high trap densities.  As such, there will not be enough 

charge transfer between the CdTe and CdSe layers to create the large depletion region 

seen in c-Si p-n junctions.  The device instead operates in the context of the organic 
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donor-acceptor model, and the size of active region is limited by the exciton diffusion 

length.   

 

1.3.1 Device Design and Improvemment 

Carrier mobilities in nanorod solar cells are still much less compared to bulk 

inorganic semiconductors.  Electron transport proceeds through percolation pathways of 

nanorods in contact.  The use of higher aspect ratio nanorods was found to increase 

device performance by increasing the probability of nanorod overlap and band 

conduction.[27]  It should be possible to further increase device performance by 

employing longer nanowires instead of nanorods.  Alignment of the nanorods in the 

direction of charge transport can also facilitate increased carrier mobilities.[30,31]  Limiting 

charge recombination is also vital to increasing device efficiencies.  Most recombination 

occurs at nanorod surface traps, and can be dealt with by improving the contact between 

nanorods within the layer.  This can be done by tailoring the capping ligands used to 

provide the smallest interparticle spacing.[32]  It may also be possible to limit 

recombination within the nanorods by using linear type II nanorod heterostructures of 

CdTe/CdSe/CdTe.  Photoluminescence is quenched by 3 orders of magnitude over CdSe 

nanorods by the addition of CdTe end caps,[33] demonstrating the separation of electron-

hole pairs.  This increases the exciton lifetimes and may improve charge transfer between 

the semiconductor and the polymer.  Finally, there exist a great number of semiconductor 

nanomaterials that warrant investigation.  Traditional thin film devices often use CdTe 
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with a CdS top layer.  This combination will be explored in the context of nanorod solar 

cells. 

The methods for manufacturing nanorod based devices has been limited to screen 

printing and spin casting.[29,34]  Both of these methods waste large amounts of the 

nanorod solutions that are difficult if not impossible to recoup for later use.  For this 

reason we also investigate the possibility of using a Langmuir-Blogdett (LB) trough to 

sequentially apply multiple nanorod monolayers.  This would allow exacting control of 

the device layer thicknesses and ensure sharp transition between the CdTe and CdSe 

layers.  LB trough stamping would also enable the construction of more complex device 

structures that would have required inordinate amounts of excess materials if layered 

using spin casting.   

 

 
1.4 DISSERTATION OVERVIEW 

The SFLS synthesis of GaAs and GaP nanowires seeded by gold nanocrystals are 

discussed in Chapters 2 and 3 respectively.  Given the similarities in the reaction 

methodology, it will be covered in detail in Chapter 2 and briefly restated in Chapter 3.  

The effects of temperature, gallium precursor selection, precursor degradation, and Au 

seed particle size will be explored.  The nanowire product will be fully characterized by 

various techniques; including X-ray diffraction (XRD), high resolution transmission 

electron microscopy (HRTEM), scanning electron microscopy (SEM), nanobeam energy 

dispersive x-ray spectroscopy (EDS), and X-ray photoelectron spectroscopy (XPS). The 

collected data will be analyzed to better understand the SFLS process and nanowire 
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growth.  The presence of defects in these nanowires makes them ideal metrics for the 

study of twin formation in semiconductors.  Chapter 4 will discuss in detail the formation 

process of twins in several III-V semiconductors.  

Chapter 5 discusses the important aspects involved with nanorod solar cell 

fabrication.  The effect of different synthesis methods on the stability and suitability of 

the resulting nanorods will be explored, as will the effect of two different capping ligands 

(either tetradecylphosphonic acid (TDPA) or pyridene).  Two different device designs 

will also be explored.  First, a hole transport layer of poly(ethylene dioxythiophen doped 

with polystyrene sulfonic acid (PDOT:PSS) will be used.  Second, a calcium top contact 

will be used instead of aluminum.   
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Chapter 2:  GaAs Nanowire Synthesis in Supercritical Fluids 
 
 
 
2.1 INTRODUCTION 

The challenge of combining VLS with solution-phase chemistry is the required 

synthetic temperatures that must exceed the seed metal/semiconductor eutectic 

temperature.  In their pioneering work, Buhro and coworkers demonstrated VLS-type 

nanowire synthesis in conventional solvents (called solution-liquid-solid (SLS)) at 

synthetic temperatures around 200°C using metal/semiconductor combinations, such as 

Ga/GaAs,[1] In/InN,[2] and most recently In/GaAs,[3] with low eutectic temperatures.  

Unfortunately, the eutectic temperatures for most metal/semiconductor combinations are 

greater than 350oC, including the Group IV semiconductors, Si and Ge (with Au).  These 

reaction temperatures can be accessed in solution by pressurizing the solvent above its 

critical point.  Recently, we demonstrated Si and Ge nanowire synthesis in supercritical 

hexane at temperatures ranging from 350°C to 500°C and pressures ranging from 100 

atm to 370 atm—a process we have called supercritical fluid-liquid-solid (SFLS) 

nanowire growth.[4-7]   Hypothetically, this process could be applied to any 

semiconductor/metal combination with eutectic temperatures less than 600°C—the 

maximum temperature before degradation of most organic solvents.  Here we 

demonstrate the first SFLS nanowire synthesis of a compound semiconductor material: 

GaAs. 

 

 



 15

2.2 EXPERIMENTAL 

2.2.1 Experimental Apparatus 

 Previous work has shown the successful SFLS synthesis of silicon nanowires 

using three reactor setups: batch, semibatch, and continuous.[8]  The semibatch system 

was chosen because it enables a diversity of reaction configurations necessary given the 

greater complexity of the III-V semiconductor nanowire synthesis. A diagram of the 

experimental apparatus can be seen in Figure 2.1.   

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.1:  Diagram of Reactor system 
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The reaction cell was milled from 4” segments of 0.75” diameter titanium (Grade 

2) rods.  The reactor cells were tapped and threaded to accept titanium (Grade 2) reducers 

(High Pressure Equipment Co.) that connected the reactor to the 1/16” O.D. x 0.030 I.D. 

tubing (316 SS) used as the standard transfer piping throughout the apparatus.  A 4 x 20 

mm Si/SiO2 deposition substrate was placed in the reactor to collect the product.  The 

reactor cell was then placed in a brass heating-block powered by two 300 W cartridge 

heaters (Omega Inc.).  A digital temperature controller and embedded K-type 

thermocouple (Omega Inc.) controlled the temperature to within +- 2°C.  Typically, the 

reactor reached an equilibrium temperature of 500°C in 45 min.   

 Pressurization of the system and injection of the reactants was accomplished by a 

high-pressure liquid chromatography (HPLC) pump (Alcott).  Distilled water pressurized 

one side a piston, which in turn pressurized or purged the system with deoxygenated 

anhydrous hexane.  Pressure was monitored with a digital pressure gauge (Sensotech).  In 

the typical setup, two 200 µL injection loops connected to a 6-way valve (Valco) were 

placed upstream of the reactor.   Once the reaction temperature of 500°C was reached, the 

reactor was flushed with several volumes of hexane then pressurized to 7 MPa.  The 

reactants were then loaded into the injection loops, with the Au nanocrystal solution in 

the loop nearest the reactor and the Ga and As precursor solution in the second.  Injection 

took place as the reactor pressure was ramped from 7 MPa to 37 MPa at an injection rate 

of 4.00 mL/min. The reaction proceeded for 8 min before cooling under airflow and 

depressurizing back to room temperature and ambient pressure.  The nanowire product 
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deposited on the Si/SiO2 substrate forms a yellow film up to several micrometers thick 

consisting of a mat of tangled GaAs nanowires.  

 

2.2.2 Preparation of Precursor Solutions 

Dodecanethiol-coated gold nanocrystals up to 4 nm in diameter were prepared by 

arrested precipitation as described in the literature.[9]  Larger 7 nm diameter Au 

nanocrystals were then formed by annealing the particles in a tetraoctylammonium 

bromide (TAOB) matrix at 180°C for 1 hr.    The gold nanocrystals were weighed and 

dispersed in hexane in a nitrogen glove box to a molar concentration that was typically in 

a 100:1 precursor:gold ratio. The precursors (tBu)3Ga and As(SiMe3)3 were prepared by 

literature methods.[10,11]   GaCl3 was purchased and used as received from STREM.  For 

reactions of (tBu)3Ga and As(SiMe3)3 a stock solution containing both precursors at a  

concentration of 50 mM was prepared in hexane under a nitrogen atmosphere.  GaCl3 and 

As(SiMe3)3 were prepared in separate solutions with the gold nanocrystals combined with 

the As(SiMe3)3.  In all cases the GaCl3 solution was injected first, followed by the 

As(SiMe3)3/Au nanocrystal solution.  

 

2.3 NANOWIRE CHARACTERIZATION 

The GaAs nanowire product was collected on the Si/SiO2 substrate and 

characterized by a field emission scanning electron microscope (SEM) (LEO 1530) 

operating between 3 and 8 kV using an in-lens detector.  High-resolution transmission 

electron microscopy (HRTEM) and elemental analysis by electron dispersive 
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spectroscopy (EDS) were performed on a JOEL 2010F electron microscope, operating 

voltage 200 kV, with attached Oxford INCA EDS.  TEM samples were prepared by 

dispersing nanowires in hexane using ultrasonication and drop casting them onto lacey 

carbon copper grids.  X-ray diffraction (XRD) of nanowire ensembles deposited on 

quartz slides was obtained using a Phillips vertical scanning diffractometer.  X-ray 

photoelectron spectroscopy (XPS) (Phi ESCA 5700, with monochromatic Al anode 

operating at 11.75 eV pass energy) data was obtained from wires drop cast on a gold 

substrate.   

 

2.4 DEVICE FABRICATION 

GaAs nanowire devices were fabricated by orienting the nanowires onto a 

substrate patterned with gold leads and subsequently making electrical contact with Pt 

electrodes deposited using a focused ion beam technique.  A Raith 50 Electron Beam 

Lithography Tool in combination with a Standard XL Scanning Microscope was used to 

pattern a PMMA resist layer on a silicon oxide chip.  This pattern was metalized by 

evaporating 3 nm Cr and 30 nm Au in a Denton DV502 Vacuum Chamber.  After the 

chip was cleaned, the wires were deposited using a method similar to literature but 

without an applied electric field.[12]  Nanowires were suspended in a toluene solution by 

ultrasonication.  A drop of the solution was placed onto a chip that had two leads 

grounded.  The drop was removed by blowing over the chip with compressed air.  An FEI 

xPDB (extended performance Dual Beam) Focused Ion Beam was then used to deposit 

0.5-1.0 µm platinum lines to electrically connect the wires to the gold leads.  The current-
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voltage characteristics of single nanowires were measured using a Keithely 236 Source 

Monitor Unit.   

 

2.5 RESULTS AND DISCCUSION 

2.5.1 Effect of Temperature on GaCl3 - As(SiMe3)3  Reactions 

 Reactions using GaCl3 were carried out at various temperatures.  Typical of the 

VLS process is a requirement that the reaction temperature be above the semiconductor-

metal eutectic temperature.  This has proven not to be the case for the synthesis of III-V 

semiconductor nanowires by SFLS.  Figure 2.2 shows SEM images of the product of 

reactions carried out at 400, 425, 450 and 500°C (Figure 2.2A-2.2D respectively).  At 

400 and 425°C only isolated wire-like tangles are formed.  They are found in greater 

quantities at 425°C but in both cases are scarce, found amongst a great deal of large 

gallium oxide and GaAs particles.  EDS shows the wire-like product to be GaAs. The 

product formed at 450°C was predominantly tangles of tortuously conformed nanowires 

and homogeneously nucleated GaAs particulates.   At 500°C the nanowires are long and 

very straight.  There is still a great deal of particulate contamination and the wires are 

very large.  Figure 2.3 shows wires to be approximately 100 nm in diameter.  The surface 

is rough, likely from deposition on the surface of the as formed wires.       
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Figure 2.2: SEM images of GaAs nanowires grown by reacting GaCl3 and As(SiMe3)3 in  
the presence of Au seed crystals at (a) 400°C, (b) 425°C, (c) 450°C, and 
(d) 500°C.  
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Figure 2.3: High resolution SEM images of GaAs nanowires grown by reacting GaCl3  
and As(SiMe3)3 at 500°C. 
 

 

2.5.2 Effect of Gallium Precursor  

 The use of (tBu)3Ga allowed both precursors to be combined into one solution.  

This in turn allowed the Au nanocrystals to be injected first and thus prevent the 

homogeneously formed Ga liquid droplets from seeding the wire growth.  The resulting 

product was of much higher quality and quantity.  High yields of nanowires (60%) could 

be obtained with very little particulate formation—the GaAs nanowires in Figure 2.4a 

were taken directly from the reactor without any purification.  They were synthesized 

with 10 mM final reactor precursor concentration with a 100:1 precursor:gold mole ratio.  

These precursor concentrations are similar to those used for Si and Ge, but the precursor 
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to gold ratio is an order of magnitude lower compared with the 1000:1 Au:Si and 2000:1 

Au:Ge ratios used in those systems.[4,6]   

 

 

Figure 2.4:  HRSEM images of GaAs nanowires formed in hexane at 500°C and 7MPa  
by reacting (a) (tBu)3Ga with As(SiMe3)3 and (b) GaCl3 with As(SiMe3)3. 
 
 
  

The challenge to producing GaAs nanowires by SFLS relative to Si and Ge 

nanowires is the relatively high eutectic temperature (~580oC for Au:GaAs) that must be 

reached, compared to the ~360°C eutectic temperatures of  Au/Si and Au/Ge.  

Furthermore, the organosilane and organogermane precursors are relatively stable relative 
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to the GaAs precursors, providing more control over precursor degradation kinetics.  The 

degradation kinetics are undoubtedly very important.  For example, the more reactive 

precursors GaCl3 with As(SiMe3)3 yielded nanowires, yet the yield was low compared to 

particulate product, as shown in Figure 2.4b.  The dehalosilylation reaction kinetics 

between GaCl3 and As(SiMe3)3 are simply too fast to produce GaAs nanowires by SFLS.  

The less reactive combination of (tBu)3Ga and As(SiMe3)3 provides the controlled 

kinetics needed for nanowire formation with limited particle growth.   

In a typical reaction, the nanowire diameter ranges from 8 to 60 nm with an 

average diameter of approximately 25 nm and average length exceeding tens of 

micrometers.  The relatively wide distribution of wire diameter appears to result 

primarily from aggregation of the gold seeds upon injection into the reactor and during 

wire growth.  Figure 2.5 shows a TEM image of a gold seed at the tip of a GaAs 

nanowire, which is larger than the starting 7 nm size.  Nanobeam EDS in Figures 2.5(b) 

and 2.5(c) of the seed and the wire, respectively, shows that the seed does not contain Ga 

and As, and that the body of the GaAs nanowire is free of Au.   
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Figure 2.5:  (a) HRTEM image of a Au seed particle attached to the end of a GaAs  
nanowire.  (b) Nanobeam EDS of a wire, indicating the presence of a 
significant amount of Si.  (c)  EDS of the Au seed crystal at the tip of a 
wire.  Note the absence of Ga and As.  The Cu peaks result from 
background scattering from the copper grids. 

 

 To reiterate the importance of balancing the rate of precursor degradation to the 

rate of wire growth a reaction with a single injected solution containing both precursors 

and the Au nanocrystals was attempted.  As seen in Figure 2.6, the resulting product was 

of poor quality.  The injection of all the Au nanocrystals allows them to consume the 

precursors as they are added.  When injected simultaneously the precursor degradation 

overwhelms what seed particles are present and the result is excessive particulate 

formation and poor wires.   
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Figure 2.6: SEM image of GaAs nanowires formed by injecting the Au nanocrystal seeds  
and both (tBu)3Ga and As(SiMe3)3 simultaneously. 
 

 

2.5.3 Crystallographic Characterization 

Both XRD and HRTEM, shown in Figures 2.7 and 2.8 respectively, reveal the 

nanowires to exhibit the GaAs zinc-blende structure.  The lattice spacing of 0.327 nm 

(Figure 2.8d) measured from HRTEM agrees with the 0.325 nm (111) lattice spacing in 

bulk cubic GaAs.[13]  HRTEM reveals that the preferential growth direction is <111> 

(Figure 2.8).  In some high-resolution images, the secondary lattice planes corresponding 

to the <-111> direction can also be observed (figure 2.8a), with the characteristic 71° 

angle between the <111> and <-111> lattice directions expected for zinc-blende GaAs.  
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Figure 2.7:  XRD of GaAs nanowires produced at 500oC and 7MPa by reacting (tBu)3Ga  
with As(SiMe3)3. 

 

 

Figure 2.8: HRTEM of GaAs nanowires 
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 In wires larger than 15 nm in diameter, twinning faults are observed.  The faults 

appear in TEM images as lines orthogonal to the length of the nanowire (Figure 2.9a).  

The defects are confined to a single complete (111) plane (Figure 2.9b) and result from a 

reflection in order across a single fcc close-packed atomic layer: in essence, the 

ABCABCABC stacking becomes ABCABACBA, where the reflection in symmetry 

occurs in the italicized plane, B.  The reflection of order across the fault plane shows up 

in the fast Fourier transforms (FFTs) of the TEM images above and below the fault plane 

shown in Figures 2.9c and 2.9d.  The symmetry about the nanowire growth direction of 

the overlaid FFTs from Figures 2.9c and 2.9d—shown in Figure 2.9e—is characteristic of 

a twinning fault.  The repetition of twin planes along the length of a wire results in an 

alternating crystal structure, as seen in Figure 2.10. 
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Figure 2.9:  (a) A TEM image of a GaAs nanowire exhibiting twinning faults  
perpendicular to the growth direction.  (b) An HRTEM image of a fault 
plane with FFTs of the image in (c) above and (d) below the fault plane, 
and (e) across the entire image. 
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Figure 2.10: HRTEM of a GaAs nanowire segment with two closely spaced twins 

 

2.5.4 Nanowire Electrical Properties     

 We also measured the electrical properties of the GaAs nanowires.  Bulk GaAs 

has been studied as an alternative semiconductor to Group IV materials, such as Si and 

Ge, for use in high-speed electronic and optical applications due to its high electron 

mobility and direct band gap.  Figure 2.11 shows an HRSEM image of a GaAs nanowire 

device.  Room temperature two-point electrical measurements were made on 5 different 
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GaAs nanowires.  Six connections made on a single wire were used to determine the 

contact resistance.  The measured resistivities (Table 2.1) varied from wire to wire, 

ranging from cm 1076.1 4 ⋅Ω×  to cm 1064.2 1 ⋅Ω× —in all cases less than the intrinsic 

value of 107 to 108 cm⋅Ω .[14]  The six-point measurement showed that the contact 

resistance was small compared to the wire resistance, as seen in Figure 2.12.  The low 

GaAs nanowire resistivity stems from Si doping.  The XPS chart in Figure 2.13 shows 

that Si—a common dopant for bulk GaAs—is present in relatively high concentrations in 

the GaAs nanowires.  The arsenic precursor, As(SiMe3)3 is the most likely source of Si.  

These GaAs nanowires represent the first example of nanowires doped during the SFLS 

process.  

 

Length [µm] Diameter [nm] Resistivity [Ω-cm] Connection Type 
8.99 51.42 1.76E+04 2pt 

11.16 53.49 6.75E+02 2pt 
15.02 44.35 7.73E+03 2pt 
15.81 54.1 5.69E+02 2pt 
35.25 44.85 3.95E+03 2pt 
55.43 77.42 2.64E+01 6pt 

 
Table 2.1: A catalog of wires electrically tested using two and six-point probes and the  

corresponding resistivities. 
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Figure 2.11: An SEM image of a GaAs nanowire connected at two points to gold contact  
pads using platinum lines.  Inset: A typical ISD versus VS curve. 
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Figure 2.12:  Resistance along the wire with six connections was measured at increasing  

length intervals.  A linear trend with slope of 0.0567 GΩ•µm-1, y-intercept 
of 0.0175 GΩ, and R2 value of 0.9954 was fitted.  The contact resistance, 
being the resistance as length approaches zero, was found to be the y-
intercept value of 0.0175 GΩ. 
 

 

 
Figure 2.13: XPS spectra of bulk GaAs nanowires on a gold substrate. 
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2.5 CONCLUSIONS 

 Alkanethiol-stabilized gold nanocrystals were used to seed the growth of GaAs 

nanowires.  Characterization shows the wires to be single crystal with an FCC structure 

and a <111>-growth direction.  Good quality wires do not form at temperatures 

substantially below 500°C.  The best results were found at 500°C despite the fact that this 

is significantly less than the predicted GaAs/Au eutectic temperature of 590°C.  The 

reason for this is likely preferential absorption of Ga metal into the Au seed particles, 

thus depressing the melting point.  Comparisons between the precursors GaCl3 and 

(tBu)3Ga illustrate the importance of matching the rate of precursor degradation with the 

rate of wire growth.  GaAs nanowires formed by SFLS contain twinning faults that may 

prove useful as a metric for the study of crystal defect formation.  

The SFLS method provides a high yield solution-phase route for single crystal 

GaAs nanowires.  These nanowires can be isolated and used to fabricate functional 

electronic devices.  Compared to gas-phase VLS approaches, solution-phase methods 

offer a potentially greater variety of materials chemistry, higher throughput rates, and a 

wide range of in situ doping and chemical surface derivatization possibilities.  The 

convincing demonstrations of solution-phase VLS-type growth of Si,[4,5,7] Ge,[6,7] 

AlAs,[15] InN,[2]  GaAs,[3] InAs,[16] and InP,[17] provides encouragement that the solution-

phase methods of SLS and SFLS will eventually reach their potential as a general 

strategy for nanowire synthesis of any desired material.   
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 Chapter 3: GaP Nanowire Synthesis in Supercritical Fluids 
 
 
 
3.1 INTRODUCTION 

Semiconductor nanowires can be produced by both vapor-phase and solution-

phase routes using a metal particle-seeded approach.[1]  The primary requirement for 

metal particle-seeded growth of semiconductor nanowires is a reaction temperature that 

exceeds a metal/semiconductor eutectic temperature.  Using gas-phase reactants for metal 

particle-seeded nanowire growth, as in the case of chemical vapor deposition (CVD) and 

laser ablation, the process is called vapor-liquid-solid (VLS) growth[1-3].  Metal-seeded 

nanowire growth in solution has been called solution-liquid-solid (SLS) or liquid-liquid-

solid (LLS) growth.[4-7]  Since most semiconductor/metal eutectic temperatures exceed the 

boiling point of conventional solvents, we have explored the use of pressurized solvents 

at temperatures exceeding their critical points to produce a wider range of materials, and 

have referred to this approach as supercritical fluid-liquid-solid (SFLS) growth.[8-12]   

Reaction temperatures exceeding most metal/semiconductor eutectic temperatures 

are accessible in high temperature supercritical fluids, which can be heated to ~600°C 

without significant degradation for some solvents (i.e., toluene).  For example, the 

eutectic temperatures of Au:Si and Au:Ge are both approximately 350°C, which is easily 

accessible using supercritical fluids.  Other semiconductors, such as Group III-V 

materials like GaAs are more challenging, as the eutectic temperatures are in excess of 

500°C.  In our laboratory, we have previously demonstrated SFLS synthesis of Si,[8-10] 

Ge,[10,11] and most recently GaAs,[12] nanowires in supercritical hexane.  Yet it remains to 
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be seen how general the SFLS approach will be for semiconductor nanowire synthesis.  

There is a delicate balance between precursor reactivity and nanowire growth: if the 

precursors are too reactive, or the temperatures are too high, then homogeneous 

nucleation and precipitation of particles occurs.  Here we demonstrate the successful 

SFLS synthesis of the Group III-V semiconductor, gallium phosphide (GaP).   

 

3.2 EXPERIMENTAL 

GaP nanowires were synthesized using the same experimental apparatus 

described in Chapter 2. In its preferred form, GaP nanowires were synthesized in hexane 

at 500°C and 37 MPa (Tc=507.5 K; Pc=3.01 MPa)[13] by reacting P(SiMe3)3 (STREM 

Chemical Co.) and (tBu)3Ga[14] in the presence of dodecanethiol-stabilized gold 

nanocrystals.[15]  A 1 mL titanium reaction cell with a Si/SiO2 deposition substrate was 

heated to the desired reaction temperature and pressurized to 7 MPa.   A dispersion of 4 

or 7.5 nm diameter Au nanocrystals and a stock solution containing both precursors were 

injected into the reactor sequentially using an HPLC pump set at 2.75 mL/min and a 

maximum pressure of 37 MPa.  For this semibatch process, the concentration of each 

precursor reached 10 mM with a 100:1 precursor:gold mole ratio. 

 

3.3 RESULTS AND DISCUSSION 

3.3.1 GaP Nanowire Characterization 

X-ray diffraction (XRD) patterns obtained from the nanowire product (Figure 

3.1a) match that of zinc-blende GaP (JCPDS Card, 32-0397).  EDS of individual 
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nanowires (Figure 3.1b) show predominantly Ga and P with trace amounts of Si.  The 

carbon and oxygen signals can be attributed to surface contamination, and copper from 

the support grid also appears in the spectra.  The Si detected by EDS is most likely 

present in the GaP nanowires as a result of unintentional doping from the phosphorus 

precursor.  In the case of the GaAs nanowires described in Ref. 12, electrical 

measurements and compositional analysis indicated that Si served as a n-type dopant in 

GaAs nanowires synthesized using As(SiMe3)3 as the Group V precursor.[12]  Figure 3.2 

shows an HRTEM image of a typical GaP nanowire.  The wire is a single crystal with a 

lattice spacing of 0.316 nm, in good agreement with the expected (111) lattice spacing of 

bulk GaP (0.314 nm).  All nanowires imaged by HRTEM (20 of 20 wires examined with 

visible lattice fringes) were observed to grow in the [111] direction.  
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Figure 3.1: (a) XRD pattern (Bruker-Nonius D8 Advance theta-2theta Powder  
Diffractometer,  CuK� radiation with a wavelength of 1.54 Å) of GaP 
nanowires produced at 500°C and 37 MPa from (tBu)3Ga, P(SiMe3)3 and 
7.5 nm Au nanocrystals.  (b) Nanobeam EDS of a wire indicates the 
predominant presence of Ga and P with trace amounts of Si.  The Cu 
signal appears from background scatter from the copper TEM grid. 
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Figure 3.2:  HRTEM image of a GaP nanowire. 

  

3.3.2 Effect of Au Seed Particle Diameter 

In comparison to SFLS GaAs nanowire synthesis as in Chapter 2, a slower 

precursor injection rate was needed to reduce excessive particulate formation.   The as 

formed high-quality nanowires can be seen in Figure 3.4a.  To avoid homogeneous 

particle nucleation and growth, the precursor degradation kinetics must balance with the 

rate of heterogeneous precursor consumption by the seed particles.  Apparently, the 

nanowire growth rate is slower for GaP nanowires compared to GaAs, most likely due to 

a greater crystallization energy requirement for GaP.  Furthermore, there appears to be a 
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seed particle size dependence on the nanowire growth rate, as smaller (~4 nm) Au 

nanocrystals produced poor quality short nanowires (as shown in Figure 3.4b) with low 

yield, most likely as a result of slower nanowire growth.  This is consistent with 

observations in VLS nanowire synthesis by CVD of decreasing growth rate with 

decreasing seed particle size.[16]  Studies also show that there is a critical diameter below 

which metal particles cannot seed wire growth.  This is due to the decrease in effective 

chemical potential at a highly curved surface as described by the Gibbs-Thompson 

effect.[17]  Since no wires have been observed below 8 nm in diameter, 4 nm Au 

nanocrystals likely agglomerate prior to seeding wire growth.   
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Figure 3.3:  HRSEM images of GaP nanowires formed in hexane at 500°C and 37 MPa  
by reacting (tBu)3Ga and P(SiMe3)3 in the presence of (a) 7.5 nm Au 
nanocrystal and (b) 4 nm Au nanocrystals.   

 
 

3.3.3 Effect of P(SiMe3)3 Degradation Kinetics 

The most significant challenge to producing GaP nanowires by SFLS is a 

difference in decomposition kinetics between the phosphorus and gallium precursors.  

Comparing the GaP system to the GaAs system, the precursor P(SiMe3)3 is more stable 

than its arsenic corollary, and free Ga metal accumulates during the GaP reaction when 
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the precursors are fed into the reactor stoichiometrically.  Excess Ga generated in the 

reactor accumulates at the tips of growing nanowires and can even seed new nanowires.  

This fact was discovered after performing nanobeam electron dispersive x-ray 

spectroscopy (EDS) on particle tips at the end of several wires, which revealed only trace 

amounts of gold and predominantly Ga for reactions performed with 1:100 Au:precursor 

mole ratios—the conditions that gave the highest quality nanowires.  Ga metal is a well-

known SLS seed for Group III-V nanowires,[18] and so it was unclear as to the role of the 

Ga and the Au nanocrystals in the SFLS process.  To determine their respective roles, a 

series of reactions were carried out under three different conditions: one used no Au 

nanocrystals, one was performed at 550°C with a 3:1 P(SiMe3)3:(tBu)3Ga mole ratio, and 

a third used a very high gold: precursor mole ratio of 10:1.   

In the absence of gold nanocrystal seeds, GaP nanowires are still produced, 

seeded by Ga metal that accumulates from the faster decomposition of (tBu)3Ga relative 

to P(SiMe3)3 seeds GaP nanowires.  However, as shown in Figure 3.4, the “self-seeded” 

GaP nanowires are of relatively poor quality, with diameters that vary greatly along their 

lengths as a result of rapidly increasing Ga accumulation as the reaction proceeds.  With 

the addition of excess P(SiMe3)3 to the reaction with gold nanocrystals as seeds, the 

nanowire diameters are consistent along their lengths and Ga buildup at the tips does not 

occur (Figure 3.5a).  With stoichiometric amounts of Ga and P precursor, the use of high 

mole ratios of gold:precursor (i.e., 1:10) results in GaP nanowires with alloyed Ga and 

Au at their tips (Figure 3.5b).  Under the best reaction conditions (1:100 gold:precursor), 

only trace amounts of Au is found on the tips of the nanowires.  Most certainly, Ga 
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accumulates at the nanowire tips during the process and may play a role in promoting 

nanowire growth; however, Au nanocrystals serve as the primary metal seeds and are 

required to obtain high quality nanowires with consistent diameters.  Nonetheless, as 

nanowire growth proceeds in the reactor it appears that Au is consumed by the 

nanowires, most likely ending up as an impurity dopant in the nanowires.    

 

 

Figure 3.4: TEM image of GaP nanowires with large Ga seed particles attached, formed  
in absence of Au nanocrystals. 
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Figure 3.5:  (a) HRTEM image of a Au seed particle attached to a GaP nanowire that was  

formed with a 3:1 P:Ga precursor ratio at 550°C.  The inset shows an EDS 
spectrum of the Au tip.  Note the absence of Ga and P.  (b) HRTEM image 
of an alloy seed particle consisting of both Au and Ga attached to a GaP 
nanowire synthesized with a 10:1 precursor:gold ratio.  The inset EDS 
confirms the presence of both Au and Ga in the wire tip. 

 
 
 
3.3.4 Twin Defects 
 

Wires larger than 10 nm in diameter exhibited twinning faults identical to those 

observed in GaAs nanowires.[12,19]  The faults appear in the TEM images as discrete dark 

lines stretching orthogonal to the length of the wire, or as planes separating segments of 

alternating wire contrast.  Figure 3.7 shows a 50 nm GaP nanowire segment containing 

14 twinning faults.  The twins are confined to a single (111) plane and result from a 

reflection in order across an fcc close-packed atomic layer.  A reflection in symmetry is 

also revealed in the way that the secondary [002] and [220] directions reflect off the 

[111] direction at the twin boundary.  A matter of interest is the increased frequency of 
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twins in GaP versus GaAs nanowires produced under the same reaction conditions.  We 

believe that the twins form during the nucleation of new layers at the 

semiconductor/metal seed interface.  Subtle changes in the surface energies of the GaP 

system versus the GaAs system could lead to the increased occurrence of twins. The fact 

that the nanowire stretches for micrometers as essentially a single crystal is itself quite 

remarkable. 

 

  

Figure 3.6:  HRTEM image of a GaP nanowire exhibiting twinning faults perpendicular  
to the growth direction. 

 

  

3.4 CONCLUSIONS 

The SFLS method represents a general strategy for the production of binary 

semiconductor nanowires.  A suitable metal/semiconductor pair must be identified with a 

eutectic temperature in the appropriate range.  And as with GaAs,[12] and Si and Ge for 

that matter,[8-11] the precursor decomposition kinetics must not be too fast relative to the 



 47

wire growth rate for high quality GaP nanowires.  In addition, the degradation rates of 

each individual precursor must be well matched to avoid secondary reactions and other 

complications.  Finally, the reactor design itself must be considered, as the broad 

distribution of GaP wire diameters produced in the semibatch reactor that results from 

significant amounts of seed particle aggregation during the reaction could perhaps be 

reduced by changing to a continuous SFLS process, as has been demonstrated for Ge 

nanowires.[20]  Given the convincing demonstrations of solution-phase VLS-type growth 

of Si,[8-10] Ge,[10,11] AlAs,[21] InN,[5] GaAs,[6,12] InAs,[22] and InP,[23] solution-based 

methods for nanowire synthesis clearly offer a great flexibility in materials and 

structures, with the additional potential for in situ doping and surface derivitization.[24]  

Many of the remaining challenges facing the metal particle-seeded growth of 

semiconductor nanowires in solution relate to processing challenges, such as scale-up and 

the ability to tightly control the nanowire diameter in a large (i.e., gram-scale) preparation 

of nanowires.         
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Chapter 4: Lamellar Twinning in Semiconductor Nanowires 
 

4.1 INTRODUCTION 

Grain boundaries in crystals are often associated with poor crystallization 

conditions or crystallization processes in which multiple crystals have nucleated and 

grown together.  A twinned grain boundary is special: it is isolated to a single atomic 

plane that separates two neighboring crystal domains with very specific relative 

crystallographic orientations and no dangling bonds at their interface.  A twinned grain 

boundary can occur spontaneously, even under very well-controlled crystallization 

conditions because it requires very little energy to form.  In zinc blende crystals, twinning 

commonly occurs on {111} planes by a 60° rotation of the crystal around the [111] 

crystallographic axis.[1,2]  This particular reorientation of the crystal still allows the close-

packed atomic layers to satisfy all of their bonds but results in a reflection of the stacking 

order of the {111} planes.  For example, the regular AaBbCcAaBbCc stacking of close-

packed layers becomes AaBbCc/BbAaCc where “/” denotes the twin plane.  This kind of 

twinning was originally observed and studied in spinels and has been referred to as the 

“spinel twin law,” and occurs commonly in zinc blende crystals.[1]  Because {111} twins 

form so easily in zinc blende crystals, it has been extremely difficult to limit their 

formation during the melt-crystallization of Group III-V semiconductors, such as GaAs 

and InP.[3,4]  Several recent studies have shown that twins are a common crystal defect in 

“VLS”-grown nanowires of materials with zinc blende crystal structure as well, yet there 

is not a comprehensive understanding of how and why they form.[5-9]      
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The unique electronic, optical, mechanical and catalytic properties of 

semiconductor nanowires and their very high surface area-to-volume ratio make them 

very interesting new materials for various electronic, photonic, mechanical and chemical 

applications.[10]  A common route to semiconductor nanowire synthesis is to promote 

their growth using metal nanocrystals as seeds by the “VLS” approach.[11]  “VLS” is 

short for “vapor-liquid-solid” and refers to the nanowire growth process elucidated in 

1964 by Wagner and Ellis in which a “vapor”-phase reactant decomposes to a 

semiconductor (by CVD for example) that then forms a “liquid” eutectic with a seed 

metal that subsequently crystallizes into a “solid” wire when the seed metal becomes 

saturated with semiconductor.[12]  This nanowire growth mechanism can also occur in 

solution and has been applied using organometallic reactants in organic solvents with 

dispersed colloidal metal nanocrystals serving as crystallization seeds.[13]  Nanowires 

with diameters approximately matching the colloid diameter form when the reaction 

temperature exceeds the metal:semiconductor eutectic temperature.  Low melting metals, 

like Bi and Sn, form low temperature eutectics (<300oC) with various semiconductors 

and can be used to seed nanowire growth in high boiling solvents—the “solution-liquid-

solid” (SLS) approach.[13,14]  Nanowires can be grown in solution at higher temperatures 

using more common metal:semiconductor combinations like Au:Si and Au:Ge in high 

temperature supercritical solvents by a process called “supercritical fluid-liquid-solid” 

(SFLS) growth.[15,16]  For example, Si[15] and GaAs[5] nanowires can be grown using Au 

nanocrystals as seeds in hexane or toluene pressurized above ~100 atm and heated above 

the Au:semiconductor eutectic temperatures, which are ~360°C for Au:Si and 
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approximately 500°C for Au:GaAs.  Nanowires of many different kinds of materials have 

been produced by VLS, SLS and SFLS with generally very few extended defects.  

However, twins have emerged as a common defect in VLS, SLS, and SFLS-grown 

nanowires, and have been observed in nanowires of ZnS,[9] ZnSe,[8] GaAs,[5] GaP,[6,7] 

Ge,[17] Si,[18-20] and Zn2SnO4.[21]  Since twins can affect optical, electronic, mechanical 

and chemical properties and their subsequent performance in new technologies, twin 

formation in nanowires needs to be understood and controlled. 

 

4.2 EXPERIMENTAL 

4.2.1 SFLS Grown Nanowires  

GaAs and GaP nanowires were synthesized by the SFLS process as described 

previously.[5,6]  The nanowires were grown in supercritical hexane at 500°C and 37 MPa 

(Tc=507.5 K; Pc=3.01 MPa) by reacting tris(trimethylsilyl)phosphine (P(SiMe3)3) 

(STREM Chemical Co.) or tris(trimethylsilyl)arsine (As(SiMe3)3)[5] with (tBu)3Ga[5] in 

the presence of 7.5 nm diameter dodecanethiol-stabilized gold nanocrystals[22] using the 

reaction setup described in Chapter 2.  To reiterate, a 1 mL titanium reaction cell with a 

Si/SiO2 deposition substrate was heated to 500°C and pressurized to 7 MPa and then a Au 

nanocrystal dispersion and a stock solution containing both reactants were injected 

sequentially using an HPLC pump at 2.75 mL/min for GaP and 4.0 mL/min for GaAs as 

the pressure was ramped to 37 MPa.  The loop nearest the reactor was loaded with the 

gold nanocrystal solution, and the other with a solution with 10 mM concentration of 

each reactant.  The reactant:gold mole ratio used in the reactions was 100:1.  The reaction 
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proceeded for 8 min before cooling under air flow and depressurizing back to room 

temperature and ambient pressure.  The resulting GaP product was a light yellow mesh of 

tangled wires, as shown in Figure 4.1, with diameters ranging from 6~50 nm in diameter 

and an average of approximately 20 nm and lengths up to tens of micrometers.  The 

GaAs product was also a yellow film of tangled nanowires up to several micrometers 

long and diameters ranging from 8  to 50 nm.   

 

4.2.2 SLS Grown Nanowires   

GaAs and InAs nanowires were grown by the SLS approach on a Schlenk line 

under nitrogen by reacting ((SiMe3)3As) with either InCl3,or GaCl3, in the presence of Bi 

nanocrystals in trioctylamine (TOA), as described in detail in Ref. 23.  Briefly, Bi 

nanocrystals were first prepared by reducing Bi(III) 2-ethylhexanoate 

(Bi[OOCCH(C2H5)C4H9]3) in dioctylether and trioctylphosphine (TOP) with NaBH4 

dissolved in ethylenediamine.  The nanocrystals were then isolated and cleaned by 

antisolvent precipitation.  Reagent solutions for InAs (18 mg InCl3, 8.6 µL (SiMe)3As, 

1.7 mg Bi nanocrystals, 300 µL toluene, 24 µL oleic acid, and 850 µL TOA) or GaAs 

(8.6 µL (SiMe3)3As, 1.7 mg Bi nanocrystals, 300 µL toluene, 24 µL oleic acid, and 850 

µL TOA) were mixed in a nitrogen filled glove box and then injected into a hot (340°C) 

solution of 5.6 mg myristic acid in 2.5 mL TOA for InAs or 14.3 mg GaCl3, 5.6 mg 

myristic acid and 2.5 mL TOA for GaAs under nitrogen on a Schlenk line.  The solvent 

temperature initially decreases by ~40°C upon addition of the reactant solutions.  The 

temperature is then raised back to ~340°C and nanowire growth was allowed to proceed 
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for 5 minutes before taking the reaction flask off the heating mantle and allowing it to 

cool to room temperature.  The nanowires were then purified by precipitation.[23]  Figure 

4.1 shows SEM images of the SLS-grown GaAs and InAs nanowires.     

 

 

Figure 4.1:  SEM images of SFLS-grown (a) GaAs and (b) GaP nanowires using Au  
nanocrystals as seeds and SLS-grown (c) GaAs and (d) InAs nanowires 
seeded with Bi nanocrystals.   

 

 

4.2.3 Materials Characterization   

Scanning electron microscopy (SEM) was performed on nanowires evaporated 

from chloroform on glassy carbon substrates using a LEO 1530 field emission gun SEM 
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operating at 3 kV accelerating voltage.  SEM images were obtained digitally using an 

Inlens detector and LEO 32 software system.  Transmission electron microscopy (TEM) 

was performed on nanowires drop cast from chloroform on 200-mesh lacey carbon-

coated Cu grids (Electron Microscopy Sciences) using a JEOL 2010F field emission gun 

electron microscope operating at 200 kV accelerating voltage.  TEM images were 

acquired digitally with a Gatan multipole scanning CCD camera.   

 

4.3 RESULTS AND DISCUSSION 

In this chapter, we present data showing “lamellar” {111} twinning in SLS and 

SFLS-grown zinc blende Group III-V nanowires, including GaAs, InAs and GaP, with 

<111> growth directions.  These nanowires have large concentrations of planar {111} 

twins that bisect the nanowires perpendicular to the nanowire growth direction and give 

them a bamboo-like appearance in TEM images.  In contrast to the Group III-V materials, 

SFLS and SLS-grown Si and Ge nanowires with <111> growth direction do not have 

twins, even though {111} twin planes exist for both Si and Ge.  (The diamond cubic 

structure of Si and Ge is structurally equivalent to the zinc blende crystal structure).  But 

Si and Ge nanowires with <112> growth directions do have {111} twins.  These twins 

extend down the length of the nanowires.  This twin orientation in VLS-grown Si and Ge 

nanowires appears to be a common defect, as it has been observed in several other studies 

over the course of the last several years.[17-20]  To understand the difference in twin 

formation between the Group III-V and Group IV semiconductors, we develop here a 
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semi-quantitative model that explains this observed difference in twinning and provide 

insight into the root cause of twin formation and how twins might be avoided. 

 

4.3.1 Planar Twins in GaAs, GaP and InAs Nanowires Imaged by TEM   

Figure 4.2 shows TEM images of SFLS and SLS-produced GaAs, GaP and InAs 

nanowires with multiple {111} twins.  These GaAs, GaP and InAs nanowires all have the 

cubic zinc blende crystal structure and grow in the <111> direction.  The {111} twin 

planes bisect the nanowires perpendicular to their growth direction.  Higher resolution 

TEM images, as in Figs. 2(a) and 2(b), reveal that the twins are isolated to single atomic 

planes extending across the entire nanowire diameter.  These defects are not dislocations 

(i.e., line defects), but are indeed perfectly formed planar defects that cross-section the 

entire nanowire from edge to edge.  The change in crystallographic direction and multiple 

reflections in the fast Fourier transforms (FFTs) (See Figures 2.6 and 2.7) of the TEM 

images across the twin planes are all consistent with twinning.           
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Figure 4.2:  TEM images of (a) GaAs and (b) GaP nanowires synthesized by SFLS with  

Au seed particles and (c) GaAs and (d) InAs nanowires synthesized by 
SLS with Bi seed particles.  The nanowires exhibit multiple {111} twin 
planes.  The dark and light contrast in (c) is the result of the image being 
taken with the electron beam oriented slightly off the [110] 
crystallographic axis.  In order to observe the twin planes, the electron 
beam must be oriented in the [110] direction.  
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4.3.2 Planar Twins in Si and Ge Nanowires Imaged by TEM.   

Lamellar twinning also occurs in Au nanocrystal-seeded Si and Ge nanowires 

synthesized by the SFLS approach, but only in nanowires with <112> growth directions.  

Figure 4.3 shows TEM images of two Si nanowires with <112> growth directions that 

have multiple {111} twins extending down their entire length.  In Figure 4.3b, the twins 

are observed to terminate at the end of the wire at the interface with the Au nanocrystal 

seed.  High resolution TEM images, such as the one in Figure 4.3b, reveal that these 

defects are indeed twins and not dislocations or other types of crystal imperfections.  In 

the SFLS process, only about 5% of the Si nanowires seeded with Au nanocrystals have 

the <112> growth direction with the predominant growth direction being <111>.[24]  The 

diamond cubic crystal structure is structurally equivalent to the zinc blende crystal 

structure and as expected, {111} twinning commonly occurs in bulk Si.[25]  Therefore, 

one might expect that <111> oriented Si and Ge nanowires would also exhibit multiple 

{111} twins, but this is not the case.  In fact, in our laboratory we have never observed 

{111} twins in SFLS-grown Si and Ge nanowires with <111> growth directions.  Below, 

we develop a semi-quantitative model that explains this observed difference in twinning 

between the Group III-V and Group IV nanowires.            
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Figure 4.3:  TEM images of Si nanowires with <112> growth directions.  These  
nanowires were grown by SFLS with Au nanocrystals.  The nanowires 
have multiple {111} twins extending down their length oriented parallel to 
their <112> growth direction.  In (b), the twins terminate at the Au seed 
located at the tip of the nanowire.  The image in (b) was obtained using an 
aberration corrected Zeiss TEM.  

 

  
4.3.3 Model for {111} Twin Formation in Nanowires with <111> Growth Direction.   

During “VLS” growth, crystallization occurs epitaxially between the interface 

where the metal seed particle meets the nanowire.  (By “epitaxial” growth, we are 

referring to the addition of the next semiconductor layer at the nanowire tip and not to 
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any relationship between the atoms in the liquid metal:semiconductor alloy and the 

crystalline tip of the nanowire.)  For epitaxial growth to occur—which must happen since 

the nanowires are not polycrystalline—new atomic layers of semiconductor nucleate 

heterogeneously at this interface and then grow across the entire nanowire cross-section.  

Nucleation can occur either at the edge of the droplet/nanowire interface as illustrated 

schematically in Figure 4.4 or within its interior.  We want to predict the factors that 

might allow or prohibit the formation of a twinned interface at the growing end of the 

nanowire during this nucleation event.          

 

Figure 4.4: Illustration of atomic step nucleation and growth mechanism from a metal  
seed particle at the tip of a semiconductor nanowire.  (A) SEM image 
showing a Au seed particle at the tip of a Ge nanowire.  (B) Cartoon image 
depicting atomic steps at the interface between the seed metal and the 
nanowire.  A new step has nucleated at the left edge of the nanowire at the 
three-phase boundary (TPB) between the nanowire, the liquid seed droplet 
and the external environment.  It may also be possible for new layers to 
nucleate in the center of the droplet, away from the TPB. 
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The crystallographic surface exposed at the tip of a nanowire growing in the 

<111> direction is a {111} plane and the atomic steps are {111} atomic planes.  It is not 

known whether nucleation occurs within the interior of the seed particle or at the edge of 

the nanowire at the three-phase boundary (TPB) between the liquid metal:semiconductor 

eutectic, solid nanowire and the external reaction environment (which is solvent); 

however, this detail is not necessary to develop a model for twin formation.  Atomic steps 

can either be generated at the TPB (i.e., by nucleation), or absorbed (when nucleation 

occurs within the droplet and the atomic step grows outward)—either way, the surface 

energy change at the TPB must be thermodynamically allowed when the step presents 

itself at the perimeter of the nanowire, otherwise growth will cease.  Since nanowires of 

both Group IV and III-V semiconductors grow, it must be thermodynamically allowable 

for a step without a twinned interface to be absorbed by the TPB.  The next question is: 

What is the difference between the Group IV and III-V semiconductor nanowires when 

the new nucleated atomic step has a twinned interface with the end of the nanowire?   

First of all, note that the twin energies of the Group IV and III-V semiconductors 

are not very different.  The energy to form a twin is approximately half the stacking fault 

energy, which has been measured for both the Group IV and III-V semiconductors.  The 

twin energies for Si and Ge are 28 mJ/m2 (22 meV/bond) and 30 mJ/m2 (26 meV/bond), 

respectively, and 27 mJ/m2 (17 meV/bond), 23 mJ/m2 (17 meV/bond), and 15 mJ/m2 (15 

meV/bond), for GaP, GaAs and InAs, respectively.[26]  The twin energies of the Group 

III-V semiconductors are only about 2/3 lower than those of Si ang Ge.  Also note that 

the {111} twin energies of all of these materials are on the order of the thermal energy in 
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the system—kT at room temperature is 26 meV and at a typical growth temperature of 

500°C is 72 meV—and therefore it is not surprising that twin formation appears to be 

quite common in VLS-grown nanowires.  Consistent with the idea that twin formation is 

an activated process, Johansson, et al. observed that twins in their GaP nanowires 

occurred more often at higher growth temperatures.[7]  In fact, simply based on the values 

of the twin energies, it is rather unexpected that VLS-grown Si and Ge nanowires with 

<111> growth direction do not form {111} twins.   

When imaged by high resolution TEM down a <110> zone axis, nanowires with 

<111> growth direction and lamellar {111} twins have a corrugated surface as shown in 

Figure 4.5.  The angle between the surfaces parallel to the nanowire growth direction is 

38° (See Figure 4.5), corresponding to (111)A and (111)B surfaces.[2]  (The subscript “A” 

and “B” refer to “Ga” and “As” terminated surfaces, respectively.)  Figure 4.6 shows a 

crystallographic model of a GaAs nanowire viewed down a <110> zone axis.  In this 

orientation, the sidewall facet perpendicular to the growth direction is {112}.  {112} 

planes have a relatively high surface energy and can be considered as two (111) layers 

followed by a “correcting” step.  Twinning eliminates this correcting step and replaces 

the {112} surface with two lower energy (111)A surface to (111)B sidewall surfaces by 

inverting the lattice symmetry.  Hurle has shown that this kind of sidewall facet 

reorientation from a high index surface plane helps offset the unfavorable energy of twin 

planes in bulk III-V crystals formed by liquid-encapsulated Czochralski (LEC) growth.[3]  

For example, synchrotron white beam X-ray topography (SWBXT) of bulk InP crystals 

formed by liquid-encapsulated Czochralski growth indicated that {111} twinning 
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occurred when {115} side facets converted to {111} facets across the twin 

boundary.[27,28]  There is currently little data on sidewall faceting of semiconductor 

nanowires;[17] however, it is likely that twinning occurs by nucleation at the TPB in 

contact with a (211) side facet.[2,7]  GaAs nanowires have been shown to possess rounded 

hexagonal cross-sections with {110} faceting.[29]  (110) planes, however, are not 

modifiable by twinning to (111) planes.  Although (112) facets are not the lowest energy 

facets, they would be the next to manifest when increases in the wire diameter change the 

wire from the rounded hexagonal to a rounded dodecahedral cross-section.  Since (211) 

side facets are more likely to appear in larger diameter wires, there should be a critical 

wire diameter below which twins are suppressed.  This assertion is verified by 

observations that GaAs nanowires grown via SFLS and MOVPE do not have twins when 

the wire diameters are below 15 nm and 20 nm respectively.[5,30]  For SFLS-grown GaP 

nanowires, the critical diameter is approximately 10 nm.[6]  
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Figure 4.5:  HRTEM image of a GaP nanowire with lamellar twinning imaged down the  
[110] zone axis.  The eight closely spaced twins give rise to a reorientation 
of surface faceting to lower energy (111)A and (111)B surfaces as 
illustrated in Figure 6.  The angle separating the (111)A and (111)B 
surfaces is 90°-38°=52° as noted in the image.   
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Figure 4.6:  A GaAs nanowire segment viewed down the <110> zone axis (a) without  
and (b) with a twin plane labeled by the red arrows.  The right side of the 
segment is the nanowire surface.  In the untwinned nanowire in (a), the 
nanowire surface is a relatively high energy (112) plane.  Twinning, as 
shown in (b), eliminates the (112) sidewall surface by converting it to two 
lower energy (111)A and (111)B planes.  The angle between the (111)A and 
(111)B surfaces is ~52°, which is consistent with the angle measured by 
TEM, as shown in Figure 5.  To maintain straight nanowire growth, the 
sidewall surface fluctuates between the (111)A and (111)B planes with 
subsequent twins.    

 

For a nanowire without twins, the angle between the direction of the nanowire 

sidewall facet and the crystallization interface at the tip of the nanowire ν , is o90  as 

shown in Figure 4.7.  Again, untwinned nanowires growing in the <111> direction 

(above a critical diameter, as discussed above) have {112} planes as sidewall facets to 

maintain straight growth.  As shown in Figure 4.7, when a nanowire twins, ν  increases 

(or decreases) from 90° to 109° (or 71°) to accommodate the (111)B (or (111)A) sidewall 

facets.  Our model is based on similar ideas proposed by Hurle for twin formation in 

liquid encapsulated crystallization (LEC) of bulk semiconductors:[4] (1) the nanowire will 

stop growing if the change in ν  due to twinning leads to dewetting of the metal seed 
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from the tip of the nanowire or (2) prevents the liquid seed droplet from dewetting the 

sidewall of a twinned step.  Different materials systems will have different upper and 

lower bounds of ν  that cease nanowire growth.  If sufficiently large fluctuations in ν  

cannot be accommodated during nanowire, then twinning will not occur.               

 

Figure 4.7:  Illustration of the three-phase boundary (TPB) at the edge of the nanowire  
where it meets the metal seed particle.  A nanowire growing in the <111> 
direction will have a {111} surface that will be wetted by the metal seed.  
For an untwinned nanowire, the side wall surface of the nanowire will be a 
{112} facet when viewed down the [110] crystallographic orientation (as 
shown by the atomic model in Figure 6).  With a {111} twin, the sidewall 
facet restructures to a {111} surface.  This surface creates a larger growth 
angle ν , between the growing {111} interface and the sidewall facet of 
108° that must be accommodated by the seed droplet to maintain nanowire 
growth.  oφ  and Lθ  are two contact angles between the liquid seed droplet 
and the solid nanowire surfaces.  oφ  is the contact angle between the 
growth surface—the {111} interface at the tip of the nanowire—and Lθ  is 
a contact angle with the sidewall surface, or as derived in the model, the 
nucleating atomic step edge surface.       

 

At the TPB between the liquid metal seed droplet and the nanowire, two different 

contact angles, oφ  and Lθ , can be defined as illustrated in Figure 4.7.  oφ  is the 

equilibrium contact angle between the liquid seed droplet and the end of the nanowire 
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and relates to the solid, solid-liquid and liquid interfacial tensions, sσ , slσ , and lσ  by 

Young’s equation, 

 solsl σφσσ =+ cos   . (1) 

Lθ  is a contact angle between the liquid droplet and the side wall facet such that 

 νφθ −= oL  (2) 

Hurle[4] derived a relationship between Lθ  and the interfacial tensions at the TPB of a 

crystal being pulled from a melt,   

 
ls

slls
L σσ

σσσ
θ

2
cos

222 −+
=  , (3) 

which we assume to also hold for nanowires.  A nanowire growing in the <111> direction 

will have a {111} growth surface at the interface between the nanowire and the liquid 

droplet.  This crystallization surface will still be a {111} plane when the nanowire 

twins—provided that the growth direction does not change.  Therefore, oφ  is independent 

of ν  and whether or not the nanowire twins.  However, oφ  is the equilibrium contact 

angle, and during nanowire growth, φ  can fluctuate, provided that the fluctuation does 

not stop nanowire growth.   

Growth will stop if the seed droplet dewets from the tip of the nanowire—if the 

quantity, Lθν +  falls below oφ .  Therefore, the condition that oL φθν >+  determines the 

minimum value of ν  (denoted as minν ) that can be accommodated by a particular 

metal:semiconductor combination.  For twinning to be possible, minν  must be less than 

71° to accommodate the angle between the (111)A and (111)B sidewall facets that occurs 
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upon twinning and the growth interface.  (Recall that oφ  does not depend on the sidewall 

surface because the growth surface is (111) for both twinned and untwinned atomic 

steps.)  Table 4.1 shows the values of oφ , Lθ  and minν  for Si, Ge, GaAs, GaP and InAs.  

Although there is significant error in approximating the various parameters, it is clear that 

minν <71° for all of these semiconductors and twinning is not prevented by this criterion 

in any of the systems.            

If the seed droplet does not dewet the nanowire at the TPB as it grows, additional 

crystallographic layers cannot be incorporated at the nanowire growth surface and growth 

will stop.  This will occur if Lθν +  becomes too large.  Therefore, there is also a 

maximum value of ν  ( maxν ) that can be accommodated in a particular 

metal:semiconductor system to still maintain nanowire growth.  For twinning to be 

allowed in the system, o109max >ν , since this is the angle between the nanowire growth 

surface and the {111} sidewall facet of a twinned nucleus.           

maxν  can be determined by considering how the TPB interface changes when an 

atomic layer is added to the nanowire tip, as shown by Hurle.[4]  Figure 4.8 illustrates 

how the interface changes when a step edge reaches the TPB.  Note that in Figure 4.8 it is 

assumed that the contact angle between the liquid seed droplet and the {111} surface at 

the tip of the nanowire φ  can fluctuate briefly.  Along these lines, Hao, et al.[9] recently 

proposed that fluctuations in mass transport rates to the tip of Au-seeded ZnS nanowires 

could occur and lead to twinning.  Their idea is qualitatively similar to ours, with the 

additional critieria that the fluctuation in contact angle between the seed and the nanowire 
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must be large enough to accommodate surface “re-faceting” without halting nanowire 

growth.  As long as oφφ > , this fluctuation will not cause the metal seed to dewet from 

the nanowire tip.  However, if φ  increases too much, the liquid droplet will not be able to 

dewet the sidewall facet of the atomic step to allow nanowire growth to continue and the 

twinned nucleus will redissolve back into the seed.    A maximum value, maxν , can be 

determined by considering the lateral force that the nucleated step must exert on the TPB 

to become incorporated in the growing nanowire.  Twinning can occur if φ  can increase 

instantaneously to accommodate an increase in sidewall facet angle of 109°.   

The lateral force of the step must overcome the surface tension force holding the 

TPB in place at the edge of the nanowire for growth to continue, as illustrated in Figure 

4.8.  The force exerted by the step on the TPB stepF , is the product of the height h, and 

interfacial energy γ , of the step: 4,31    

 hFstep γ= .  (4)  

The surface tension force at the TPB TPBF , relates to the relevant surface tensions sσ , slσ  

and lσ , and the length of the nanowire segment exposed after absorption of the step at 

the TPB l :[4,31]  

   LlslsTPBF θσνσσ coscos lll −−=  (5) 

For the step to be absorbed at (i.e., dewetted by) the TPB, TPBstep FF > .  Eqn (5) shows 

that TPBF  increases with increasing ν .  Therefore, maxν  can be determined from  

 Llslsh θσνσσγ coscos max lll −−=  (6) 
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Using the geometric relationship, νsinh=l , and setting maxνν = , Eqn (6) then 

becomes  

 Llsls θσνσσνγ coscossin maxmax −−=  (7) 

Eqn (7) can be used to predict if twinning can occur using the relevant parameters sσ , 

slσ , lσ , γ  and Lθ  to determine maxν .  o109max >ν  for twinning to occur; otherwise, the 

liquid droplet cannot dewet a twinned atomic step plane (which presents a {111} surface) 

as needed to allow the nanowire to continue to grow. 

   

 

Figure 4.8: Illustration of step absorption at the TPB of a twinned nanowire.   
Considering that twinning leads to a (111)B sidewall facet, maxν  
determined from Eqn (7) cannot be less than 109o or else twinning will 
stop nanowire growth because stepF  will be too small to displace the TPB.     

 

Table 4.1 lists the relevant parameters for sσ , slσ , lσ , γ  and oφ  for Si, Ge, 

GaAs and GaP nanowires seeded with Au and GaAs and InAs nanowires seeded with Bi.  
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Using these values and Eqn (3) to determine Lθ , Eqn (7) can then be used to calculate 

maxν .  Although there is a significant amount of error in the various parameters, Au-

seeded Si and Ge have o109max <ν , whereas Au-seeded GaAs and GaP have o109max >ν .  

Bi-seeded GaAs and InAs have equilibrium contact angles oφ >109o and can support 

twinning without a fluctuation in seed contact angle.  This indicates that twinning can 

occur in these Au-seeded Group III-V nanowires, but not in Au-seeded Group IV 

nanowires with <111> growth directions, as observed experimentally.  Bi-seeded Group 

III-V nanowires are also expected to exhibit twins, as expected.                   
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 Si a Ge a GaAs a,b GaP a InAs b 

γ  (erg/cm2) 87.6 c 44.9 c 119.3 c 235 r 48.64 r 

sσ  
(erg/cm2) 

964.9 c 

1140 d 

840 d 

672.9 c 434.5 c 

860 d 

721 e 

740 d 577 (111) f 

657 (110) f 

slσ  141-387 255-433 ~600 a,p 

594-700 b 

~600 p 777 

lσ  
(erg/cm2) 

1088 s 

790 g 

567-995 s 450-958 a,s 

378 b 

974 s 

 

378 d 

( )111Lθ m 9.3°-19.8° 21.6°-39.7° 41°-85° a 

96° b 

34°  93°-107° 

0φ  43° h 65° I 11° (Au) a,j 

115° b,k 

15°-40°  122° l 

 

minν n 23.2°-33.7° 25.3°-43.4° <0°-14° a 

19° b 

<0°-6°  15°-29° 

maxν o 67° -82° 64° -76° 54° -147° a 

0φ =115° b,q 

124°  0φ =122° q  

 

  
Table 4.1: Values of interfacial energies and surface tensions used for the model  

calculations.   
 
a Calculations for gold seeding. 
b Calculations for bismuth seeding. 
c Hurle, D. T. J. J. Crystal Growth 1995, 147, 239-250. 
d Messmer, C.; Bilello, J. C. J. Appl. Phys. 1981, 52, 4623-4629. 
e Moll, N.; Kley, A.; Pehlke, E.; Scheffler, M. Phys. Rev. B 1996, 54, 8844-8855. 
f Pehlske, E.; Moll, N.; Kley, A.; Scheffler, M. Appl. Phys. A: Mater. Sci. & Proc. 1997, 

65, 524-534. 
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g Shpyrko, O. G.; Streitel, R.; Balagurusamy, V. S. K.; Grigoriev, A. Y.; Deutsch, M.; 
Ocko, B. M.; Meron, M.; Lin, B.; Pershan, P. S. Science 2006, 313, 77-80. 

h Ressel, B.; Prince, K. C.; Heun, S.; Homma, Y. J. Appl. Phys. 2003, 93, 3886-3892. 
i Naidish, Yu. V.;  Perevertailo, V. M.; Obushcchak, L. P. Poroshkovaya Metallurgiya 

1975, 7, 63-69. 
j Kulish, U. M. Ivestiya Akademii Nauk SSSR, Neorgancheskie Materialy 1991, 27, 1357-

1360.  This contact angle was measured in vacuum and the GaAs surface most likely 
has a lower As concentration than expected for the nanowires.  The Au-GaAs contact 
angle at the nanowires is probably between 25° and 40°. 

k Denisov, V. M.; Beletskii, V. V.; Patakhov, E. A. Rasplavy 1988, 2, 118-120. 
l Denisov, V. M.; Liaichenok, Yu. A.; Patakhov, E. A. Rasplavy 1988, 2, 120-123. 

m Calculated using: 
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n Calculated using: Lθφν −= 0min   
o Determined using: Llsls θσνσσνγ coscossin maxmax −−=  
p Estimated. 
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0φ >109° and can therefore accommodate twinning without a fluctuation in contact angle 
during nanowire growth. 

r Calculated based on the equation for the step energy of a Kossel crystal,[31] 
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2 3/1γ , where h is the (111) step height, q is the 

atomic density, W is 0.45 times ∆H (the latent heat of fusion per atom), kb is the 
Boltzman constant, and Tm is the melting temperature.  ∆H values of 13104.12 −× ,32 and 
for InAs of 13101.6 −× erg,33 were used for GaP and InAs, respectively.     
s The liquid surface tension of eutectic melts of Au and Si have been observed to decrease 
monotonically from a maximum of 1140 erg cm-2 for pure Au to 865 erg cm-2 for pure 
Si.34  At the eutectic point, the Si concentration in Au is 18.6 at%, so assuming a linearly 
varying surface tension, 2cmerg  1088)( =AuSilσ .  Values of σl used to find the 
remaining melt values are; σl(Ge) = 621 erg cm-2 , σl(GaP) = 420 erg cm-2, σl(GaAs) = 
411 erg cm-2, and σl(Bi) = 378 erg cm-2.[35,36]  For Bi-seeded wires, the surface tension of 
the eutectics were approximated as  σl(Bi) since the GaAs and InAs concentrations are 
low (<<1%).  It should be noted that these σl estimates are likely high.  The surface of the 
droplets will be rich in the semiconductor component, lowering σl relative to the bulk 
concentration.  For example, a value of 780 erg cm-2 is reported for AuSi melts below 
400°C.[37] 
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4.3.4 {111} Twinning Along the Growth Direction in <112>-Oriented Si and Ge  

Nanowires 
  

The model calculations presented above reveal the factors that determine whether 

{111} twins may form in semiconductor nanowires growing in the <111> direction.  

Although {111} twins do not appear to form in Si and Ge nanowires grown in the <111> 

direction when seeded by Au nanocrystals, lamellar {111} twins are commonly observed 

extended down the length of Si and Ge nanowires with <112> growth direction.  These 

twins have also been observed in III-V nanowires as well.  Twin formation in this case 

probably occurs during nanowire nucleation.  Then as the nanowire continues to grow, 

the twins extend down the length of the nanowire.  The {111} twins formed during 

nucleation provide preferential addition sites that subsequently maintains nanowire 

growth in the <112> direction—as opposed to the <111> direction.  The influence of 

twinning on the growth direction can be seen in kinked nanowires that change from 

<111> to <112> growth.  After kinking, as the nanowire grows in the <112> direction 

and multiple twins extend down the length of the nanowire.  For example, Figure 4.9 

shows a kinked GaP nanowire with {111} twins running down the length of the nanowire 

in the <112>-oriented segment.  The GaP nanowire was growing in the <111> direction 

when a fluctuation in concentration, temperature or some other parameter, caused the 

GaP nanowire to twin and kink.  The twins then appear to promote growth in the <112> 

direction.  In Au-seeded Group III-V nanowires, growth in the <112> direction is rarely 

observed; however, when it is, it is typically associated with these {111} twins.   
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Figure 4.9:  TEM images of a kinked GaP nanowire exhibiting lamellar {111} twins  
extending down the length of the nanowire when it has changed growth 
direction from <111> to 211 .  (b) Higher magnification of the twinned 
region in (a). 

 

4.5 CONCLUSIONS       

The proposed model for twin formation applies to semiconductor nanowires 

grown by VLS, SLS and SFLS processes, in which a seed metal forms a liquid eutectic 

with the semiconductor that promotes nanowire growth.  The model indicates that 

fluctuations in the seed/nanowire contact angle for Au-seeded nanowires are most likely 

necessary for twinning to occur.  {111} twins in a nanowire growing in the <111> 

direction requires the formation of a low energy {111} sidewall facet, which increases 

the “growth angle” to 109°.  The Au/Si and Au/Ge interfaces cannot sustain nanowire 

growth if a nucleating plane has a twinned interface at the tip of the nanowire because the 
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sidewall faceting cannot be accommodated by the TPB between the seed particle and the 

nanowire.  Thus, the contact angle fluctuations cannot support twinning in Au-seeded Si 

and Ge nanowires, explaining why they do not occur experimentally.  Au/GaAs, Au/GaP 

and Au/InAs, however, can accommodate this change and twinning is allowed.  Bi-

seeding of the Group III-V nanowires, however, does not appear to require contact angle 

fluctuations to sustain twinning due to the large contact angle between Bi and the 

semiconductor.  Twinning in nanowires is probably size-dependent as well, since 

sidewall faceting appears to depend on diameter.[17,29]  According to our model, narrow 

diameter nanowires (< 10 nm) are expected to exhibit less twinning because they have a 

higher tendency to exhibit their lowest energy (111) and (110) planes, which does not 

support twinning.  This trend has indeed been observed in Au-seeded GaAs and GaP 

nanowires.[5,6]   

The mounting data showing twin formation in semiconductor nanowires confirms 

that twins are a common extended crystal defect in these materials.  Although difficult to 

avoid for many materials, there are certain metal/semiconductor combinations, such as 

Au/Si and Au/Ge, that do not support twins when the wires grow in particular 

crystallographic directions.  Twinning depends on the ability of the contact angle at the 

TPB at the nanowire tip to fluctuate enough to accommodate the sidewall faceting of a 

twinned plane nucleated at the nanowire tip.  So even when twin planes might be 

expected based on their formation in bulk crystals, they may not form in nanowires.     
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Chapter 5: Colloidal Nanorod Solar Cells 
 

5.1: INTRODUCTION  

The fabrication of efficient solar cells is heavily dependent on the precision with 

which the active layers can be deposited over the large areas that make up the typical 

photovoltaic panel.[1]  This is especially true for thin film solar cells where non-

uniformities other than layer thickness can play a large role in overall efficiency.[2]  We 

expect that non-uniformities will play an even larger role in nanorod or nanocrystal based 

photovoltaics.  Differences in packing density across the films, orientation of both the 

crystal structure for spherical nanoparticles and positional for anisotropic nanorods, and 

contacting of the films at interfaces are some of the problems unique to nanocrystal thin 

film devices.[3]  For these reasons, it is vital that we produce nanorod and nanorod 

dispersions well suited for casting into the highest quality films possible. 

 

5.2: EXPERIMENTAL 

5.2.1 Nanorod Synthesis 

 Nanorods of CdTe and CdSe were synthesized using procedures outlined by Peng 

et al.[4]  All chemicals were used as received.  Standard oxygen free Schlenk line 

procedures were used throughout unless otherwise stated.  First, 1.2840 g of cadmium 

oxide (CdO) (99.5%, Aldrich), 5.5800 g n-tetradecylphosphonic acid (TDPA) (97%, Alfa 

Aesar), and 4 g trioctylphosphine oxide (TOPO) (99%, Strem Chemicals) were combined 

in a 25 mL 3-neck flask.  The contents were degassed under at 65°C for three hours under 
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vacuum.  Under nitrogen, the contents were heated to 340°C for 10 minutes.  Above 

300°C the Cd and TDPA react to form a complex.  The product was cooled to room 

temperature where it solidified.  The Cd-TDPA complex was aged for 24 hours and then 

ground into a powder and stored in air.   

 Again using oxygen free procedures, 1.7129 g (1.6 mmol) of the Cd-TDPA 

complex were combined with 2.2871 g TOPO for the production of CdTe.  When 

synthesizing CdSe exactly half the amounts of Cd-TDPA and TOPO were used.  The Cd 

solution was degassed at 65°C for one hour and 125°C for one hour.  It was then heated 

to 300°C.  The chalcogen solutions were prepared under a nitrogen atmosphere by 

combining 0.8 mmol of Te (200 mesh, 99.8%, Aldrich) or Se (99.99%, Aldrich) powder 

with 2.5 mL trioctylphosphine (TOP) (97%, Strem Chemical), 0.234 mL 

tributylphosphine (TBP) (97%, Aldrich), and 0.349 mL anhydrous toluene (Aldrich).  

The solution was mixed at 125°C for one hour.  The chalcogen-TOP solution was then 

rapidly injected into the Cd-TDPA complex.  The reaction temperature decreased to 

~260°C upon injection and then was dropped to 250°C and held there for 30 minutes.  

The solution gradually darkens as growth proceeds.  After 30 minutes, the system is 

cooled to room temperature.  Approximately 1 mL of anhydrous toluene was added when 

the solution reached 60°C to prevent solidification.   

The nanorods were cleaned three times by precipitating with ethanol then 

dispersing them into toluene.  It is vital that the rods are not exposed to air during this 

process.  Once clean, the nanorods are dispersed in 15 mL of anhydrous pyridine (99.8%, 
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Aldrich) and stirred overnight at 50°C.  This replaces the TDPA capping ligands with 

pyridine.[5]  Once the ligand exchange is complete, the nanorods are precipitated again 

using hexane as the antisolvent.  The nanorods are then dissolved in ~3 mL of pyridine 

by ultrasonication creating a solution with concentration between 25 and 50 mg/mL.      

 An alternative method based on the work of Shieh et al was also employed.[6]  It is 

very similar to that described above with three small differences.  First, the Cd-TDPA 

complex is not allowed to age.  Injection of the chalcogen follows immediately the 

reaction of CdO and TDPA.  Second, the temperature is kept constant at 300°C for CdTe 

and at 260°C for CdSe.  Finally, the chalcogen solution is injected in five 0.5 mL 

increments spaced 2 minutes apart.  Following the final injection the reaction is 

immediately cooled.  Cleaning and ligand exchange proceed as normal.    

 

5.2.2  Solar Cell Fabrication 

The solar cell device structure evolved over time to better suit the synthetic 

methods available for its fabrication.  The photoactive region is a simple bilayer that 

utilizes the band offset between CdTe and CdSe to form a type II heterojunction.  The 

band offsets for a CdTe and CdSe device with Al top contacts can be seen in Figure 5.1.  

The device layering is similar to that employed by Alivisatos.[5]  A cross-sectional 

diagram can be seen in Figure 5.2.  Indium tin oxide (ITO) coated polished float glass 

slides measuring 25 x 25 x 0.7 mm with a sheet resistance of 4 – 8 Ω (Delta 

Technologies, Limited, part no. CG-411N-0107) were cleaned by oxygen plasma at 300 

W for 10 minutes.    The active layer was then applied (discussed below).  The active 
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layer was annealed at 200°C for 15 minutes then vacuum dried at <10-6 mbar for 12 h to 

remove excess solvent.  Three individual devices 4 mm in diameter were defined by 

evaporating 200 nm of Al or 80 nm Ca with 120 nm Al through a shadow mask.  The 

three devices were positioned to avoid defects in the active layer, as determined by visual 

inspection.  Finally, a small drop of H20 Epo-Tek silver conductive epoxy (Ted Pella, 

Inc.) was carefully applied the metallic top contacts and hardened at 100°C for 1 hour.  

This provides a stable surface with which to make electrical contacts.  

 

 
Figure 5.1:  An energy diagram of the valence and conduction band of CdTe and CdSe  

along with the work functions of the ITO and Al electrodes to help 
illustrate the type II charge-transfer function formed in the typical solar 
cell.   
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Figure 5.2: Schematic diagram of a) the device layers for the nanorod heterojunction  

solar cell and b) a top down view of the three devices oriented on a single 
substrate.  

 
 
5.2.2.1 Active Layer Preparation by Spin Casting 

After synthesis, the highly concentrated nanorod solutions were ultrasonicated for 

a minimum of 30 minutes.  The solutions were then centrifuged at 8000 rpm for 8 

minutes to remove contaminants and insoluble materials.  The photoactive bilayer was 

created by first spin casting a thin film of CdTe onto the as prepared ITO substrates.  

Table 5.1 shows the layer thickness that resulted from various spin rates for nanorod 

solutions with concentrations of either 25 or 50 mg/mL.  The target thickness was 100 nm 

for each layer.  It was found that higher spin rates resulted in smoother films, so effort 

was given to produce solutions with as high a concentration as possible.  Before the CdSe 

layer was added, the CdTe film was annealed at 200°C for 15 minutes to stabilize the 

layer.  A second film of CdSe was then cast in the same manner.     

For some experiments, a hole transport layer of Baytron P VP AI 4083 

PDOT:PSS (H.C. Stark) was spun onto the ITO first.  In organic photovoltaics this layer 
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would facilitate hole transport to the electrode and provide a better surface for subsequent 

layer addition.[7-9]  The PDOT:PSS solution was mixed in a 20:1 ratio with isopropanol 

and passed through a 0.2 µm Teflon filter (Millipore).  A ~50 nm film was then deposited 

on the ITO substrate by spin coating at 1500 rpm for 3 minutes.  The layer was cured at 

120°C under vacuum overnight.  Active layer addition by spin coating proceeded as 

normal.  The PDOT:PSS layer is water soluble and therefore incompatible with LB 

trough stamping.           

 
25 mg/mL 50 mg/mL 

Spin Rate (rpm) Layer Thickness (nm) Spin Rate (rpm) Layer Thickness (nm) 

500 150 800 200 

750 100 1000 150 

850 90 1200 100 

  1500 90 

Table 5.1:  Layer thicknesses for various spin rates and concentrations. 

 

5.2.2.2 Active Layer Preparation by LB Trough Stamping 

  Langmuir-Blogdett (LB} troughs have long been used to deposit molecular and 

more recently nanocrystal monolayers.[10,11,12]  A KSVmintrough (KSV Technologies) 

was used to gradually build the active layers by repeated stamping of these nanorod films 

onto the ITO substrate.  In this manner a finer control of the active layer thickness and 

composition was achieved.  Single, complete nanorod monolayers were deposited on the 
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water surface of the LB trough by dropwise addition of the nanorod solutions prepared 

and processed as described above. The nanorod layer was then compressed to half its 

original area to ensure a complete film.  For LB stamping, the ITO substrate was 

mounted on the dipping arm near parallel to the surface of the water (but not exactly 

parallel as this would entrap air).  A diagram of the stamping setup can be seen in Figure 

5.3a.  The substrate was lowered into contact with the water surface.  This must be done 

at a speed slower than the movement of the meniscus across the device surface.  Once the 

surface is completely coated the device was slowly withdrawn and the nanorod 

monolayer transferred to the device.  This process can be seen in Figure 5.3b-d.  The 

excess water on the device was carefully siphoned off and then completely dried under 

gentle airflow.   The LB trough was then prepared for subsequent stamping.  The barriers 

were opened to their original positions.  This decompresses the layer and creates gaps in 

the film.  More nanorod solution was added to the center of the trough directly below the 

dipping arm.  The spreading of this solution on the surface sweeps to the edge any 

remnants of the previous film.  This ensures a complete single layer will be transferred to 

the device even after multiple stampings and without having to disassemble and clean the 

LB trough between each run.  Typically, 6 layers of each CdTe and CdSe were stamped 

to form each device.    
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Figure 5.3:  Schematic showing the device substrate orientation on the LB trough dipping  

arm (a) and the process of nanorod monolayer transfer by the stamping 
method (b-d).  

 
 
 
5.2.3 Solar Cell Characterization 

The current-voltage (IV) characteristics of the photovoltaic devices were 

measured using a Karl Suss PM5 probe station connected to a Keithly 4200 DC 

Characterization System both in the dark and under illumination by a Nikon NI-150 high 

intensity illuminator with fiber optic connection to the probe station.  The short circuit 

current (ISC) and open circuit voltage (VOC) were determined from the IV curves.  When 

applicable, the optimal operating conditions for the circuit (IM and VM) were determined 

from the I-V curves.  From this the fill factor (FF) figure of merit was found by  
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     FF = (IMVM)/(ISCVOC)      (1) 

Because of long delay times within the devices, current data at 0 V bias was collected as 

a function of time under alternating light and dark conditions.  

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Effect of Nanorod Synthesis Methods 

Initial experiments utilized CdTe and CdSe nanorods produced by the method of 

Shieh et al described above.[6]  This process produced high yields of monodisperse 

nanorods.  However, the long term stability of the product was lacking. The multiple 

precipitations used to clean the nanorods caused large portions to drop out of solution.  

Only ~10% of the nanorod product remained soluble following the pyridine ligand 

exchange.  These problem were successfully addressed by using the Peng method.[4]  A 

representative TEM image of the nanorod product can be seen in Figure 5.4.  The 

capping ligand for CdX nanorods is considered to be TDPA, but both TOP and TOPO 

can act as stabilizing agents, albeit much weaker than TDPA and easily removed during 

cleaning.  The Peng method increased the proportion of Cd atoms complexed with TDPA 

ensuring a higher surface density of TDPA capping ligands that resulted in a more stable 

product.  After cleaning, the quantity of usable rods doubled, and the yield following the 

pyridine ligand exchange increased to 50% 
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Figure 5.4: TEM image of CdSe nanorods. 

 

5.3.2 Effect of the Capping Ligand 

 The electrical properties of nanocrystal thin films are highly dependant on the 

interparticle separation.[13,14]  For photovoltaics, a highly conductive layer is desired, 

which requires interparticle spacing be minimized to promote band conduction and limit 

charge transport by hopping between particles.  This was accomplished by replacing the 

long TDPA capping ligands with the much smaller pyridine molecule.  The result was a 

drastic increase in conductivity and device performance.  Figure 5.5 shows the dark I-V 

curves for devices made from either TDPA or pyridine capped CdTe/CdSe nanorods with 
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Al top contacts.  Better diode behavior was found for the device made with pyridine 

capped rods.  This device had a turn on voltage of approximately 0.5 V and a linear 

response beyond that.  This is indicative of a properly performing diode.  The response of 

the TDPA device is non-linear throughout and requires double the bias voltage to induce 

current of a similar magnitude.  Not only does a large capping ligand create highly 

resistive layers, but fundamentally affects the device characteristics.  A high resolution 

SEM image of the nanorod layer can be seen in Figure 5.6.  Over short areas, the film is 

smooth and clean.   
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Figure 5.5:  Dark I-V scans for TDPA (dashed line) and pyridine (solid line) capped  

CdTe/CdSe nanorod solar cells with Al electrodes. 
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Figure 5.6:  HRSEM of surface of a 80 nm CdSe nanorod film layered on a 100 nm CdTe  

nanorod film.   
 
 
 The use of pyridine capped nanorods in the fabrication of the device has its 

drawbacks.  Application of the films by spin casting requires concentrated solutions of 

highly soluble nanorods.  If the particles are not well solvated, they will agglomerate and 

fall out of solution as the solvent evaporates.  This results in large particulates that create 

numerous defects in the film.  Pyridine provides the films with desirable electrical 

properties, but is a weaker capping ligand than TDPA.  Indeed, the pyridine capped 

nanorod solutions require constant ultrasonication to prevent agglomeration.  It would be 

desirable to spin cast solutions of TDPA capped rods to ensure better quality films.  To 

this end we investigated the possibility of ligand exchange post film deposition.  

Hydrazine is a Brönsted base that can react with and remove the acidic TDPA 

molecules.[15]  Treatment of thin films of oleic acid capped PbSe nanocrystals resulted in 

200 nm 
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~10 order increase in their conductance.[13]  Figure 5.7 shows the dark I-V scans of a 100 

nm film of TDPA capped CdTe nanorods before and after treatment in a 1 molar solution 

of hydrazine in acetonitrile.  The result is almost 3 orders of magnitude increase in 

conductance.  This increase is smaller than what was reported for PbSe because we used 

a much thicker film, and the hydrazine did not penetrate the entire layer.  However, this 

does show the promise of hydrazine as post layering treatment.  In fact, TDPA capped 

rods are also more conducive to LB trough stamping.  Since these layers are applied one 

monolayer at a time, hydrazine treatment would be highly effective if performed between 

each stamping.     
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Figure 5.7: A comparison of dark I-V characteristics between TDPA-capped CdTe only  
devices with (hollow circles) and without (sold squares) hydrazine 
treatment.  Inset: detail of the I-V curve for the untreated sample. 
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5.3.3 Effect of PDOT:PSS Hole Transport Layer 

Despite the diode character exhibited by pyridine based devices, none generate a 

significant photocurrent under illumination.  Figure 5.8 shows typical I-V curves for a 

device in the dark and under illumination.  There is a small increase in the current at 

positive and negative biases indicative of photogenerated carriers, but there is no 

noticeable shift in ISC.  This indicates that electron-hole pairs are being created, but they 

are not being separated across the device.   
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Figure 5.8:  I-V scans of a typical pyridine capped CdTe/CdSe nanorod device with Al  

electrodes in the dark (solid line) and under illumination by the probe 
station light set to maximum (dashed line). 
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In Ref. 5, the ITO surface work function was modified with a 2 Å layer of highly 

resistive Al2O3.  Though the purpose of this layer is not explicitly stated, it is likely that 

the layer reduces shunting losses and enables a high photovoltage.[16]  We investigated 

the use of a hole transport layer on device performance by spinning a thin film of 

PDOT:PSS onto the ITO prior to active layer addition.  As expected, the addition of a 

low mobility organic layer drastically reduced the conductivity of the device (see Figure 

5.9).  However, the inset of Figure 5.9 shows the PDOT:PSS layer addition shifted the 

diode turn on voltage from ~0.5 V to ~1.0 V and decreased the reverse bias leakage 

current. 

-1.00E-02

-5.00E-03

0.00E+00

5.00E-03

1.00E-02

1.50E-02

2.00E-02

2.50E-02

3.00E-02

3.50E-02

-2 -1.5 -1 -0.5 0 0.5 1 1.5 2

Bias, V

C
ur

re
nt

, A

-1.00E-05

0.00E+00

1.00E-05

2.00E-05

3.00E-05

4.00E-05

-2 -1 0 1 2

Bias, V

C
ur

re
nt

, A

 
Figure 5.9:  Dark I-V scans of pyridine capped CdTe/CdSe devices and Al electrodes  

with 50 nm PDOT:PSS hole transport layer (dashed) and without (dark).  
Inset: detail of the I-V scan for the device with PDOT:PSS. 
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It was hoped that the PDOT:PSS layer would provide a greater impetus for charge 

extraction, but Figure 5.10 shows that the PDOT:PSS layer neutralizes much of the 

photoconductive effect seen for nanorod only devices.  It was concluded that the 

PDOT:PSS layer did not solve the major problem of charge separation and extraction.   
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Figure 5.10:  I-V scans of a pyridine capped CdTe/CdSe nanorod device with Al  

electrodes and a PDOT:PSS hole transport layer in the dark (solid line) 
and under illumination by the probe station light set to maximum (dashed 
line). 

 

 The PDOT:PSS layer did increase the turn on voltage.  This benefit was greatly 

outweighed by the decrease in conductivity.  Calcium electrodes have been shown to 

provide some of the same benefits in previous devices.  Calcium has a work function of 

2.9 eV and could decrease leakage current as well as increase the turn on voltage.  
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However, devices fabricated with 100 nm Ca / 300 nm Al top contacts showed no 

increase in turn on voltage or photogenerated current versus Al alone.  Figure 5.11 shows 

dark I-V curves for both Al only and Ca/Al top contact devices.  The small difference in 

current at high bias was not shown to be significant.  This provides further proof that the 

quality of the nanorod films is the controlling factor in device performance. 
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Figure 5.11:  Dark I-V scans of CdTe/CdSe nanorod devices with Al electrodes (dashed  

line) and Ca/Al electrodes (solid line). 
 
 

 I-V scans of the devices revealed no photocurrent.  However, careful observations 

showed that the devices take a long time (up to several minutes) to reach a steady state 

after a bias was applied.  For this reason, current was measured as a function of time at 0 
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V bias under alternating dark and light conditions.  Figure 5.12 shows that there is a short 

circuit photocurrent of 725 nA generated.  This current is extremely small, and was easily 

masked by the charge accumulated during IV curve voltage sweeps.  A detailed IV sweep 

was made between -0.05 V and 0.05 V with a 30 second integration time for each 

measurement.  Figure 5.13 shows the device to behave ohmically in this region.  A close 

up view of the origin shows that the device has ISC of ~700 nA and a VOC of ~2 mV.  This 

is an insignificant amount of power generated, but it shows that the device is capable of 

behaving as a photovoltaic.  The fill factor for any Ohmic curve is by definition 25%.  

The reason for the poor performance may be found in the Ohmic nature of the I-V curve 

in this region.  We propose that there exist pinhole leaks in the active layer.  At low 

biases and therefore low currents, the preponderance of carriers will pass through these 

shorts.  However, as bias is increased, more and more carriers pass through the complete 

bilayer device until the diode becomes the dominant character.  Further research in this 

area will require the fabrication of more complete nanorod films.       
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Figure 5.12:  Current measured over time under alternating dark and light conditions at 0  

V bias for a pyridine capped CdTe/CdSe device with Ca/Al top contact. 
 

 
Figure 5.13:  Detailed I-V scans of a pyridine capped CdTe/CdSe device with Al top  

contact both with (dashed line) and without (solid line) illumination.    
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5.3.4 Solar Cell Devices Formed by LB Trough Stamping 

 Photovoltaic device fabrication using LB trough stamping produced similar 

results as spin casting.  Figure 5.14 shows a comparison between the dark I-V behavior of 

a stamped and spun cast device.  The stamped device has less diode character, indicative 

of incomplete layers.  It was found that complete monolayers of pyridine capped 

nanorods will not effectively wet a substrate that already has a layer of nanorods on it.  

This was assuaged by stamping before the layer was completely dry, i.e. when there was 

still some pyridine solvent in the film.  However, this made each layer slightly less than 

complete.  As the excess solvent dried, it formed vacancies in each film.  This problem 

can be resolved by using TDPA capped particles, or by tailoring the surface chemistry of 

the layers to better accept new layers. 

 

 



 100

-0.002

0

0.002

0.004

0.006

0.008

0.01

0.012

0.014

-1 -0.5 0 0.5 1 1.5 2

Bias, V

C
u

rr
e
n

t,
 A

 
Figure 5.14: Dark I-V scans of pyridine capped CdTe/CdSe devices with Ca/Al top  

contacts fabricated by spin casting (dashed line) and LB trough stamping 
(solid line). 

 
 

5.4 CONCLUSIONS 

 Though an operational solar cell has not yet been made, the results presented 

above provide a solid foundation for further progress towards that goal.  We’ve shown 

that successful fabrication of thin film solar cells from colloidal solutions of 

semiconductor nanorods by spin casting is a delicate operation highly dependant on the 

properties of the nanorods.  The nanorod synthesis method must be carefully chosen to 

maximize the stability and solubility of the product.  Conversely, achieving good 

electrical behavior requires the interparticle spacing within the film be minimized, which 

requires the use of smaller but less stable capping ligands.  It may be possible to 
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neutralize this trade off by removing the large TDPA capping ligands post spin casting 

using hydrazine.  This method is particularly promising for active layers formed by LB 

trough stamping.  It may be possible to improve device performance by carefully 

tailoring the work function of the electrodes, but organic PDOT:PSS is not effect at 

accomplishing this.  Careful electrical testing showed a maximum ISC of 725 nA with a 

VOC of 2 mV.  Further increases in efficiency will require complete films without pinhole 

leaks by continued refinement of the fabrication methods.  This may be accomplished 

through sintering of the nanorod films using a CdCl2 assisted anneal.[17]  Following the 

successful fabrication of the first solar cell, numerous nanomaterials of interest, such as 

nanoparticles of PbSe and PbS, and nanowires of Si and Ge, can be studied in 

photovoltaic applications.  
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Chapter 6: Conclusions and Outlook 
 
 
 
6.1: CONCLUSIONS 

Semiconductor nanowires are and will continue to be the subject of intense 

research because of their unique electrical, optical and mechanical properties.  They 

represent an important class of 1-dimensional materials that can serve as building blocks 

in bottom-up constructed sensors, integrated optical devices, and functional logic devices.  

In addition, nanowires are ideal experimental subjects for exploration of fundamental 

quantum mechanical concepts.  Before nanowire technology can realize its potential, 

synthetic methods that provide control over the size, shape, composition, and crystal 

structure must be developed.  Several methods have been proposed: including template 

growth, oxide assisted growth, and growth via the vapor-liquid-solid (VLS) mechanism.  

Among these methods, VLS-growth provides the most control over the size and shape of 

nanowires of almost any semiconductor material.  Applications that utilize the VLS-

mechanism can be divided into two basic categories, (1) high-temperature high-vacuum 

vapor phase reactions, and (2) low-temperature solution phase reactions.  While higher 

purity product can be produced by vapor-phase reactions, the technique is limited 

because of high cost and low throughput.  Solution-phase reactions are more economical, 

but limited in the number of semiconductor materials they can produce.  Recent work has 

sought to combine the desirable aspects of these two methods by doing high-temperature 

solution-phase reaction in supercritical fluids.  In 2000, Holmes et al. demonstrated the 
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feasibility by producing Si nanowires in supercritical hexane.  Hanrath showed that 

SFLS-growth is generally applicable by producing Ge nanowires.  The primary objective 

of the research presented in this dissertation was to further explore the applicability of the 

SFLS-mechanism by synthesizing nanowires of the binary III-V semiconductors GaAs 

and GaP. 

 

6.2 NANOWIRE SYNTHESIS 

 The groundwork laid by Hanrath et al. during his study of Ge nanowire synthesis 

provided an ideal starting point for investigation into the production of more complex 

semiconductor systems.  The main challenge and point of differentiation was engineering 

the SFLS process to accept a third reactant.  Si and Ge nanowires were produced by the 

reaction of an organosilane or organogermane with alkanethiol-stabilized gold 

nanocrystals.  The production of GaAs and GaP nanowires required two precursors (a 

brief effort to produce single source precursors proved too cumbersome).  This added 

complexity proved to be the main factor in the engineering of these reactions   

 The first step undertaken was the identification of suitable Ga and As precursors.  

As reported in Chapter 2, the experimental apparatus was a semibatch process that used 

hexane as the solvent.  This limited the choice of precursor to those soluble in hexane.  

Initially, GaCl3 and As(SiMe3)3 were used.  Experiments with these precursors showed 

the production of GaAs nanowires is highly temperature dependant, with best results at 

500°C.  However, high yields of high quality nanowires could not be produced.  This led 

to the use of (tBu)3Ga as the Ga precursor.  Yields of 60% were achieved by reacting 
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As(SiMe3)3 and (tBu)3Ga in the presence of 7 nm dodecanethiol-stabilized gold 

nanocrystals nanowires in hexane at 500°C and 37 MPa (Tc=507.5 K; Pc=3.01 MPa).  

Gallium arsenide nanowire diameters ranged from 8 to 60 nm with an average diameter 

of approximately 25 nm and average length exceeding tens of micrometers.  Similar 

results were obtained for the production of GaP nanowires at the same reaction 

conditions by merely substituting for As(SiMe3)3 the phosphorous corollary P(SiMe3)3 

(see Chapter 3).     

We found that the precursor degradation kinetics must balance with the rate of 

heterogeneous precursor consumption by the seed particles. For example, GaCl3 and 

As(SiMe3)3 undergo a rapid dehalosilylation reaction that liberates GaAs too quickly to 

produce high quality nanowires by SLFS.  By using the less reactive combination of 

(tBu)3Ga and As(SiMe3)3 precursor degradation was no longer spontaneous, but 

thermally controlled.  This provided the balanced kinetics needed for high yield nanowire 

formation with limited particle growth.  In addition, successful GaP nanowire synthesis 

required that the precursors be injected at a slower rate compared to GaAs reactions in 

order to balance with the slower growth rate of GaP nanowires.  Furthermore, poor 

quality short nanowires resulted from the use of smaller (~4 nm) Au nanocrystals as a 

result of slower nanowire growth. 

The balance of precursor degradation with nanowire growth is common concern 

for all SFLS grown nanowires, including Si and Ge.  However, binary semiconductor 

systems have the added requirement that the degradation rates of the each precursor be 

balanced.  This condition was met for GaAs nanowire synthesis, but for GaP nanowires 
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produced by SFLS a difference in decomposition kinetics between the phosphorus and 

gallium precursors resulted in the accumulation of free Ga metal.  Excess Ga can 

accumulate at the tips of growing nanowires and can even seed new nanowires.  A series 

of reactions were carried out under three different conditions to determine the role excess 

Ga plays in the nanowire growth: one used no Au nanocrystals, one was performed at 

550°C with a 3:1 P(SiMe3)3:(tBu)3Ga mole ratio, and a third used a very high gold: 

precursor mole ratio of 10:1.  It was found that Ga can seed GaP nanowire growth, but 

that the product was of poor quality.  Au nanocrystals are required to obtain high quality 

nanowires, but accumulation of Ga in the seed particle causes the gradual consumption of 

the Au, providing further evidence of the necessity of balancing the kinetics of SFLS 

nanowire reactions. 

 

6.2.2 Nanowire Characterization 

Both GaAs and GaP were revealed by XRD to exhibit the zinc-blende structure. 

Lattice spacings of 0.327 nm for GaAs and 0.316 nm for GaP were measured from 

HRTEM and match well with the (111) spacing for each, confirming that they are indeed 

zinc-blende crystals.  HRTEM reveals that both GaAs and GaP nanowires grow 

preferentially in the <111> direction.  Single GaAs nanowire devices were created and 

the electrical properties measured.  The resistivity varied from wire to wire, ranging from 

cm 1076.1 4 ⋅Ω×  to cm 1064.2 1 ⋅Ω× —in all cases less than the intrinsic value of 107 to 

108 cm⋅Ω .  The low GaAs nanowire resistivity stems from unintentional Si doping, 
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likely from the As(SiMe3)3 precursor.  EDS of both GaAs and GaP nanowires confirms 

the presence of Si, as does an XPS measurement of GaAs nanowires.   

 

6.3 LAMELLAR TWINNING IN NANOWIRES 

 It was discovered that III-V nanowires with <111> growth directions have large 

concentrations of planar {111} twins that bisect the nanowires perpendicular to the 

nanowire growth direction, a phenomena not found in Si or Ge nanowires (though twins 

have been observed running lengthwise in Si and Ge nanowires with <112> growth 

directions).  Chapter 4 presents a semi-quantitative model that explains this observed 

difference in twinning between the Group III-V and Group IV semiconductors.  We 

propose that nanowire growth proceeds epitaxially, and that new atomic layers of 

semiconductor nucleate heterogeneously at the three-phase boundary between the wire 

and liquid metal seed and then grow across the entire nanowire cross-section.  These 

heterogeneous nucleates can either form in a normal or twinned confirmation.  The 

energy to form a twin is on the order of kT at room temperature for all the 

semiconductors studied and not a barrier to twin formation.  When imaged by HRTEM 

down a <110> zone axis, the (112) side facet of the nanowire can be observed to convert 

from a (111)A to (111)B surface about a twin.  (112) planes can be thought of as two (111) 

layers followed by a “correcting” step.  Twinning eliminates this correcting step and 

replaces the {112} surface with two lower energy (111)A surface to (111)B sidewall 

surfaces by inverting the lattice symmetry.  (110) planes are not modifiable by twinning 

into lower energy surfaces, so it is thought that twinning occurs by nucleation in contact 
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with a (112) side facet.  In addition, (112) side facets are thought to appear only for wires 

with a significantly large diameter.  Indeed, twins ore not observed in SFLS grown 

nanowires with diameters below 10 nm.   

 When the side facets convert by twinning from (111)A to (111)B, there is a change 

in ν  (a characteristic angle in the surface energy equilibrium at the TPB) from 71° to 

109°.  Extensive research found values for the interfacial energies between the nanowire 

surface and supercritical fluid, eutectic melt and supercritical fluid, and nanowire and 

eutectic melt.  From these the maximum value for ν max that provides thermodynamically 

stable TPB was found based on Young’s equation.  If ν max was not greater than 109°, 

then the liquid seed would not be stable and dewet from the TPB, stopping growth.  It 

was found that ν max was greater than 109° for GaAs, GaP, and InAs, but less for Si and 

Ge.  Thus Si and Ge cannot sustain nanowire growth if a nucleating plane has a twinned 

interface at the tip of the nanowire because the sidewall faceting cannot be 

accommodated by the TPB between the seed particle and the nanowire.   

 

6.4 COLLOIDAL NANOROD SOLAR CELLS 

 Semiconductor nanomaterials have been produced in many forms other than 

wires; including particles, rods, discs, tetrapods, tubes, and springs.  Though their 

properties may vary greatly, careful control of the surface chemistry, either during or post 

production, can render them soluble.  These colloidal nanomaterial solutions make 

possible the fabrication of many devices without the high-temperature high-vacuum 

methods common to most semiconductor processing.  Of particular interest are thin film 
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solar cells.  Chapter 5 provides insight into some important factors the will lead to the 

successful creation of thin film heterojunction solar cells of CdTe and CdSe (or CdS) 

nanorods.  The most common technique for the application of thin films from solution is 

spin casting.  Nanorod solutions must be carefully tailored to be suitable for spin casting.  

Attention must be paid to maximizing the stability and solubility of the nanorods. 

However, there is a trade off between the stability of the nanorods and the electrical 

properties of the deposited films.  This compromise can be alleviated by removing the 

capping ligands with a post deposition treatment.  Ultimately, the methods described here 

produced devices with good diode character, but were unable to produce a measurable 

photovoltaic effect.  This is likely due to the continued presence of defects in the nanorod 

films.  Further refinement of the fabrication methods should provide working solar cells, 

and enable exploration of novel devices made from the myriad of soluble nanomaterials 

available.  

 

6.5 FUTURE DIRECTIONS 

 This research opens up several interesting avenues for further study.  The 

successful production of GaAs and GaP nanowires shows the SFLS process to be 

generally applicable to complex semiconductors, and could be extended to the production 

of GaN, II-VI semiconductor, and ternary semiconductor nanowires.  Heterostructure 

nanowires could be produced by alternating the precursors during the course of a single 

reaction.  Expansion of the SFLS method is dependant on the availability of suitable 

precursors, though.  Organometallic precursors have long been studied for use in CVD, 
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but the unique requirements of solution phase processing creates a need for new 

precursors and better understanding of their degradation kinetics. 

 In situ processing of the nanowires is an area that is still unexplored.  Surface 

passivation of the GaAs nanowires is vital if full advantage is to be taken of the optical 

properties of this direct band gap semiconductor.  Surface traps and oxidation can 

severely limit direct absorption and recombination pathways.  If the nanowires could be 

made soluble, processing of them would be greatly improved.  The creation of simple 

single nanowire devices indicates they are suitable for study in numerous device 

applications.  The presence of twins may limit them in some applications, but the twins 

themselves provide an ideal platform for quantitative study of individually addressable 

defects.  In addition, the twins can be used as a metric for further advances in HRTEM 

study and modeling. 

 The work on colloidal nanorod solar cells is far from complete.  Much more 

refinement of the fabrication process is needed to produce efficient devices.  Avenues for 

approach include post deposition removal of the nanorod capping ligands, sintering of the 

nanorods by a CdCl2 anneal, and modifying the nanorod film surface chemistry to 

facilitate the addition of new layers.  Following this, devices can be made using many of 

the soluble nanomaterials available.  The most interesting may be PbSe and PbS, both of 

which have low band gaps and as nanoparticles have been shown to produce multiple 

excitons from a single high energy photon..       

                  



 112

Bibliography 

 
 
Alivisatos, A. P.  “Semiconductor clusters, nanocrystals, and quantum dots”, Science  

1996, 271, 933-937. 
 
Beerman, N.; Vayssieres, L; Lindquist, S-E.; Hayfeldt, A., “Photoelectrochemical  

studies of oriented nanorod thin films of hematite”, J. Electrochem. Soc.   
2000, 147, 2455-2461. 

 
Bhattacharya, A.; Banerjee, R.; Rata, R.; Kar, S.; Gokhale, M. R.; Shah, A. P.;  

Bhattacharyya, J.; Narasimhan, K. L.; Arora, B. M., “Investigation of 
GaAs nanowires grown vie MOVPE using the Vapor-Liquid-Solid 
technique”, 10th European Workshp on MOVPE PS.1.02, (Lecce, Italy, 
June 2003). 

 
Bozano, L.D.; Carter, S. A.; Scott, J. C.; Malliaras, G. G.; Brock, P. J., “Temperature-  

and field-dependant electron and hole mobilities in polymer light-emitting 
diodes”,  Appl. Phys. Lett. 1999, 74, 1132-1134. 

 
Brust, M.; Walker, M.; Bethell, D.; Schiffrin, D. J.; Whyman, R. “Synthesis of thiol- 

derivatized gold nanoparticles in a two-phase liquid-liquid system”  J. 
Chem. Soc, Chem. Commun. 1994, 270, 801-802. 

 
Cahn, R. W. Adv. Phys. 1954, 3, 363-445. 
 
Cao, Y.; Yu, G.; Zhang, C. Menon, R.; Heeger, A. S., “Polymer light-emitting diodes  

with polyethylene dioxythiophene–polystyrene sulfonate as the transparent 
anode”, Synthetic Metals 1997, 87, 171-174. 

 
Carim, A. H.; Lew, K.-K.; Redwing, J. M., “Bicrystalline silicon nanowires”,  Adv.  

Mater. 2001, 13, 1489-1491. 
 
Chen, H.; Wang, J.; Yu, H.; Yang, H.; Xie, S.; Li, J., “Transmision electron  

microscopy study of psuedoperiodically twinned Zn2SnO4 nanowire”, J. 
Phys. Chem. B 2005, 109, 2573-2577. 

 
Chung, H.; Dudley, M.; Larson, D. J.; Hurle, D. T. J.; Bliss, D. F.; Prassad, V. “The  

mechanism off growth-twin formation in zinc-blende crystals: new 
insights from a study of magnetic liquid encapsulated Czocralski-grown 
InP single crystals”, J. Crystal Growth 1998, 187, 9-17. 



 113

Coleman, N.; Ryan, K.; Spalding, T.; Holmes, J.; Morris, M., “The formation of  
dimensionally ordered germanium nanowires within mesoporous silica,” 
Chem. Phys. Lett. 2001, 343, 1. 

 
Cui, Y.; Wei, Q.; Park, H.; Lieber, C. M. “Nanowire nanosensors for highly sensitive  

and selective detection of biological and chemical species”  Science 2001, 
293, 1289-1292. 

 
Davidson III, F. M.; Schricker, A. D.; Wiacek, R. J.; Korgel, B. A.  “Supercritical  

fluid-liquid-solid synthesis of gallium arsenide nanowires eeded by 
alkanethiol-stabilized gold nanocrystals:  Adv. Mater. 2004, 7, 646-649. 

 
Davidson, F. M.; Wiacek, R.; Korgel, B. A., “Supercritical fluid-liquid-solid  

synthesis of gallium phosphide nanowires”, Chem. Mater. 2005, 17, 230-
233. 

 
Denisov, V. M.; Beletshii, V. V.; Patakhov, A. A., “Study of wetting of gallium  

arsenide single crystals by bismuth and Se-Te melts”, Rasplavy  1998, 2,  
118-120. 

 
Denisov, V. M.; Liaichenok, Yu. A.; Patakhov, E. A., “Wetting off InAs single  

crystals by liquid cchalcogenides and alloys based on them”, Rasplavy 
1988, 2, 120-123. 

 
Dingman, S. D.; Rath, N. P.; Markowitz, P. D.; Gibbons, P. C.; Buhro, W. E, “Low- 

temperature, catalyzed growth of indium nitride fibers from azido-indium 
precursors”, Angew. Chem., Int. Ed. 2000,  39,  1470-1472. 

 
Doherty, S.; Fitzmaurice, D.., “Preparation and Characterization of Transparent  

Nanocrystalline TiO2 Films Possessing Well-Defined Morphologies”,  
Journal of Physical Chemistry  1996,  100(25),  10732-10738. 

 
Duan, X; Huang, Y.; Agarwal, R.; Lieber, C. M. “Single-nanowires electrically  

driven lasers”,  Nature 2003, 421, 241-245. 
 
Duan, X.; Huang, Y.; Cui, Y.; Wang, J.; Lieber, C .M. “Indium phosphide nanowires  

as building blocks for nanoscale electronic and optoelectronic devices:, 
Nature 2001, 409, 66-69. 

 
Duan, X.; Lieber, C. M. “General synthesis of compound semiconductor nanowires”,  

Adv. Mater. 2000, 12, 298-302 
 
 



 114

Dudley, M.; Raghothamacher, B.; Guo, Y.; Huang, X. R.; Chung, H.; Hurle, D. T. J.;  
Bliss, D. F. “The influence of polarity on twinning in zinc-blende structure 
crystals: new insights form a study of magnetic liquid encapsulated, 
Czochralski grown InP single crystals”, J. Crystal Growth 1998, 192, 1-
10. 

 
Fanfair, D. D.; Korgel, B. A., “Bismuth-nanocrystal seeded III-V semiconductor  

nanowire synthesis”, Crystal Growth & Design 2005, 5, 1971-1976. 
 
Filippi, C.; Singh, D. J.; Umrigar, C. J., “All-electron local-density and generalized- 

gradient calculations of the structural properties of semiconductors”, Phys. 
Rev. B 1994, 50, 14947. 

 
Givargizov, E. I. “Fundamental Aspects of VLS Growth”, Journal of Crystal Growth  

1975, 31, 20-30. 
 
Grebinski, J. W.; Richter, K. L.; Zhang, J.; Kosel, T. H.; Kuno, M., “Synthesis and  

characterization ofAu/Bi core-shell nanocrystals: A precursor towards II-
VI nanowires”, J. Phys. Chem. B, 2004, 108, 9745-9751. 

 
Gur, I.; Fromer, N. A.; Geier, M. L.; Alivisatos, A. P. “Air-stable all-inorganic  

nanocrystal colar cells processed from solution”, Science 2005, 310, 462-
465. 

 
Halls, J. J. M.; Picher, K.; Fried, R. H.; Moratti, S. C.; Holmes, A. B., “Exciton  

diffusion and dissociation in a poly(p-phenylenevinylene)/C60 
heterojunction photovoltaic cell”,  Appl. Phys. Lett. 1996, 68, 3120. 

 
Hao, Y.; Meng, G.; Wang, Z. L.; Ye, C.; Zhang, L., “Periodically twinned nanowires  

and polytypic nanobelts of ZnS: the role of mass diffusion in vapor-liquid-
solid growth”, Nano Lett. 2006, 6, 1650-1655. 

 
Hanrath, T.; Korgel, B. A. “Supercritical fluid-liquid-solid (SFLS) synthesis of Si and  

Ge nanowires seeded by colloidal metal nanocrystals”, Adv. Mater. 2003, 
15, 437-440.  

 
Hanrath, T.; Korgel, B. A. “Nucleation and growth of germanium nanowires seeded  

by organic monolayer coated gold nanoparticles”, J. Am. Chem. Soc. 2002, 
124, 1424-1429. 

 
Hanrath, T.; Korgel, B. A., “Chemical surface passivation of Ge nanowires”, J. Am.  

Chem. Soc. 2004, 126, 15466-15472. 
 



 115

Hanrath, T.; Korgel, B. A., “Crystallography and surface faceting of germanium  
nanowires”, Small 2005, 1, 717-721. 

 
Holmes, J. D.; Johnston, K. P.; Doty, R. C.; Korgel, B. A. “Control of thickness 

and orientation of solution-grown silicon nanowires”, Science 2000, 287, 
1471-1473. 

 
Hurle, D. T J. “A mechanism for twin formation during Czochralski and encapsulated  

vertical Bridgman growth of III-V compound semiconductor”, J. Crystal 
Growth 1995, 147, 239-250. 

 
Hurle, D. T. J.; Rudolph, P., “A brief history of defect formation, segregation,  

faceting, and twinning in melt-grown semiconductors”,  J. Crystal Growth 
2004, 264, 550-564. 

 
Huynh, W. U.; Dittmer, J. J.; Alivisatos, A. P. “Hybrid nanorod-polymer solar cells”,  

Science 2002, 295, 2425-2427. 
 
Il’in, Yu. L.; Sorokin, V. S., “Surface tension of gallium phosphide”, Izvestiya  

Akedemii Nauh SSSR, Neorganicheskei Materialy, 1969, 5, 1362-1365. 
 
Johansson, J.; Karlsson, L. S.; Svensson, C. P. T.; Martensson, T.; Wacaser, B. A.;  

Deppert, K.; Samuelson, L.; Seifert, W., “Structural properties of <111>B 
oriented III-V nanowires”, Nature Mater. 2006, 5, 574-580. 

 
de Jong, M.P.; van IJzendoorn, L.J.; de Voigt, M.J.A., “Stability of the interface  

between indium-tin-oxide and poly(3,4-
ethylenedioxythiophene)/poly(styrenesulfonate) in polymer light-emitting 
diodes”,  Appl. Phys. Lett.  2000, 77, 2255-2257. 

 
Kan, S.; Mokari, T.; Rothenberg, E.; Banin, U. “Synthesis and size-dependent  

properties of zinc-blende semiconductor quantum rods”, Nat. Mater. 2003, 
2, 155-158 

 
Kang, Y.; Park, N.; Kim, D., “Hybird solar cells with vertically aligned CdTe  

nanorods and a conjugated polymer”,   App. Phys. Lett. 2005,  86, 113101. 
 
Kazmerski, L. L., “Solar photovoltaics R&D at a tipping point: a 2005 technology  

overview”,  J. of Electron Spectroscopy and Related Phenomena 2006, 
150, 105-135. 

 
Korgel, B. A., “Semiconductor nanowire: Twins cause kinks”, Nature Mater. 2006, 5,  

521-522. 



 116

Korgel, B. A.; Fitzmaurice, D., “Self-assembly of silver nanocrystals into two- 
dimensional nanowire arrays”,  Adv. Mat. 1998, 10, 661-666. 

 
Korgel, B. A.; Hanrath, T.; Davidson, F. M. in Encyclopedia of Chemical Processing  

Vol. 5 (ed. Lee, S.) 3191-3203 (Taylor & Francis, New York, 2006). 
 
Kovar, R. A.; Derr, H.; Brandau, D.; Callaway, J. O., “Preparation of organogallium  

compounds from organolithium reagents and gallium chloride. Infrared, 
magnetic resonance, and mass spectral studies of alkylgallium 
compounds”, Inorg. Chem. 1975, 14, 2809. 

 
Kulish, U. M., “Wetting of substrates of ternary solid solutions based on GaAs by  

liquid metals and their alloys”, Ivestiya Akademii Nauk SSS, 
Neorganicheskie Materialy  1991, 27, 1357-1360. 

 
Law, M.; Goldberger, J.; Yang, P. D., “Semiconductor nanowires and nanotubes”,  

Ann. Rev. Mater. Res. 2004, 34, 83-122. 
 
Lee, D. C.; Hanrath, T.; Korgel, B. A., “The role of precursor degradation kinetics in  

silicon-nanowire synthesis in organic solvents”, Angew. Chem. Intl. Ed. 
2005, 44, 3573-3577. 

 
Li, Q.; Gong, X. G; Wang, C. R.; Wang, J.; Ip, K.; Hark, S., “Size-dependant  

periodically twinned ZnSe nanowires”,  Adv. Mater. 2004, 16, 1436-1440. 
 
Lichter, B. D.; Sommelet, P. Transaction of the Mettalurgical Society of AIME 1969,  

245, 1021-1027. 
 
Lu, N.; Chen, X.; Molenda, D.; Naber, A.; Fuchs, H.; Talapin, D. V.; Weller, H.;  

Mueller, J.; Lupton, J. M.; Feldmann, J.; Rogach, A. L.; Chi, L.., “Lateral 
Patterning of Luminescent CdSe Nanocrystals by Selective Dewetting 
from Self-Assembled Organic Templates”,  Nano Letters  2004,  4(5),  
885-888.    

 
Lu, X.; Hanrath, T.; Johnston, K. P.; Korgel, B. A. “Growth of single-crystal silicon  

nanowires in supercritical solution from tethered gold particles on a silicon 
substrate”, Nano Lett. 2003, 3, 93. 

 
Makinen, A. J.; Hill, I. G.; Shashidhar, R.; Nikolov, N.; Kafafi, Z. H., “Hole injection  

barriers at polymer anode/small molecule interfaces”, Appl. Phys. Lett.  
2001, 79, 557-559. 

 
 



 117

Markowitz, P. D.; Zach, M. P.; Gibbons, P. C.;  Penner, R. M.; Buhro, W. E., “Phase  
separation in AlXGa1-XAs nanowiskers grown by the solution-liquid-solid 
mechanism”,  J. Am. Chem. Soc. 2001, 123, 4502-4511. 

 
McCandless, B. E.; Moulton, L. V.; Birkmire, R. W., “Recrystallization and sulfur  

diffusion in CdCl2-treated CdTe/CdS thin films”, Progress in 
Photovoltaics   1997,  5(4),  249-260. 

 
Mikkelsen, A.; Sköld, N.; Ouattaraa, L.; Borgstrom, M.; Andersen, J. N.; Samuelson,  

L.; Seifert, W.; Lundgren, E.; “Direct imaging of the atomic structure 
inside a nanowire by scanning tunneling microscopy”, Nat. Mater. 2004, 
3, 519 

 
Naidich, Yu. V.; Zhuralev, V.; Krasovskaya, N., “The wettability of silicon carbide  

by Au-Si alloys”, Mater. Sci. Engr. 1998, A245, 293-299. 
 

Naidich, Yu. V,: Perevertailo, V. M.; Obushchak, L. P., “Contact properties of the  
phases participating in the crystallization of gold-silicon and gold-
germanium melts”, Poroshkovaya Metallurgiya  1975, 7, 63-69 

 
“Our Solar Future; the U.S. Photovoltaic Roadmap Through 2030 and Unlimited”,  

Mountain View, CA (2005) 
 
Pan, Z. W.; Dai, S.; Beach, D. B., “Liquid gallium ball/crystalline silicon  

polyhedrons/aligned silicon oxide nanowires sandwich structure: An 
interesting nanowire growth route”, Appl. Phys. Lett. 2003, 83, 3159. 

  
Paulose, M.; Grines, C. A.; Vargese, O. K.; Dickey, E., “Self-assembled fabrication  

of aluminum-silicon nanowire networks”, App. Phys. Lett. 2002, 81, 153. 
 
Peng, Z. A.; Peng, X., “Mechanisms of the shape evolution of CdSe nanocrystals”, J.  

Am. Chem. Soc.  2001, 123, 1389-1395. 
 
Petty, M., 1996, Langmuir-Blodgett Films: An Introduction, Cambridge University  

Press. 
 
Rao, V. M. Scripta Mettalurgica  1973, 7, 1165-1170. 
 
Reid, R. C.; Prausnitz, J. M.; Poling, B. E. The Properties of Gases and Liquids,  

1987, ed. 4, 703. 
 
Ressel, B.; Prince, K. C; Heun, S.; Homma, Y., “Wetting of surfaces by Au-Si liquid  

alloys”, J. Appl. Phys.  2003, 93, 3886-3892. 



 118

 
Saunders, A. E.; Sigman, M. B.; Korgel, B. A., “Growth kinetics and metastability of  

monodisperse tetraoctylammonium bromide capped gold nanocrystals”, J. 
Phys. Chem. B 2004, 108, 193-199. 

 
Shah, P. S.; Hanrath, T; Johnston, K. P; Korgel, B. A., “Nanocrystal and nanowires  

synthesis and dispersibility in supercritical fluids” J. Phys. Chem. B 2004, 
108, 9574-9587. 

 
Shaheen, S. E.; Radspinner, R.; Peyghambarian, N.; Jabbour, G. E. “Fabrication of  

bulk heterojunction plastic solar cells by screen printing”, Appl. Phys. Lett. 
2001, 79, 2996-2998. 

 
Shieh, F.; Saunders, A. E.; Korgel, B. A. “General shape control of colloidal CdS,  

CdSe, CdTe quantum rods and quantum rod heterostructures,” Phys. 
Chem. Lett. B 2005, 109, 8538-8542. 

 
Shpyrko, O. G.; Streitel, R.; Balagurusamy, V. S. K.; Grigoriev, A. Y.; Deutsch, M.;  

Ocko, B. M.; Meron, M.; Lin, B.; Pershan, P. S., “Surface crystallization 
in a liquid AuSI alloy”,  Science 2006, 313, 77-80. 

 
Shvydka, D.; Karpov, V. G., “Modeling of non-uniformity losses in integrated large- 

area solar cell modules”, Conference Record of the IEEE Photovoltaic 
Specialists Conference  2005,  31st  359-362. 

 
Singh, V. P.; Singh, R. S.; Hermann, A. M., “Electro-optical characterization and  

analysis of CuPc-based solar cells with high photovoltage”, Pramana  
2006,  67(1),  67-72 

 
Sirringhaus, H.; Tessler, N.; Friend, R. H., “Integrated optoelectronic devices based  

on conjugated polymers”, Science 1998, 280, 1741. 
 
Smithells, C. J. Metals Reference Book, ed. 5, 944-950 (Butterworths, London 1975). 
 
Sun, B.; Marx, E.; Greenham, N. C., “Photovoltaic devices using blends of branched  

CdSe nanoparticles and conjugated polymers”,   Nano Lett. 2003, 3, 961. 
 
Swanson, R.  Proc. Of the European Photovoltaics Solar Energy Conference – Paris,  

James and James, UK (2004), pp 1078-1082 
 
Takeuchi, S.; Suzuki, K., “Stacking fault energies of tetrahedrally ccoordinated  

crystals”, Phys. Stat. Sol. a 1999, 171, 99-103. 
 



 119

 
Talapin, D. M.; Murray, C. B. “PbSe nanocrystal solids for n- and p-channel thin film  

field-effect transistors:, Science 2005, 310, 86-89. 
 
Talapin, D. V.; Rogach, A. L.; Kornowski, A.; Haase, M.; Weller, H., “Highly  

Luminescent Monodisperse CdSe and CdSe/ZnS Nanocrystals 
Synthesized in a Hexadecylamine-Trioctylphosphine Oxide-
Trioctylphosphine Mixture”, Nano. Lett.  2001, 1, 207 

 
Tang, Q.; Liu, X.; Kamins, T. I.; Solomon, G. S.; Harris, J. S., “Twinning in TiSi2- 

island catalyzed Si nanowires grown by gas-source molecular-beam 
epitaxy”, Appl. Phys. Lett.2002, 81, 2451-2453. 

 
Tatsumi, M.; Hosokawa, Y.; Iwasaki, T.; Toyoda, N.; Fujita, K., “Growth and  

characterization of III-V materials grown by vapor-pressure-controlled 
Czochralski method. comparison with standard liquid-encapsulated 
Czochralski materials”,  Mater. Sci. Eng. B 1994, 28, 65. 

 
Thomas, R. N.; Francombe, M. H. Surf. Sci., “Influence of impurities on the surface  

structures and fault generation in homoepitaxial Si (111) films”, 1971, 25, 
357-378. 

 
Trentler, T. J.; Hickman, K. M.; Goel, S. C.; Viano, A. M.; Gibbons, P. C.; Buhro, W.  

E. “Solution-liquid-solid growth of crystalline III-V semiconductors: and 
analogy to vapor-liquid-solid growth”,  Science 1995, 270, 1791-1794. 

 
Villars, P.; Prince, A.; Okamato, H., Handbook of Ternary Alloy Phase Diagrams,  

ASM International, Ohio (1997) 4, 4423. 
 
Voronkov, V. V., “Processes at the boundary of a crystallization front”,  Sov. Phys.  

Crystallogr. 1975, 19, 573-577. 
 
Wagner, R. S.; Ellis, W. C. “Vapor-liquid-solid mechanism of single crystal growth”,   

Appl. Phys. Lett. 1964, 4, 89-91. 
 
Wang, F. D.; Dong, A. G.; Sun, J. W.; Tang, R.; Yu, H.; Buhro, W. E., “Solution- 

liquid-solid growth of semiconductor nanowires”, Inorg. Chem. 2006, 45, 
7511-7521. 

 
Wang, N.; Tang, Y. H.; Zhang, Y. F.; Yu, D. P.; Lee, C. S.; Bello, I.; Lee, S. T.,  

“Transmission electron microscopy evidence of defec structure in Si 
nanowires synthesized by laser ablation”, Chem. Phys. Lett. 1998, 283, 
368-372. 



 120

 
Wells, R. L.; Self, M. F.; Johanson, J. D.; Laske, J. A.; Aubuchon, S. R.; Jones, L. J.  

“Tris(trimethylsilyl)arsine and lithium bis(trimethylsilyl)arsenide”, Inorg. 
Chem. 1997, 31, 150-157. 

 
Xia, Y. N.; Yang, P. D.; Sun, Y. G.; Wu, Y. Y.; Mayers, B.; Gates, B.; Yin, Y. D.;  

Kim, F.; Yan, Y. Q., “One-dimensional nanostructures: Synthesis, 
characterization, and applications”  Adv. Mater. 2003, 15, 353-389. 

 
Yamamoto, Y.; Yoshi, N.; Shiigi, H.; Nagaoka, T.., “Electrical properties of a  

nanoparticle-networked film”, Solid State Ionics  2006,  177(26-32),  
2325-2328. 

 
Yu, H.; Buhro, W. E. “Solution-liquid-solid growth of GaAs nanowires”, Adv. Mater.  

2003, 15, 416-420. 
 

Yu, H.; Li, J.; Loomis, R. A.; Wang, L. W.; Buhro, W. E. “Two-versus three- 
dimensional quantum confinement in indium phosphide wires and dots” 
Nat. Mater. 2003, 2, 517-520 

 
Yu, Y.; Fan, R.; Yang, P., “Block-by-block growth of single-crystalline Si/SiGe  

superlattice nanowires”, Nano. Lett. 2002, 2, 83. 
 
 

  
 
 
 
 

 

 



 121

Vita 

 

Forrest M. Davidson, III, the first child of Forrest M. Davidson Jr. and Jo Ann 

Marks Trethaway, was born on August 7, 1979 in Charlotte, North Carolina.  From 1995 

to 1997 he completed high school while attending the Governor’s School for Science and 

Mathematics in Hartsville, South Carolina.  From 1997 to 2002 he attended Clemson 

University during which time he spent three semester working as a Process Engineer for 

Celanese Acetate.  He graduated in 2002, cum laude, with a B.S. in Chemical 

Engineering.  In the fall of 2002, he entered graduate school at the University of Texas at 

Austin in the Department of Chemical Engineering and pursued His Ph.D. under the 

supervision of Dr. Brian A. Korgel researching III-V semiconductor nanowires. 

 

 

 

Permanent address: 60 Birdfield Lane,  

Pawley’s Island, SC 29585 

 

 

This dissertation was typed by the author. 

 


