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Semiconductor nanowires are a class of highly anisotropic crystalline materials with 

nanoscale diameters and lengths that range from micrometers to millimeters.  The electronic, 

optical, and mechanical properties of semiconductor nanowires can be considerably different 

than their bulk counterparts, making them attractive for a range of applications including sensors, 

energy storage, and quantum information systems. Solution-based synthesis is a promising 

strategy to produce semiconductor nanowires in a scalable, cost-effective matter. However, many 

solution-based methods are limited in their ability to produce nanowires with increasingly 

complex compositions—including doped, alloyed, and heterostructured architectures—as well as 

to rapidly screen synthetic parameters for combinatorial discovery and optimization. In addition, 

chemistries and growth dynamics can be difficult to track with nanowire syntheses that require 

high temperature and extreme pressure equipment. Moreover, the widespread integration of 
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semiconductor nanowires into devices will also require new methods of assembly as well as 

careful consideration of surface chemistry. After an introduction to current methods of 

semiconductor nanowire synthesis, existing tactics for nanowire assembly, and strategies to 

improve the energy density of lithium ion batteries with group IV nanomaterials, this dissertation 

will cover three main topics related to (i) new synthetic methods for nanowire growth, (ii) a 

novel light-based nanowire assembly process, and (iii) the integration of nanowires into high-

energy-density composite electrodes for lithium ion batteries. 

Herein, we demonstrate a new continuous-flow, laser-driven, nanowire growth process 

that exploits the light absorption of colloidal metal nanocrystals to drive semiconductor nanowire 

growth in an optically accessible reactor on the benchtop, potentially opening the door for both 

rapid screening of synthetic parameters as well as in situ studies of nanowire growth dynamics. 

Investigations of solution-based nanowire growth using this system establish that laser-driven 

syntheses can achieve rapid, on-demand growth of semiconductor nanowires. 

Importantly, the integration of nanowires into future device architectures will require a 

wide range of assembly strategies. While current solution-based nanowire assembly processes 

struggle to create deterministic heterojunctions, here, we demonstrate a novel example of 

nanowire assembly in a high-Prandtl-number organic solvent system, using an optical trap to 

orient, align, and “solder” metal-seeded semiconductor nanowires into periodic axial 

heterostructures.  

Finally, we investigate the role of surface functionalization on the integration of group-IV 

nanowires into high-capacity alloying electrodes for lithium ion batteries. We demonstrate that 

interfacial chemistry affects electrochemical access to different phases of lithiated germanium, 

and by carefully controlling the nanowire surface chemistry, we eliminate the need for the 
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fluorinated electrolyte additives typically required for the stable cycling of group-IV-based, 

lithium-ion battery electrodes. In addition, we demonstrate that by balancing precursor 

decomposition kinetics, alloyed silicon-germanium (SiGe) nanowires can be synthesized through 

supercritical-fluid-based processes, potentially improving the rate capability of high-capacity 

silicon-based electrode materials produced via scalable processes. We anticipate that the 

information gained from these solution-based synthetic methods, assembly techniques, and 

surface chemistry studies will inform synthetic compositional control, elucidate relationships 

between solution-based reaction parameters and emergent properties, and advance the integration 

of solution-grown semiconductor nanowires into next-generation devices. 
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Chapter 1. INTRODUCTION  

1.1 SEMICONDUCTOR NANOWIRES 

Semiconductor nanowires represent a class of single-crystalline materials with small 

diameters—on the order of tens of nanometers—and lengths reaching micrometers or even 

millimeters. These anisotropic semiconductor nanomaterials can exhibit considerably different 

electronic,1–3 optical,4–6 and mechanical7–9 properties than their bulk counterparts. For example, 

quantum confinement along the radial dimension enables band gap modification of nanowires; by 

decreasing the diameter, the band gap increases.10,11 Semiconductor nanowires can also tolerate 

higher tensile and flexural strain than bulk semiconductors.7,8  Moreover, due to their long lengths 

and small diameters, nanowires have a remarkably high surface area. These exemplary properties 

have resulted in a surge of research surrounding the  production and development of nanowires for 

applications such as sensing,12–14 energy conversion,15–19 and energy storage.20–25  

Although the high surface area of nanowires makes them an attractive class of materials 

for a wide range of applications, the viability of semiconductor nanowires to become a disruptive 

technology will greatly benefit from the implementation of scalable nanowire growth processes as 

well as the careful consideration of how nanowire surfaces interact with the intended environment. 

Moreover, development of methods to align and assemble semiconductor nanowires will be 

beneficial for applications that require nanowires in particular orientations and assembled into 

certain structures. 
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1.2 SEEDED-GROWTH OF SEMICONDUCTOR NANOWIRES 

The production of nanowires typically falls within one of two paradigms: top-down or 

bottom up. Top-down processes, such as lithography or wet-chemical etching, are commonly 

used for applications that rely on precise placement and have been widely implemented 

throughout the semiconductor device fabrication industry.26 Although these processes are often 

compatible with existing technologies because they enable precise position of nanoscale 

materials, they also etch bulk semiconductor materials to manufacture nanoscale materials, 

which produces waste.27  

Bottom-up methods offer alternative synthetic routes with distinct advantages. 

Specifically, semiconductor nanowires grown through bottom-up methods have demonstrated 

different mechanical properties8,28 and surface states26 when compared to their top-down 

congeners. Bottom-up processes, such as seeded-nanowire growth, have been demonstrated for 

a vast range of semiconductor compositions through a variety of different experimental 

setups.25,29–37 Moreover, bottom-up processes are considered to be additive, rather than 

subtractive, and generally produce less semiconductor waste than top-down methods. Advances 

within the last few decades have also improved the production scalability of semiconductor 

nanowires, making these materials more accessible for a variety of applications.33,38,39 

1.2.1 Vapor-based semiconductor nanowire growth 

The first demonstration of seeded filamentary semiconductor crystal growth was termed 

vapor-liquid-solid (VLS) growth by Wagner and Ellis in 1964;29 the three phases in the name 

signify the phases of the semiconductor precursor, the metal seed, and the deposited anisotropic 

crystalline semiconductor, respectively.40 In the first demonstration of anisotropic semiconductor 

growth, Wagner and Ellis used gold seeds to grow silicon “whiskers”. The VLS process was then 
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extended to grow nanoscale anisotropic semiconductors, or nanowires.41 The binary phase diagram 

(Figure 1.1) of gold-germanium is helpful to illustrate the VLS growth process,42 though the 

process is transferable to other types of metal-semiconductor material systems.38,43,44 

The VLS growth process begins on the left side of the binary phase diagram at point 1, 

with the solid gold seed. As a vapor-phase germanium precursor is introduced into the chemical 

vapor deposition (CVD) chamber and decomposes, germanium atoms diffuse into the gold seed. 

As more germanium incorporates into the gold seed, the seed eventually reaches the liquidus line 

at point 2, whereupon the solid gold-germanium alloy seed becomes an entirely liquified alloy. If 

the flow of germanium precursor is sustained, then the alloy droplet continues to increase in 

germanium content. Eventually, the liquified alloy reaches a saturation at point 3, whereupon 

crystalline germanium precipitates anisotropically. As soon as a solid crystal of silicon precipitates 

from the liquid alloy droplet, this becomes the lowest energy interface for further crystalline 

germanium precipitation.  

 

 
Figure 1.1. Binary-phase diagram of gold and germanium.42 The dotted red line represents a typical 

reaction temperature for an isothermal gold-seeded germanium nanowire synthesis at 380⁰C. Point 

1 is representative of the gold nanocrystal and acts as the starting point for the nanowire growth 
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process. As germanium atoms diffuse into the gold nanocrystal, we eventually reach point 2, which 

is representative of the saturated, liquid alloy droplet. As germanium content continues to increase, 

the Au-Ge alloy droplet reaches point 3, supersaturation, where precipitation of crystalline 

germanium begins, which facilitates anisotropic semiconductor nanowire growth.  

 

The binary phase diagram depicted here is representative of the bulk gold-germanium system. 

While equilibrium binary phase diagrams are helpful in selecting feasible metal seed-

semiconductor nanowire material systems and reaction temperatures, the high surface energies 

associated with nanoscale systems can result in modified binary phase diagrams.45–47 As the size 

of the alloy droplet is decreased, the semiconductor content increases in the alloy droplet; this 

phenomenon is due to the Gibbs-Thomson effect and can be visualized as a depression of the 

liquidus line.45–47 

The VLS growth process is typically performed in a chemical vapor deposition (CVD) 

chamber and remains one of the most prevalent methods for semiconductor nanowire growth. 

38,48,49 Moreover, VLS nanowire growth can produce complex, axially-50,51 or radially-

heterostructured52–54 nanowires and can also control specific placement55 and orientation of 

nanowires grown vertically from a substrate.56,57 However, nanowire growth via vapor-phase 

precursors typically require vacuum-based processes and often result in only a few micrograms of 

product, making it a difficult process to scale in a cost-effective manner. Without the ability to 

scale new technologies, a gap persists between lab-scale syntheses and commercial viability. 

 

1.2.2 Solution-based semiconductor nanowire growth 

Solution-based nanowire growth processes, such as solution-liquid solid (SLS)33,58–63 and 

supercritical fluid-liquid-solid (SFLS) growth,34,39,64,65 can be treated as mechanistic analogues to 
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VLS, in which semiconductor precursor are supplied in the solution or supercritical fluid phase. 

Using the solution to transport the semiconductor precursor eliminates the need for expensive 

vacuum-based techniques. Solution-based growth has the added advantage of using colloidal 

dispersions of nanocrystals, rather than substrate-based growth, which increases the total reaction 

volume available. As a result, colloidal, solution-based systems produce a much greater yield of 

semiconductor nanowires, likely making these processes more cost-effective to scale.66–68 In 

particular, SFLS-based growth is an attractive method for high-yield production of nanowires due 

to its potential to be run continuously.34,67,69 The temperatures afforded by pressurizing and heating 

low boiling point solvents to their supercritical fluid phase also broaden the range of accessible 

temperatures for chemistries compared to solution-based nanowire growth, which relies on high 

boiling point solvents to access high temperatures at atmospheric pressure. Additionally, the use 

of low boiling point solvents,67 such as toluene, benzene, or hexane, make purification processes 

and surface chemistry reactions considerably easier than SLS-based nanowire growth, which 

require high boiling point solvents to access high temperatures at atmospheric pressure.33,37,58,70  

In addition to considering the scalability of semiconductor nanowire production processes, 

careful consideration of surface chemistry is an important aspect for nearly every application of 

semiconductor nanowires.26,71–73 For bulk semiconductors, etching processes are often used to 

prepare the surface for further chemical functionalization or passivation reactions.74–76 Although 

these types of etching process can be used for nanowires,77 they are not ideal as they add processing 

steps that include the use of harsh acids. Moreover, the multi-step etching process can cause 

degradation of the thin nanowires and decrease the stability of the final surface functionalization.77 

In contrast, in situ thermally-initiated surface functionalization of semiconductor nanowires, 

immediately following SFLS-based growth, prior to oxygen exposure, has resulted in stable 
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organic-monolayer passivated nanowires that are resistant to oxidative and corrosive 

environments.77,78 

1.2.3 Guiding principles for seeded-semiconductor nanowire growth 

Semiconductor nanowire growth involves a dynamic range of phenomena such as heat and mass 

transport, precursor decomposition and crystal nucleation kinetics, and thermodynamics which can 

influence the nanowire growth direction,79–81 growth rate,54,82–84 composition,70,85–87 and  phase.88–

92 Semiconductor nanowires typically grow in a manner that minimizes the total free energy of the 

system. As a result, the growth dynamics are highly dependent on the nanocrystal seed.43,79,93–98 

The triple-phase boundary—located at the interface of the metal seed, the nanowire, and the 

surrounding fluid medium (Figure 1.2)—influences many aspects of nanowire growth. In addition, 

the triple-phase boundary is different for each metal-semiconductor material system due to the 

different surface energies associated with each material system. 

 

 
Figure 1.2. A diagram of the triple phase boundary located at the tip of the semiconductor 

nanowire. The triple phase boundary is the junction of the metal seed, the semiconductor nanowire 

and the fluid-phase precursor. 

 



 

 

7 

 The dynamics at the triple phase boundary are largely governed by the surface tensions at 

the solid-solvent (𝜎SG), the solid-liquid (𝜎SL), and the liquid-solvent (𝜎LG) interfaces. The 

equilibrium contact angle (𝜙0) is defined by Young’s equation:93,99 

 𝑐𝑜𝑠ϕ0 =  
𝜎𝑆𝐺−𝜎𝑆𝐿

𝜎𝐿𝐺
 (1.1) 

In addition to the equilibrium contact angle, the contact angle between the liquid droplet and the 

and the nanowire (θL) is defined by: 

 𝜃𝐿 =  𝜙0 − 𝑣 (1.2) 

Importantly, the contact angle (𝜙) between the growth surface at the tip of the nanowire and the 

liquid alloy droplet can fluctuate during nanowire growth. To maintain nanowire growth, the alloy 

seed must follow the condition that 𝑣 + 𝜃𝐿 > 𝜙0; simply, the contact angle must not drop below 

the equilibrium contact angle, which is dictated by the relative surface tensions.93 After additional 

crystallographic layers have been precipitated from the alloy droplet, the droplet must also be able 

to de-wet from the side of the nanowire in order to allow for continuous nanowire growth. Notably, 

in III-V semiconductor nanowires, the fluctuation of the contact angle enables frequent formation 

of planar twin defects in order to minimize the precipitation of high surface energy facets.4,65,93,100 

For some systems, such as bismuth-seeded group III-V nanowires, the equilibrium contact angle 

is large enough to facilitate planar twin defects without fluctuation of the contact angle.93 To 

engineer the contact angle at the triple phase boundary, the surface tension at the triple-phase 

boundary has been controlled through droplet composition, electric fields, and surface chemistries, 

resulting in directed nanowire growth.80,81,101,102 

Semiconductor nanowires can also be grown from solid seeds through VSS, SSS, and SFSS 

processes.88,103,104 By using a solid seed to facilitate semiconductor nanowire growth, the contact 

angle at the triple phase boundary can be fixed. Minimizing fluctuations of the contact angle 
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through solid-phase seeding has enabled growth of nanowires with much lower defect densities 

compared to the same semiconductor nanowire system grown from a liquid alloy droplet.88,105 

Similarly, while some semiconductor nanowires grown from liquid seeds often have a mixture of 

crystallographic phases (such as wurtzite and zinc blend), using a solid seed to direct nanowire 

growth produced nearly phase pure semiconductor nanowires, favoring the wurtzite phase with a 

lower nucleation barrier.88  Also, the solid seeds are less likely to coalesce during wire growth, 

resulting in a narrower nanowire diameter distribution.104,106,107 While solid-phase seeding 

maintains certain advantages, the growth rates are often much slower, presumably due to low 

solubility or diffusivity of the semiconductor atoms in the solid seed.32,104 

Solution-based nanowire syntheses are also strongly influenced by precursor 

decomposition kinetics.37,65,67,69,92 For supercritical fluid-based syntheses, it is particularly 

important to balance precursor decomposition kinetics as well as the molar ratio of semiconductor 

precursors and metal seeds in order to avoid homogeneous nucleation of isotropic particles.108 In 

supercritical fluid-based synthesis of silicon and germanium nanowires, the precursor 

decomposition kinetics can be influenced by reaction temperature, degree of aryl substitution, and 

solvent choice.67,69,70,108 Both aryl- silanes and germanes undergo disproportionation reactions 

prior to semiconductor nanowire growth. By increasing the degree of aryl substitutions, the rate of 

the disproportionation reaction can be decreased, resulting in a slower supply of semiconductor 

atoms to the metal seed. Similarly, balancing precursor dynamics is important for III-V109 and II-

VI92 nanowires. Importantly, if the precursor decomposition kinetics are too slow in supercritical 

fluid-based syntheses, resulting in slow mass transport of the semiconductor atoms to the seeds, 

the resulting semiconductor nanowires may have a tortuous morphology or  may not grow at all.108 
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As an additional handle to tune precursor decomposition kinetics, the reaction medium can 

be leveraged to influence the disproportionation reaction of aryl precursors.67 Solvents such as 

hexane have shown low (1.4%) yield of silicon nanowires grown with monophenylsilane, whereas 

toluene and benzene, under identical reaction parameters, resulted in a 38% and 63% yield, 

respectively.67  The difference in yield as a function of solvent is thought to be a result of a solvent-

mediation effect during the precursor disproportionation reaction as aryl-silanes decompose to 

liberate silane67.  

 

1.3 CHALLENGES FOR SOLUTION-PHASE SEEDED NANOWIRE GROWTH 

To-date, semiconductor nanowires have been used for cell scaffolds,110–113 sensors,12,38,49,114–116 

photonics,50,117–123 electronics,124–129 quantum computing,130,130–136 energy conversion,18,137,137–145 

and energy storage.20,21,23,25,59,69,70,146,147 For many applications, particularly those that require a 

high mass or volume of nanowires, the ability to produce a high yield at low cost is a major hurdle 

to commercial viability. The development of solution-phase semiconductor nanowire synthesis 

has greatly improved the scalability of semiconductor nanowire synthesis.33,38,66,69 However, there 

are still a number of challenges for solution-grown nanowires. 

Certain capabilities of vapor-based nanowire growth would be desirable to translate to 

solution-based processes. Yet, there still exist synthetic capabilities that have been difficult to 

achieve for both vapor-based and solution-based growth methods. In particular, we would like to 

be able to observe and measure solution-based nanowire growth dynamics, improve complex 

compositional control over nanowires grown through solution-based processes, and assemble 

solution-grown nanowires into larger ensembles and precise hierarchical structures.  
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Additionally, because nanowires have an extremely high surface area to volume ratio, 

understanding how nanowire surface chemistry affects device performance will be important. In 

order for nanowires grown through vapor-based nanowire growth techniques to have controlled 

surface chemistry, additional acid-etching processes are required to remove surface oxides prior 

to any surface functionalization which can compromise the desired surface functionalization on 

the nanowire.74,75,148,149 Supercritical fluid-based nanowire growth methods are uniquely 

positioned to carefully control nanowire surface chemistry through in situ thermally initiated 

surface functionalization.69,77,78 However, the dynamic between surface chemistry and device 

performance, especially after integration into electrodes for battery applications, is not yet fully 

understood. In the following sections, we will expand upon the challenges associated with 

nanowire synthesis and integration and briefly describe some strategies that have been developed 

to address these challenges. 

 

1.3.1 Observing and measuring solution-phase nanowire growth dynamics 

The ability to observe and measure nanowire growth in solution could enhance our 

understanding of solution-based nanowire growth dynamics, potentially broadening the scope of 

synthetic possibilities. Observations during vapor-based nanowire growth, including in situ TEM 

studies,32,150,151 operando infrared spectroscopy,152 and optical scattering,153 have provided us with 

invaluable information towards our fundamental understanding of seeded semiconductor nanowire 

growth. From these studies, the field has developed a better understanding of how certain synthetic 

parameters influence nanowire nucleation kinetics,154 growth rate,54,155 growth direction,94,156 

morphology,157–159 phase selection,89,160 and defect incorporation.161–163 However, major 

differences exist between vapor-based and solution-based nanowire growth that prevent smooth 
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translation of techniques from one method to the other. For example, vapor-based nanowire growth 

occurs over the time scale of minutes to hours, whereas solution-based nanowire growth ranges 

from seconds to minutes. 

Although the faster nanowire growth rate makes solution-based semiconductor nanowire 

growth processes more scalable, it also makes measuring and observing growth dynamics more 

difficult. Moreover, because thermal energy sources used to drive reactions often require resistive 

heating equipment, such as heating nests or heating blocks, and since many reactions require thick-

walled metal vessels to maintain high or low pressure, the reaction solution can be difficult to 

access for in situ measurements. In order to observe solution-based nanowire growth in situ, 

providing alternative energy sources that do not rely on resistive heating or high-pressure/low-

pressure equipment can facilitate tracking of nanowire growth dynamics in solution.164 Expanding 

upon these types of alternative solution-based nanowire growth strategies could enable in situ 

observation of solution-based nanowire growth, providing real-time information, which could in 

turn, provide rapid and iterative feedback to improve synthetic control.  

 

1.3.2 Improving control over solution-grown semiconductor nanowire composition 

A notable challenge of nanowire growth—across both vapor- and solution-based 

syntheses—is the intentional and homogeneous incorporation of dopants. Incorporating dopants 

into semiconductor nanowires serves as a handle to adjust the electronic and optical properties. 

Being able to rationally control the degree of dopants would be beneficial for thermoelectric,139,165 

quantum computing and information,166,167 sensing,12,168 and photonic applications.169–171 One 

tactic to incorporate dopants into nanowires is through ion implantation. While ion implantation 

enables solubility-independent incorporation of dopants, it also risks damaging the integrity of the 
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semiconductor nanowire.172,173 An alternative strategy to incorporate dopants into nanowires is to 

include a post-growth diffusional doping process, which can either involve reacting a dopant-

containing molecule with the nanowire surface174 or epitaxially growing a dopant-containing shell 

and then annealing the nanowires to drive dopant diffusion.175  Such strategies have had mixed 

success and are dependent on the temperature-dependent diffusion coefficient of the dopant atom 

in the semiconductor host lattice. Instead of using post-synthetic doping strategies, incorporating 

dopants during the semiconductor nanowire growth process could potentially result in nanowires 

with a homogeneous distribution of dopants and could also be a more cost-effective strategy to 

produce doped semiconductor nanowires. 

Both vapor- and solution-based semiconductor nanowire growth methods have had some 

degree of success with incorporating dopants during nanowire synthesis, rather than through post-

synthetic processing techniques. One strategy involves selectively choosing a metal seed for 

nanowire growth that also acts as a reservoir of dopant atoms.   A range of metal and alloy 

nanocrystals, such as Mn, Al, Ga, Sn, have been investigated as promotors for semiconductor 

nanowire growth and as sources of dopant atoms to alter the electronic and optical properties of 

nanowires.176–182 However, using the metal seed as a source of dopant atoms is limited to certain 

metal-semiconductor material systems in which the metal is soluble in the semiconductor 

nanowire. Equilibrium phase diagrams are especially helpful for identifying such material systems.  

Dopants can also be incorporated into semiconductor nanowires during growth through a 

dopant-containing molecular precursor by balancing precursor decomposition kinetics and 

precursor solubilities in the metal-semiconductor alloy melt.183 Notably, vapor-based growth uses 

gaseous dopant precursors, which can also diffuse through the nanowire sidewall and contribute 

to an inhomogeneous, radial dopant distribution throughout the length of the nanowire.184 Despite 
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the inhomogeneity associated with in situ doping of nanowires through vapor-based processes,162 

it remains one of the few ways to successfully introduce dopants into semiconductor nanowires 

during growth across group IV,87,182,185–187 II-VI,175,188 and III-V189–191 material systems, for both 

n- and p-type dopants. Introducing dopants into semiconductor nanowires through solution-based 

processes remains limited to a handful of demonstrations such as Mn- and Eu-doped Bi-seeded 

CdS nanowires192 as well as Mn-doped CdSe nanowires.62 This highlights the difficulty associated 

with developing new, solution-based strategies in to synthesize homogeneously doped 

semiconductor nanowires. 

 

1.3.3 Assembly of semiconductor nanowires 

The ability to synthesize nanoscale materials with well-defined size dimensions and compositions 

through solution-based processes has vastly improved over the past few decades and will continue 

to advance as we discover additional methods to control and modify nanomaterial growth 

processes.193 Solution-phase synthesis of nanomaterials has enabled well-defined nanomaterial 

morphology58,63,193–197,197 and surface chemistry69,77,198–200, which is especially important, given the 

high surface area to volume ratio of nanomaterials. However, the ability to assemble 

nanostructures for integration into devices is still somewhat limited, especially in comparison to 

top-down lithographic techniques, which excel at achieving precise placement of 

nanostructures.26,201  

Nanowires grown through vapor-based techniques have an inherent advantage in terms of 

assembly because they are typically grown from substrates, often resulting in aligned vertical 

arrays of nanowires. These types of as-grown, straight, aligned arrays of nanowires, have been 

integrated into devices as light emitting diodes,53,202,203 solar cells,5,204,205 and quantum information 
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applications.206–208 Although the product of aligned semiconductor nanowires can be more easily 

integrated into some devices, the vapor-based growth process is limited in scalability. Nanowires 

grown through solution-based methods are often unaligned and tangled because they are grown 

from metal seeds dispersed in a solvent. While it is possible to simply place a metal nanocrystal-

decorated substrate in a solution-phase reaction,37,146,209 this tactic negates the desirable aspects of 

scalability associated with using to a solution-based, colloidal system. Moreover, the nanowires 

grown from a substrate in solution are often connected to the substrate, but still unaligned. In order 

to integrate solution-grown semiconductor nanowires into the wide range of their proposed 

applications, a variety of assembly processes should exist to fit the different needs of such 

applications. 

To assemble bulk volumes of semiconductor nanowires into macroscopic materials for 

further integration into devices, a number of techniques have been implemented.  Nonwoven 

nanowire fabrics have been produced simply by drop-casting a concentrated nanowire dispersion 

into a trough and allowing the solvent to evaporate.21,210 These types of nonwoven fabrics have 

been integrated as a binder-free negative electrode for lithium ion batteries.21 In addition, 

macroscopic semiconductor nanowire yarns have been produced through light-induced nanowire 

assembly, which used separated photogenerated charge carriers and an applied electric field to 

induce dipoles within the nanowire, facilitating nanowire bundling.211 Flow-assisted 

dielectrophoresis, combined with impedance spectroscopy, was used to simultaneously select 

semiconductor nanowires with favorable electronic properties and to align solution-grown 

nanowires across electrodes.212 Additional techniques to align numerous semiconductor nanowires 

relative to each other include, but are not limited to, contact printing,213–215 dip-coating,216–218 shear 

forces,219,220 and molecular forces.221,222 
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A handful of strategies have been devised to place single nanowires into predetermined 

locations on substrates and within devices. For example, a combination of dielectrophoretic and 

microfluidic assembly was used to achieve precise placement of thousands of single nanowires 

across patterned metal electrodes.223 Additional variations of dielectrophoresis, fluidic assembly, 

and optical traps have been used to systematically place semiconductor nanowires into precise 

locations.224,225 Notably, optical traps, which can provide three-dimensional control over single 

nanoparticles in solution, have been used to pin nanomaterials to specific locations on substrates 

into complex configurations.226  

Despite the impressive feats achieved through alignment and assembly processes to-date, 

challenges remain for nanomaterial assembly, especially for nanomaterials grown from solution 

processes. For example, our ability to create precise heterojunctions and assemble nanomaterials 

into integrated hierarchical structures remains somewhat limited. As more methods are discovered 

to manipulate and place nanowires in specific locations, new developments will push the boundary 

of nanomaterial integration and technological discovery. 

 

1.3.4 Improving the energy density of lithium ion batteries 

Increasing the energy density of energy storage systems remains a major obstacle for the 

widespread adoption and integration of renewable energy in order to address the climate 

crisis.227,228 As we integrate a larger fraction of renewable energy (wind, solar, etc) into our energy 

portfolio to combat the climate crisis, our energy sources will become more intermittent on a daily 

a basis as well as throughout the year.229 Although high energy demands and low energy supply 

can be supplemented with energy provided by fossil fuels, this should be mitigated as much as 

possible. Instead, energy storage systems that can provide energy during times of high demand 
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and low supply will be key to our energy security. Moreover, despite the progress associated with 

implementing renewable energy sources into energy demands of residential and commercial 

sectors, the transportation sector within the United States still sources ~70% of its energy from 

petroleum.230 

Although lithium ion batteries are not as energy dense as petroleum, they are still well-

suited to transform the transportation industry and are already being used in commercial electric 

vehicles.229  For a rechargeable battery, lithium ion batteries have one of the highest energy 

densities when compared to other types of battery technologies. Although lithium ion batteries are 

not as energy dense as petroleum, electric vehicles are still capable of covering the distance of an 

average daily commute (40 miles) and can even traverse over 300 miles on a single charge.231–233 

Currently, carbon-based active materials such as graphite are still the most commonly used 

negative electrode material for lithium ion batteries, due to stability over extended cycling, low 

cost, and reproducibility. However, graphite has a relatively low theoretical gravimetric capacity 

(372 mAh/g) and will likely need to be replaced in order to achieve lithium ion batteries with 

higher energy densities.229 

Group IV materials, such as silicon and germanium, have attracted increasing interest as 

negative electrode materials for lithium ion (Li-ion) batteries.20–22,227,234–238 Silicon and germanium 

have high theoretical gravimetric capacities that are electrochemically accessible at room 

temperature, 3579 mAh/g and 1384 mAh/g, respectively, which are an order of magnitude higher 

than the current standard for Li-ion negative electrodes, graphite.22,238,239 However, both silicon 

and germanium undergo large volume changes (~300%) upon lithiation and delithiation, which 

can cause electrode fracture, deleterious irreversible reactions that trap lithium ions, and loss of 

contact with the current collector.240–247  Nonetheless, the strain and electrode fracture associated 
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with volume changes can be mitigated to an extent by nanostructuring alloying electrode 

materials.20,234–236,248–254  

Nanowires are particularly advantageous for lithium ion batteries due to their ability to 

withstand the large volume expansion associated with lithiation,20,251 which typically results in 

electrode fracture and degradation of bulk or thin film electrodes.235 They are also an archetypal 

geometry for electrodes because they afford a high surface area for fast electrochemical reactions 

and a continuous percolation network for transport.146 In addition to their advantageous material 

and morphological properties, the ability to produce semiconductor nanowires on a large scale 

through supercritical fluid-based processes makes them unique target materials for battery 

applications. However, the instability of typical electrolyte solvents within the voltage window for 

lithium ion batteries can result in recurring parasitic reactions at exposed silicon or germanium 

electrode surfaces, highlighting the criticality of interfacial chemistry for electrode stability.255,256 

 

1.4 DISSERTATION OVERVIEW 

The research included in this dissertation focuses on the development of scalable, solution-based 

production of semiconductor nanowires and the nuanced challenges associated with their 

integration into devices. This work aims to develop new, solution-based semiconductor nanowire 

growth processes to facilitate in situ characterization; to advance strategies for creating 

compositionally complex semiconductor nanowires—both for doped and alloyed semiconductor 

nanowires; and to build on existing assembly strategies to create hierarchical materials from 

semiconductor nanowire building blocks. Lastly, this work aims to understand how surface 

functionalizing semiconductor nanowires affects their performance as the active material in 

negative electrodes for lithium ion batteries. 
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Chapters 2 and 3 will discuss a new method of semiconductor nanowire production which 

uses irradiated, colloidal low-melting point metal nanocrystals as photothermal transducers to 

thermally drive decomposition of semiconductor precursors and simultaneously as seeds to 

facilitate anisotropic growth of semiconductor nanowires. In particular, Chapter 2 will highlight 

the versatility of this photothermally-driven nanowire growth process, demonstrating growth of II-

VI and group IV nanowires from molecular precursors in an optically accessible cuvette on a 

benchtop. Chapter 2 will also demonstrate how this type of laser-induced solution-liquid solid 

growth can be translated to a continuous-flow setup, enabling rapid testing and optimization of 

nanowire growth parameters. In addition, Chapter 2 will discuss recent efforts to use magic-sized 

clusters as single-source precursors for III-V semiconductor nanowire growth.  

Chapter 3 will leverage the ability to grow semiconductor nanowires in solution on the 

benchtop in an optically accessible reactor to study laser-driven, solution-based nanowire growth 

and dynamics via ultra-small-angle X-ray scattering. Moreover, we demonstrate the ability to 

examine the effects of nanocrystal number density and laser power on bismuth-seeded cadmium 

selenide nanowire growth rates. In addition, we demonstrate on-demand, stepwise nanowire 

growth simply by turning the incident irradiation on and off. 

Whereas Chapters 2 and 3 highlight semiconductor nanowire growth through optically 

driven processes, Chapter 4 will discuss a method to manipulate and assemble semiconductor 

nanowires using a laser beam that has been highly focused to form an optical trap. This chapter 

demonstrates the use of an optical trap to align and assemble inorganic nanomaterials in non-

aqueous solvents, broadening the range of temperatures and chemistries possible within an optical 

trap. We then assemble metal-seeded semiconductor nanowire building blocks into hierarchical 
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metal-semiconductor heterostructures via the high temperatures afforded by photonic soldering in 

a high boiling point solvent. 

Chapters 5 and 6 discuss the synthesis of group IV nanowires in supercritical organic 

solvents and their performance as negative electrode active materials for lithium-ion batteries. 

Chapter 5 focuses on the importance of the interfacial chemistry at the germanium nanowire-

electrolyte interface. We show that functionalizing the nanowire surface can improve electrode 

performance without the need for expensive fluorinated electrolyte additives that are typically 

required for stable cycling of group IV materials. In addition, Chapter 5 will demonstrate how 

different slurry processing techniques for highly anisotropic nanomaterials can affect final device 

performance. Chapter 6 discusses recent efforts to improve compositional control of nanowires 

through supercritical fluid-based processes, enabling growth of alloyed silicon-germanium 

nanowires for tunable capacity and rate capability. Chapter 7 will highlight conclusions from these 

studies and expand upon areas of interest for future work.  
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Chapter 2. LASER-DRIVEN SOLUTION-LIQUID-SOLID GROWTH 

OF SEMICONDUCTOR NANOWIRES 

The work presented in this chapter is the result of a highly collaborative project between the 

Holmberg lab and the Pauzauskie lab (UW Materials Science & Engineerng). Dr. Matthew Crane, 

Professor Jim Davis, and Professor Peter Pauzauskie contributed significant efforts towards 

developing heat transport models that enhanced our understanding of phenomena observed in this 

work. 

2.1 INTRODUCTION 

The absorption of light and subsequent energy transfer processes affords a unique handle for 

initiating chemical reactions in a wide range of materials and processes for diverse applications. 

For example, light absorption by photosensitive molecules can be used to initiate 

photopolymerization and photoconjugation to spatially control the chemical and physical 

properties of biomaterials257–259 as well as to control photodegradation for tissue engineering260,261 

and targeted therapeutic delivery.262,263 In addition, light can be used to initiate surface reactions, 

thereby imparting additional functionality to the surfaces of inorganic materials.148,264 In each of 

these examples, the energy from the incident radiation is transferred through a photoinitiator to 

start the chemical reaction or a certain wavelength is chosen to target a specific bond. However, 

light-driven chemical and physical processes are not limited to photosensitizing molecules for 

energy transfer or to directly cleaving bonds; inorganic nanomaterials also participate in light-

driven energy transfer processes, which can be used to initiate chemical reactions153,265–273 and 

phase transformations.274–279 For instance, irradiation of plasmonic colloidal metal nanoparticles 

dispersed in water has been used for solar steam generation as well as for off-grid water 
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purification and medical instrument sterilization.274–276,280–282 In addition, as another example of 

the extreme local conditions that can be created under such energy transfer processes, gold 

nanoparticles can be reshaped under resonant irradiation of their plasmons, which increases their 

temperature above the boiling point of water.283,284 In fact, photothermal heating of dilute 

nanoscale materials can locally superheat water to temperatures greater than 300°C without boiling 

due to the large Young-Laplace interfacial surface pressures that arise due to nanoscale radii of 

curvature.277,285,286 The high temperatures afforded by metal nanocrystal irradiation have been used 

to induce local reaction conditions at the nanocrystal surface that can be costly and inefficient to 

create on the bulk scale, as well as to fabricate inorganic, crystalline nanomaterials.287–289 

Importantly, metal nanocrystals are also commonly used as seeds for the growth of 

anisotropic semiconductor nanowires.38 Typically, semiconductor nanowires are grown via the 

decomposition of a semiconductor precursor and subsequent diffusion of semiconductor atoms 

into a metal nanocrystal seed, which, upon saturation, facilitates nucleation and continued growth 

of an anisotropic, crystalline semiconductor nanowire.290–292 Although semiconductor nanowire 

synthesis typically involves globally heating a reactor system, some reports have used metal 

nanocrystals not only as seeds for semiconductor nanowire growth, but also as local heat sources 

under resonant irradiation to enable precursor decomposition and diffusion.153,272,273 For example, 

irradiating metal nanoparticle-decorated substrates in a modified chemical vapor deposition 

chamber enabled site-specific heating and, ultimately, plasmon-assisted growth of nanowire 

arrays272 as well as single nanowires.153,273 To date, photothermally-driven nanowire growth has 

largely been studied in substrate-based, gas phase reactions, yet the growth of semiconductor 

nanowires in solution through direct laser irradiation of colloidal metal nanocrystals remains 

largely unexplored. 
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A handful of reports have utilized substrate-bound metal nanocrystals to transduce incident 

irradiation into thermal energy to decompose semiconductor precursors for nanowire growth using 

a solution-based carrier phase;293–295 however, for both vapor- and solution-based nanowire 

growth, past work has exclusively focused on irradiating a substrate that has been decorated with 

metal nanocrystals.153,272,273,293–295 While this substrate-based configuration exploits the 

photothermal heating of gold nanocrystals, it lacks the potentially advantageous scalability 

afforded by solution-phase nanowire growth and superheating. Actualizing light-driven, substrate-

free, solution-based nanowire growth could enable continuous flow-based nanowire growth on the 

benchtop, as well as broader access to a range of nanowire chemistries that require high growth 

temperatures, without the need for expensive or niche equipment. 

Here, we capitalize on the unique optical properties of metallic nanomaterials under laser 

irradiation to act as both a thermal energy source and as a growth-directing seed for the synthesis 

of anisotropic semiconductor nanostructures through a bottom-up, one-step, colloidal, solution-

based process. By using metal nanocrystals to transduce incident irradiation into thermal energy, 

rather than globally heating the reaction solvent, we lift reactor design constraints to enable the 

growth of semiconductor nanowires on the benchtop, eliminating the need for specialized, high-

temperature or high-pressure equipment. By using a dispersion of nanocrystals, rather than a metal 

nanocrystal-decorated substrate, we highlight a system in which colloidal nanocrystals irradiated 

with a broad beam can reach the high temperatures (>200°C) required for solution-phase nanowire 

synthesis. This demonstrates a generalizable process for semiconductor nanowire growth that can 

be performed on a benchtop in either batch or continuous operation, for rapid, high-throughput 

screening and parameter optimization during nanowire growth.  
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2.2 EXPERIMENTAL DETAILS 

2.2.1 Materials 

Bismuth (III) chloride (BiCl3, 99.99% trace metals basis), cadmium oxide (CdO, ≥99.9% trace 

metals basis), ethanol (anhydrous, ≤0.005% water), indium (III) chloride (99.999% trace metals 

basis), isopropanol (anhydrous, 99.5%), molecular sieves (3 Å), n-butyllithium (1.3 M in n-

heptane), 1-octadecene (ODE, 90%), oleylamine (90%), oleic acid (degassed, 90%), sodium 

bis(trimethylsilyl)amide (1.0 M solution in tetrahydrofuran), squalane (96%), Super-Hydride® 

solution (1.0 M lithium triethylborohydride in tetrahydrofuran), selenium (Se, <5 mm particle size, 

≥99.999% trace metals basis), tetrahydrofuran (THF, anhydrous, ≥99.9%), toluene (anhydrous, 

99.8%), and trioctylphosphine (TOP, 97%) were purchased from Sigma-Aldrich. 

Diphenylgermane (˃95%) was purchased from Gelest. Poly(1-hexadecene-co-1-

vinylpyrrolidinone) (PHD-co-PVP) was provided by Ashland under the trade name Ganex™ V-

216. Toluene (Certified ACS, 99.8%) was purchased from Fisher. Ethanol (200 proof) was 

purchased from Decon Laboratories. 

 

2.2.2 Bismuth nanocrystal synthesis 

Bismuth nanocrystals were synthesized based on the protocol outlined by Wang, et al.61 A 25 wt% 

solution of PHD-co-PVP in 1-octadecene was dried over molecular sieves for one week. BiCl3 

(2.6×10-2 mmol) was mixed at 800 RPM with THF (570 μL) under nitrogen for forty minutes. The 

solution of PHD-co-PVP in octadecene (6.1 mL) was added to the flask under continuous mixing 

at 900 RPM. The flask was cycled between nitrogen and vacuum three times. Sodium 

bis(trimethylsilyl)amide (825 μL) was injected, and the flask was stirred until a dark orange-brown 
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color was observed (~10 minutes, 1100 RPM). The solution was then heated to 200°C for 17 hours, 

cooled, and then transferred into a nitrogen-filled glove box for storage. Bismuth nanocrystals 

were handled under nitrogen for cleaning. Nanocrystals were washed five times using a 1:4 ratio 

of anhydrous hexanes:ethanol and centrifugation (6800 RCF for 10 minutes) to remove excess 

PHD-co-PVP prior to use for nanowire growth. The resulting bismuth stock concentration 

measured from ICP-AOS was 6.4×10-3 mole elemental Bi/L. The average diameter of the bismuth 

nanocrystal seeds was 52 nm ± 8 nm.  

 

2.2.3 Indium nanocrystal synthesis 

Indium nanocrystals were synthesized using the protocol outlined by He, et al.2 InCl3 (1.4×10-1 

mmol) was measured in the glove box, transferred into a three-neck flask, and attached to a Schlenk 

line. The flask was purged with nitrogen and then transitioned between vacuum and nitrogen 

atmosphere three times. Oleylamine (13 mL) was added to the flask, which was heated to 100°C 

while mixing (1000 RPM) and then placed under vacuum for an additional 45 minutes. The 

mixture was blanketed with nitrogen and further heated to 160°C. A solution of 1.3 M n-

butyllithium in n-heptane (1.3 mL) was injected into the flask, followed by an injection of 1.0 M 

Super-Hydride® solution (300 μL). The reaction was allowed to run for ten seconds, whereupon 

12 mL of anhydrous toluene was injected to cool the solution and quench the reaction. At 50°C, 

oleic acid (400 μL) was added to stabilize the nanocrystals. Nanocrystals were then transferred 

into a glove box and handled under nitrogen for cleaning. Anhydrous ethanol (12 mL) was added 

to the dispersion, which was centrifuged at 4180 RCF 10 minutes. The supernatant was discarded 

and the nanocrystals were washed with a 2:1 ratio of anhydrous hexanes:ethanol three more times. 

The average diameter of the indium nanocrystal seeds was 16 nm ± 2 nm. 
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2.2.4 Photothermal nanowire growth 

Nanowire precursor growth solutions consisting of metal nanocrystals, molecular semiconductor 

precursors, and squalane or ODE, were loaded into a screw-top quartz cuvette in the glove box, 

where the top of the cuvette was lined with Teflon and then wrapped with Parafilm to prevent 

oxidation of nanocrystals. Nanowire precursor growth solutions for each material system are 

described in Table A.1. The cuvette with the growth solution was transferred out of the glove box 

and subsequently irradiated with a polarized near-infrared fiber laser (λ=1070 nm) at a range of 

powers (15-60 W) and times (5-20 minutes). The resulting product was washed with a 2:1 ratio of 

toluene and ethanol, collected by centrifugation at 19,000 RCF, dispersed in toluene, and washed 

two more times.  

For a typical continuous flow-based, photothermally driven nanowire growth synthesis, a 

glass tube with an inner diameter, outer diameter, and length of 4 mm, 5 mm, and 95 mm, 

respectively, was sealed under a nitrogen atmosphere with two small rubber septa. The reaction 

vessel was pre-filled with degassed 1-octadecene to displace all nitrogen prior to injection of the 

nanowire growth solution. The nanowire precursor growth solution, consisting of 60 µL of a Bi 

nanocrystal dispersion (1.34 mmol/L), 750 µL of Cd-oleate (0.15 M),  1.3 mL of TOP:Se (1.0 M), 

and 240 µL of degassed 1-ODE, was prepared in a nitrogen-filled glove box and loaded into a 

syringe. The needle of the precursor syringe was inserted through a rubber septum leading into the 

reaction vessel and the syringe was fixed onto a syringe pump in order to control the flow rate (5 

mL/hr). A second needle was inserted into the other rubber septum on the exit side of the reaction 

vessel, leading to a glass vial used to collect the nanowire product. Prior to injecting the nanowire 

precursor growth solution, the laser was aligned to irradiate the center of the reaction vessel. After 

injecting the glass reactor vessel with the nanowire precursor solution, the reactor was irradiated 
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with a polarized, near-infrared fiber laser (λ=1070 nm) at 5 W. The product was washed with a 

2:1:1 ratio of toluene:chloroform:ethanol, collected by centrifugation at 19,000 RCF, dispersed 

into toluene, and washed two more times prior to sample characterization. 

 

2.2.5 Materials characterization 

Transmission electron microscopy (TEM) images were acquired with a FEI Technai G2 F20 

Supertwin TEM operating with a 200-kV accelerating voltage and were analyzed using ImageJ 

Software. X-ray diffraction (XRD) scans were collected using a Bruker D8 Discover equipped 

with an IμS 2-D XRD detector system and were analyzed using EVA software. Inductively 

coupled plasma optical emission spectroscopy (ICP-OES) was performed with a Perkin Elmer 

Optima 8300 spectrophotometer. UV-vis extinction spectra were collected using an Agilent Cary 

60 UV-vis spectrophotometer. Time-dependent infrared thermal imaging was performed with a 

FLIR A325sc camera using the 0-350°C temperature range setting, and the resulting videos were 

analyzed using ResearchIR software. 

 

2.3 RESULTS AND DISCUSSION 

The contact-free, laser-driven, solution-based nanowire growth process is detailed in Figure 2.1, 

in which a cuvette contains a dispersion of metal nanocrystals and molecular precursors (Figure 

2.1i) for semiconductor nanowire growth. Upon irradiation (Figure 2.1ii), the nanocrystals 

transduce the incident light into thermal energy, which drives the decomposition of molecular 

semiconductor precursors, thereby facilitating the formation of a saturated metal-semiconductor 

alloy that enables seeded nanowire growth (Figure 2.1iii).  
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Figure 2.1. Illustration of contact-free, laser-driven, colloidal semiconductor nanowire growth on 

the benchtop, in a quartz cuvette. (i-iii) The irradiation of colloidal metal nanocrystals with a broad, 

unfocused laser generates heat in solution, which can then be used to drive local chemistry – such 

as the decomposition of molecular precursors – thus enabling the contact-free, solution-based, 

photothermal synthesis of semiconductor nanowires. 

 

 

2.3.1 Low-melting point nanocrystals as colloidal, photothermal transducers 

While numerous studies have examined the heating of metal nanocrystals under irradiation, most 

of these investigations have focused on noble metal nanoparticles, such as gold.274,275,275–

277,277,278,285,286 To examine the potential heating effects afforded by contact-free irradiation of low-

melting point colloidal metal nanocrystals, we irradiated bismuth nanocrystals (Figure 2.2) over a 

range of concentrations, denoted by the optical density of the dispersion at the 1070 nm excitation 

wavelength.  
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Figure 2.2. (a) TEM image of bismuth nanocrystals, (b) histogram of the bismuth nanocrystal 

diameter distribution, and (c) extinction spectra of the bismuth nanocrystals used to synthesize 

Bi-seeded Ge nanowires and CdSe nanowires. 

 

 

Thermographic infrared images of a bismuth nanocrystal dispersion in ODE (OD1070 = 

0.52) in a cuvette under irradiation (Figure 2.3e) demonstrate the photothermal transduction 

characteristics of the colloidal nanocrystals, compared with neat solvent under identical excitation 

conditions (Figure 2.3a). We note that because the quartz cuvette walls absorb the far infrared light 

used in thermographic imaging, the measurement only reflects the temperature of the cuvette 

surface. Thus, the reaction volume is likely at a significantly higher temperature due to heat 

transfer resistances of both the solvent volume and the quartz cuvette walls. As the optical density 

of the Bi nanocrystal dispersion increases, the maximum temperature achieved also increases 

(Figure 2.3, Figure 2.4) whereas the neat solvent temperature increases by a maximum of 17 °C 

under near-infrared excitation (Figure 2.3a). Therefore, the observed temperature increase of the 

nanocrystal dispersions is clearly due to bismuth nanocrystal photothermal transduction.  
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Figure 2.3. Characteristic set of snapshots taken from an infrared thermal imaging camera, 

illustrating the temporal evolution of (a) neat 1-octadecene in a quartz cuvette under irradiation 

with a near-infrared laser (1070 nm, 15 W) and (b-e) the photothermally induced temperature 

distribution of bismuth nanocrystal dispersions (OD1070 = 0.03-0.52) in a quartz cuvette under 

irradiation with a near-infrared laser (1070 nm, 15 W). Temperature labels correspond to the 

maximum temperature recorded in each image.  
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Figure 2.4. Time-dependent temperature profiles for octadecene and a range of bismuth 

nanocrystal concentrations (OD1070 = 0.03-0.52) under 1070-nm irradiation (15 W). 

 

In addition to measuring the bismuth nanocrystal concentration dependence of the 

temperature profile through infrared thermometry, we used COMSOL to model the surface 

temperature of an irradiated cuvette containing a bismuth nanocrystal dispersion (Figure 2.5a-d). 

These numerical solutions accurately predict the surface temperature of the cuvette at low bismuth 

nanocrystal concentrations; however, the predicted temperatures diverge from the experimentally 

measured values at higher nanocrystal concentrations and higher temperatures. Inaccurate 

numerical solutions at higher bismuth nanocrystal concentrations suggest that the model likely 

fails to account for high-temperature effects, such as solvent boiling, Ostwald ripening, or 

coalescence of bismuth nanocrystals, which are not included in the model. With this caveat, the 

numerical model provides an upper bound for the internal temperature profiles and demonstrates 

that the nanocrystals in the center of the cuvette can reach extraordinarily high temperatures at 

steady state (cutaway internal temperature profiles can be found in Figure 2.5e-f). Using an 

analytical solution based on a Mie theory source term, we also calculated the temperatures of single 

bismuth or indium nanocrystals (discussed later) suspended in an infinite bath of the growth 
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solution. Under illumination in this formalism, isolated bismuth and indium nanocrystals heat very 

little relative to the temperature of the overall growth solution, indicating that, at these laser 

irradiances and absorption coefficients, a single nanocrystal may not sufficiently transduce enough 

heat to drive an energy-intensive nanowire growth process. Critically, this observation also 

suggests that the nanocrystals heat via collective absorption and subsequent heat diffusion, which 

is agreement with previous work performed with gold nanoparticles in an aqueous solution under 

irradiation.269,275,280 Thus, the achievable temperature and the ability to drive a nanowire growth 

reaction will depend on many factors, including the concentration of nanocrystals and the 

irradiance. 

 

 
Figure 2.5. (a-d) Surface temperatures of quartz cuvettes with a range of Bi nanocrystal 

concentrations under 1070-nm irradiation, calculated via COMSOL modeling. (e-h) Cross-

sectional temperature profiles of the cuvettes, calculated using COMSOL modeling. 
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2.3.2 Photothermally-driven semiconductor nanowire growth using molecular precursors 

With clear evidence of nanocrystal-generated photothermal transduction via the unfocused, 

collimated irradiation of low-melting-point colloidal metal nanocrystals in dispersion, we then 

incorporated II-VI molecular precursors in an attempt to drive a solution-liquid-solid (SLS) 

nanowire growth reaction. Under irradiation, the bismuth nanocrystals rapidly heated the nanowire 

precursors, facilitating decomposition of the CdSe molecular precursors and successfully driving 

the solution-based growth of bismuth-seeded CdSe nanowires (Figure 2.6a-e).  

 

 
Figure 2.6. Examples of contact-free, solution-based, laser-driven nanowire growth of 

semiconductor nanowire systems with both ionic and covalent character, produced using different 

metal nanocrystal seeds under 1070-nm excitation on the benchtop. (a-e) Narrow-diameter, 

wurtzite-phase CdSe nanowires grown from bismuth nanocrystal seeds with cadmium oleate and 

trioctylphosphine selenide precursors, (f-j) diamond-cubic, bismuth-seeded germanium nanowires 

produced via photothermal decomposition of diphenylgermane, and (k-o) Indium-seeded 

germanium nanowires grown using indium nanocrystal seeds as photothermal heat sources. 
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Nanowire (highlighted with asterisks) and nanocrystal seed materials are indexed in each X-ray 

diffraction pattern. 

 

Infrared thermal images and the associated temperature profiles (Figure 2.7b-d and Figure 2.8) 

show that nanowire growth solution temperatures under irradiation similarly increase with an 

increased concentration of bismuth nanocrystals, while the irradiation of CdSe molecular precursor 

solutions in the absence of bismuth nanocrystals (Figure 2.7a) resulted in limited temperature 

increases and no detectible precursor decomposition or nanowire growth.  

 

 

Figure 2.7. Thermal infrared images of (a) octadecene with CdSe precursors under irradiation 

(1070 nm, 15W) and (b-d) nanowire growth solutions with different nanocrystal concentrations 
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OD1070 = 0.03-0.19) under irradiation (1070 nm, 15 W), showing the evolution of the temperature 

profile in the cuvette. 

 

 

 
Figure 2.8. (a) Thermal infrared time series images of a nanowire precursor solution with bismuth 

nanocrystals at high concentrations (OD1070=0.52) under irradiation (1070 nm, 15W), 

demonstrating the extremely high temperatures achieved by photothermal heating and (b) time-

dependent temperature profiles for different bismuth nanocrystal concentrations (OD1070=0.03-

0.52) with CdSe precursors under irradiation (1070 nm, 15W). 

 

Notably, typical nanocrystal-seeded, SLS-based CdSe nanowire growth processes require 

the use of a Schlenk line and reaction temperatures in the range of 230-350°C;61,296 here, heat 

generated by photothermal transduction enabled the same high temperature process to be carried 

out in a standard quartz cuvette out on a benchtop without additional heating equipment. This is 

emphasized by the fact that the OD1070 = 0.07 cuvette surface only reached a maximum temperature 

of 136°C, but still resulted in the successful growth of CdSe nanowires. This observation confirms 

that the temperature at the nanocrystal-solvent interface is higher than the reactor chamber 

temperature.  

In each of the experiments, the resulting nanowire product rapidly flocculated as soon as 

the laser was blocked. Bright-field TEM imaging (Figure 2.6b-d) clearly demonstrates that laser 

heating did not result in homogeneously nucleated CdSe byproducts upon decomposition. Rather, 

the metal seeds act as growth-directing agents to produce nanowires via a photothermally-driven 
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SLS growth mechanism. Compared to previous two-step, optically-driven II-IV nanowire growth 

processes,295 the CdSe nanowire synthesis performed here was carried out in a single step. TEM 

images (Figure 2.6b-d) highlight the narrow nanowire diameters (7.3 ± 1.9 nm, Figure 2.9) 

achieved via this photothermally-driven process, while high-resolution TEM imaging (Figure 

2.6d) shows that the CdSe nanowires exhibit a <001> growth direction, which is consistent with 

XRD measurements that show an increased intensity of the (002) reflection due to nanowire 

anisotropy (Figure 2.6e).  

 

 
Figure 2.9. Distribution of Bi-seeded CdSe nanowires diameters synthesized by laser-driven 

growth. 

 

While this represents a successful demonstration of solution-based, photothermally driven, 

seeded nanowire growth, the CdSe material system is highly ionic in character, and materials that 

are more covalent in character (such as Si and Ge) typically have higher crystallization barriers, 

and therefore typically require much higher temperatures (>300°C) for nanowire 

growth.33,37,59,65,297,298 Consequently, in order to investigate the versatility and potential scope of 

the photothermally driven nanowire growth process, we also targeted the production of group-IV 

semiconductor nanowires, using the same bismuth nanocrystal seeds to drive the reaction. In this 
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scenario, colloidal bismuth nanocrystals under near-infrared irradiation once again act both as heat 

sources and as seeds for nanowire growth, this time driving the decomposition of diphenylgermane 

precursor to facilitate the optically driven SLS-growth of Ge nanowires (Figure 2.6f-j), without 

the need for a vacuum system, Schlenk line, or supercritical reactor system. Bright-field TEM 

images (Figure 2.6g-i) demonstrate the growth of crystalline Ge nanowires with diameters of 15.6 

± 7.8 nm (Figure 2.10) and a predominantly <111> growth direction, which is characteristic of 

high-temperature growth processes in the Ge material system.299 While XRD (Figure 2.6f) clearly 

shows the presence of both crystalline Bi and Ge, the Bi-seeded Ge nanowires synthesized through 

contact-free photothermal heating were typically observed to have a tortuous morphology, likely 

due to the small volume of solution that was irradiated, and subsequent convection of nanowires 

into and out of the beam.  

 

 
Figure 2.10. Distribution of Bi-seeded germanium nanowire diameters synthesized by laser-driven 

growth. 

 

Since both of the above nanowire growth examples relied on the use of Bi nanocrystals as 

the local heat sources and nanowire growth-directing agents, we then switched to an indium (In) 

nanocrystal system to further demonstrate the versatility of the laser-driven, seeded nanowire 
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growth process. While indium has been used to grow germanium nanowires via vapor-liquid-solid 

(VLS) growth300 and other semiconductor nanowires through modified SLS growth,37 most of this 

work has exploited the low melting point of In to generate In droplets on a substrate from an 

evaporated In thin film. Here, we demonstrate the use of colloidal In nanocrystals (Figure 2.11) as 

photothermal heat transducers under incident near-infrared irradiation to decompose 

diphenylgermane in solution, once again enabling the laser-driven, seeded growth of germanium 

nanowires in a cuvette (Figure 2.6k-o).  

 

 
Figure 2.11. (a) TEM image of indium nanocrystals, (b) histogram of the indium NC diameter 

distribution, and (c) extinction spectrum of the indium nanocrystals used to synthesize In-seeded 

Ge nanowires. 

 

The In-seeded Ge nanowires generated from this optically driven process typically had 

shorter lengths and wider diameters (Figure 2.6k-o, Figure 2.12) than the photothermally grown 

Bi-seeded Ge nanowires. These morphological differences could likely be attributed to the 

markedly lower melting point of In (156 °C) when compared to Bi (271 °C), which could result in 

the rapid coalescence of In nanoparticles upon irradiation, leading to larger seed particles and, 

thus, larger nanowire diameters, in addition to the differences in surface energies and contact 

angles for the two different nanocrystal seeds.  
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Figure 2.12. Distribution of In-seeded germanium nanowire diameters synthesized by laser-driven 

growth. 

 

2.3.3 Photothermally-driven nanowire growth using magic-sized clusters as precursors 

In order to create more compositionally complex semiconductor nanowires, such as doped 

semiconductor nanowires, using a single-source precursor could be advantageous. Strategies to 

incorporate dopants into semiconductor nanowires have traditionally taken the approach of 

balancing precursor decomposition kinetics and solubility in the metal-semiconductor alloy 

droplet. II-VI and III-V semiconductor nanowires provide an additional challenge because their 

synthesis inherently requires balanced reactivities of two precursors: a metallic-element precursor 

and a nonmetallic-element precursor. By using a single precursor, the challenge of balancing 

competing precursor decomposition kinetics can be simplified. Development of single-source 

semiconductor precursors has been widely sought-after, especially for II-VI and III-V nanocrystal 

syntheses.301–304  However, the use of single-source precursors for compound semiconductor 

nanowire growth through VLS,175,302 SLS,301,305,306 and SFLS nanowire growth processes remains 

limited;  notably the single-source precursors used to-date have only been developed for a host 

semiconductor and have not yet included dopants. 
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Here, we use photothermally-driven nanowire growth to rapidly test the potential of indium 

phosphide magic-sized clusters as a single-source precursor for bismuth-seeded indium phosphide 

nanowires. Although magic-sized clusters have been used extensively for nanocrystal syntheses, 

to our knowledge, the use of clusters as single-source precursors for semiconductor nanowires 

remains limited305. Most semiconductor nanowire syntheses—across both vapor- and solution-

based syntheses—have primarily used molecular precursors. Moreover, by using magic-sized 

clusters as an alternative precursor for photothermally-grown indium phosphide nanowires; we 

limit the use of common phosphorus precursors, such as tris(trimethylsilyl)phosphine, which are 

extremely reactive and pyrophoric and pose a safety hazard.  

The indium phosphide nanowires grown from magic-sized clusters have narrow diameters 

(Figure 2.13b-d) and are zincblende phase (Figure 2.13e) with a <111> growth direction, which is 

consistent with other SLS-grown indium phosphide nanowires.33,291 The anisotropy of the 

nanowires is highlighted by the strong (111) reflection at 26.3° and the nearly nonexistent (200) 

reflection at 30.4°. 

 

 
Figure 2.13. (a) Bismuth-seeded indium phosphide nanowires grown from a single source 

precursor through contact-free, solution-based, laser-driven synthesis on the benchtop under 1070-

nm excitation. (b-d) TEM of narrow-diameter, InP nanowires grown from Bi nanocrystal seeds 

using indium phosphide magic sized clusters as a single-source precursor. (e) XRD of the 

zincblende Bi-seeded InP nanowires. Both nanowire (orange, highlighted with asterisks) and 

nanocrystal seed (blue) are indexed. 
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2.3.4 Continuous, laser-driven solution-liquid-solid nanowire growth under flow 

All of these processes generated SLS-grown nanowires at “bulk” ambient temperatures via 

photothermal heating without the use of a Schlenk line, pressure vessel, insulation, or resistive 

heating. In comparison, global resistive heating of a SLS nanowire growth reactor system involves 

an isothermal process in which the reaction vessel and chemical components are at thermal 

equilibrium. In contrast, the high temperatures generated by contact-free, optical heating of the 

metal nanocrystals can rapidly drive nanowire growth without the need for high-temperature 

equipment. In addition to using a quartz cuvette as a reaction vessel, we have also used a simple 

NMR tube combined with an inexpensive, low-power, 808-nm diode (2 W) to grow Bi-seeded 

CdSe nanowires, demonstrating that the optically driven process can be carried out using a variety 

of powers and excitation wavelengths. 

The versatility of this growth strategy naturally lends itself toward the integration of 

spectroscopic methods that could be used to study in situ nanowire growth dynamics. However, in 

all of the above nanowire growth demonstrations—using both quartz cuvettes and NMR tubes as 

reaction vessels—the nanowire growth solution inevitably developed convective patterns due to 

the size of the photothermal heating zone and variations in intensity across the Gaussian laser 

source. In order to realize the greater potential of this contact-free, colloidal nanocrystal-based 

semiconductor nanowire growth process, as a proof of principle, we demonstrate the 

photothermally driven growth of semiconductor nanowires using a continuous-flow reaction 

scheme to circumvent problems associated with free convection (Figure 2.14). We first constructed 

an optically interrogable reaction zone (Figure 2.14a), through which solutions of II-VI 

semiconductor precursors and colloidal nanocrystals can be injected simultaneously. Upon 

irradiation and while under flow, the nanocrystals once again rapidly generated heat to decompose 
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the precursor and seed nanowire growth (Figure 2.14e), eventually exiting the flow cell further 

downstream. Converting this non-contact, laser-driven nanowire growth method into a continuous 

flow process is a further step towards a low-cost, scalable system in which nanowire growth 

dynamics and various growth parameters can be rapidly scanned and spectroscopically probed to 

enable real-time feedback and optimization of material properties. 

 

 

Figure 2.14. Demonstration of continuous, laser-driven nanowire growth under flow. (a) Flow cell 

schematic along with (b-d) associated images of the reaction zone (b) containing only octadecene, 

(c) during injection of Bi nanocrystal seeds (OD1070 = 0.07) and II-VI molecular precursors, and 

(d) after irradiation under flow. (e) Characteristic TEM images of the Bi-seeded CdSe nanowire 

product. (f-h) Snapshots from an infrared thermal imaging camera, showing temporal evolution of 

temperature profiles in the reaction zone of the flow cell after 1 minute, 2.5 minutes, and 5 minutes 

of 1070 nm irradiation under continuous flow (0.05 mL/min). Temperature labels correspond to 

the maximum temperature recorded in each image. (i-k) Measured (solid line) and calculated 

(dashed line) temperature line profiles throughout the flow cell at each time point. 
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To confirm the internal temperature of the flow cell during heating, we analytically 

calculated the temperature profile within the reactor volume during laser-driven nanowire growth 

under flow (Appendix A). We provide details of this derivation and model, which should be valid 

for a wide range of flow rates, in the Supporting Information. At low flow rates, the Peclet number 

is ~1, which means that heat transport via both thermal conduction and fluid flow are important 

and cannot be neglected. The observed axial diffusion of heat both upstream and downstream of 

the incident laser spot (Figure 2.14f-g) clearly reflects this effect. Figure 2.14i-k also shows the 

projected temperature distribution on the surface of the flow cell and the analytically calculated, 

radially averaged temperature. This analysis shows that there is very little radial temperature 

distribution, and, unlike with the cuvette, the infrared thermography images are within 1% of the 

internal temperatures, suggesting that the maximum temperature during growth in the flow cell 

was ~188°C, which is below the typical 230°C temperature used for bismuth-seeded CdSe 

nanowire synthesis. In addition, these results demonstrate that a flow cell geometry may be useful 

for future in situ spectroscopic experiments. We note that analytical temperature distributions of 

both a bismuth-seeded CdSe nanowire and a bismuth nanocrystal (Figure A.1) in an infinite bath 

do not demonstrate appreciable heating above ambient temperatures. Thus, it is possible that the 

decreased temperature requirement for nanowire synthesis could be due to local heating of the 

nanowire caused by exothermic precursor decomposition or hot-electron effects. To examine these 

possibilities, we heated colloidal bismuth nanocrystals in a cuvette and measured the surface 

temperatures with and without CdSe precursors (Figure 2.3d and Figure 2.7d). After 540 seconds, 

the surfaces of the cuvettes containing the irradiated nanocrystal solutions with CdSe precursors 

present were 96°C higher in temperature than cuvettes containing identical nanocrystal 

concentrations but no semiconductor precursors. This demonstrates additional heating associated 
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with the reaction of CdSe precursors, which may accelerate nanowire synthesis. Alternatively, the 

growth of nanowires may generate additional scattering effects that could boost the absorption of 

light. 

Overall, we have demonstrated that we can rapidly generate heat in solution by irradiating 

colloidal, low-melting point nanocrystals such as bismuth and indium. This fast, contact-free 

heating process has been leveraged to drive precursor decomposition and metal-seeded SLS 

nanowire growth. Because these colloidal nanocrystals are dispersed in solution, rather than pinned 

to a substrate, they have the potential to locally superheat the solvent due to the large Young-

Laplace interfacial surface pressure required to nucleate a bubble. As an example of this effect, it 

has been previously demonstrated that irradiation of a single gold nanocrystal in water can produce 

local temperatures greater than 300°C prior to bubble nucleation.277 By utilizing metal nanocrystal 

photothermal transduction to generate heat in this system, the immediate environment near the 

nanocrystal surface likely reaches much higher temperatures than the bulk solvent, potentially 

enabling energy intensive chemical reactions to occur in local proximity to the irradiated 

nanocrystals, without the need to heat the entire bulk solvent or reactor volume. Consequently, the 

use of colloidal metal nanocrystals in solution to transduce light into thermal energy lifts the 

temperature and gas handling requirements of the reactor to a certain extent, possibly also 

capitalizing on collective heating effects,14,26 and thus enables the use of a simple quartz cuvette 

or NMR tube on a benchtop as a reaction vessel. We have explored a range of metal/semiconductor 

combinations in this optically driven process to grow nanowires with both ionic and covalent 

character. In addition to using typical molecular semiconductor precursors, we utilize magic-sized 

clusters as a single-source precursor for SLS-grown nanowires. 
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Moreover, this laser-driven, colloidal reaction system is readily converted from a batch 

process—performed on a benchtop in a cuvette—to a low-cost, scalable continuous-flow process. 

This first demonstration of optically driven nanowire growth in a continuous-flow cell opens a 

range of new potential pathways to rapidly scan new nanowire chemistries as well as optimize 

nanowire growth conditions with real-time feedback through paired spectroscopies and scattering 

measurements. Furthermore, the ability to quickly reach high temperatures near the metal 

nanocrystal seed could potentially enable the nonequilibrium incorporation of semiconductor 

dopants during the nanowire growth process, rather than during an additional post-synthetic doping 

step.  

 

2.4 CONCLUSIONS 

We have demonstrated that the photothermal heating of metallic nanocrystals during 

continuous-wave NIR laser irradiation is capable of synthesizing semiconductor nanowires with 

both ionic and covalent character, in solution under continuous flow conditions. The photothermal 

transduction capabilities of metal nanocrystals were utilized to generate sufficient heat to facilitate 

solution-liquid-solid nanowire synthesis. Because the metal nanocrystals are dispersed freely in 

solution and are heated collectively, they have the potential to reach very high temperatures due 

to Young-Laplace interfacial surface pressures. With further optimization, this optically driven 

nanowire growth process could enable solution-based growth of systems that currently require 

alternative growth methods due to solvent boiling point limitations.  

In addition, photothermal heating makes rapid changes in temperature possible, which 

could facilitate the production of complex, heterostructured nanowires or rational dopant 

incorporation via solution-based methods. By using indium phosphide magic-sized clusters as a 
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single-source precursor for SLS-grown nanowires, we extend the possible routes for dopant 

incorporation into semiconductor nanowires.  

Moreover, because this photothermally-driven process can be performed on a benchtop in 

virtually any chemically resistive, optically interrogable reaction vessel, it could enable the facile 

integration of in situ scattering and spectroscopic techniques for the interrogation of solution-based 

nanowire growth in a variety of different material systems. In addition, the development of 

optically driven nanowire growth under continuous flow could further enable high-throughput 

screening and optimization of solution-based nanowire systems. This growth strategy will also 

likely open a pathway to the study of single-particle nanowire growth dynamics in solution through 

the implementation of an optical trap and orthogonal scattering or spectroscopic measurements.  
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Chapter 3.    STUDYING THE DYNAMICS OF LASER-DRIVEN 

SOLUTION-LIQUID-SOLID SEMICONDUCTOR NANOWIRE 

GROWTH USING ULTRA-SMALL-ANGLE X-RAY SCATTERING 

The work presented in this chapter is the result of a highly collaborative project between the 

Holmberg lab, the Pozzo lab (UW Chemical Engineering), and the Pauzauskie lab (UW Materials 

Science and Engineering). Dr. Yi-Ting Lee, and Dr. Matthew Crane aided with data collection at 

the Advanced Photon Source; Dr. Yi-Ting Lee, Dr. David Li, and Professor Lilo Pozzo provided 

invaluable expertise required for the analysis of ultra-small-angle X-ray scattering data. 

 

3.1 INTRODUCTION 

Developments in the solution-phase synthesis of inorganic nanomaterials over the past few 

decades have resulted in remarkable control over material properties through the careful tuning of 

nanomaterial size,307–310 shape,298,195,311,312 composition,193,308,313–316 and surface 

chemistry.78,198,317,318 In many cases, information related to the dynamics of nanostructure growth 

has been critical in order to identify reaction parameters that can be used to rationally engineer 

syntheses and achieve desired properties.44,86,101,103,316,319 In all cases, the combination of reaction 

timescales and sampling rate frequencies dictate and limit which methods can provide useful in 

situ information about dynamic processes. For example, many semiconductor quantum dot growth 

processes occur at a sufficiently slow rate to allow for frequent aliquot collection to track 

nanocrystal growth via periodic absorption and photoluminescence measurements.320 However, 

some synthetic methods are not conducive for aliquot extraction and thus require inventive 

methods to study growth dynamics. 
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Semiconductor nanowires are a particularly interesting class of nanomaterials due to their 

unique optical,4–6 electronic,1–3 and mechanical properties.7–9 These characteristics have been 

leveraged for numerous applications including, sensors,12,38,49,114–116 energy conversion,19,139,165,321 

and energy storage,20–25 to name a few. Metal-seeded semiconductor nanowire growth is a 

powerful method for the production of nanowires with well-defined dimensions and compositions 

through both vapor-based processes such as vapor-liquid-solid (VLS) nanowire growth as well as 

through solvent-based processes such as the solution-liquid-solid (SLS) and supercritical-fluid-

liquid-solid (SFLS) growth methods. Much of the current knowledge we have about the 

mechanism of metal-seeded semiconductor nanowire growth comes from in situ experiments 

studying vapor-phase nanowire growth. For example, in situ TEM experiments have clearly 

demonstrated how thermodynamic growth conditions and reaction parameters such as precursor 

partial pressure, nanoparticle diameter, and seed composition, among other experimental 

parameters, can control nanowire nucleation kinetics, growth direction, morphology, phase 

selection, and defect incorporation.32,101,150,151,158,322–326 Many in situ TEM experiments highlight 

the importance of fluid-seed-nanowire interface dynamics (at the triple phase boundary) and have 

provided context that has since enabled the production of anisotropic nanostructures with 

improved control.89,101,103,327,328  

In an additional example, dark-field scattering was also used as a tool to study nanowire 

growth dynamics by irradiating a gold-nanocrystal-decorated substrate while simultaneously 

introducing a vapor-phase semiconductor precursor into a chemical vapor deposition chamber.153 

In this case, the incident laser acted both as a trigger to initiate nanowire growth from the substrate 

as well as a light source to study nanowire growth dynamics by tracking changes in the optical 

scattering signal. In general, most studies of nanowire growth dynamics have been limited to 
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substrate-based, vapor-phase growth, with this particular experiment requiring the construction of 

a custom-built, optically interrogable chemical vapor deposition chamber. While solution-based 

nanowire growth is often considered a direct analogue to the VLS growth process, in situ methods 

to study solution-based nanowire growth dynamics remain somewhat limited.164,329 

More recently, microfluidic SLS-based growth has provided a route to study nanowire 

growth dynamics and kinetics in solution.330 In this microfluidic demonstration, semiconductor 

precursors could be supplied and mixed in the solution phase, prior to entering a heated reaction 

zone, which contained a substrate covered with a thin film of metallic bismuth, designed to melt 

and de-wet into seed droplets at elevated temperatures. Nonetheless, this example was once again 

limited to investigations of nanowire growth from a substrate, rather than the dynamics of a 

scalable, colloidal-nanocrystal-based growth process.  

Here, we leverage our recently developed photothermally-driven solution-liquid-solid 

nanowire growth process, which can be performed in any optically accessible, chemically inert 

container, along with the unique capabilities of ultra-small-angle X-ray scattering (USAXS) to 

study the solution-based growth dynamics of bismuth-nanocrystal-seeded cadmium selenide 

nanowires in dispersion. In this preliminary study, we investigate the effects of bismuth 

nanocrystal concentration and laser power on nanowire growth rate as well as demonstrate the 

ability to activate stepwise nanowire growth on demand, in solution, simply by turning the incident 

laser on and off. 
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3.2 EXPERIMENTAL DETAILS 

3.2.1 Materials 

Bismuth (III) chloride (BiCl3, 99.99% trace metals basis), cadmium oxide (CdO, ≥99.9% trace 

metals basis), ethanol (anhydrous, ≤0.005% water), indium (III) chloride (99.999% trace metals 

basis), isopropanol (anhydrous, 99.5%), molecular sieves (3 Å), n-butyllithium (1.3 M in n-

heptane), 1-octadecene (ODE, 90%), oleylamine (90%), oleic acid (degassed, 90%), sodium 

bis(trimethylsilyl)amide (1.0 M solution in tetrahydrofuran), squalane (96%), Super-Hydride® 

solution (1.0 M lithium triethylborohydride in tetrahydrofuran), selenium (Se, <5 mm particle size, 

≥99.999% trace metals basis), tetrahydrofuran (THF, anhydrous, ≥99.9%), toluene (anhydrous, 

99.8%), and trioctylphosphine (TOP, 97%) were purchased from Sigma-Aldrich. Poly(1-

hexadecene-co-1-vinylpyrrolidinone) (PHD-co-PVP) was provided by Ashland under the trade 

name Ganex™ V-216. Toluene (Certified ACS, 99.8%) was purchased from Fisher. Ethanol (200 

proof) was purchased from Decon Laboratories. 

 

3.2.2 Bismuth nanocrystal synthesis 

Bismuth nanocrystals were synthesized based on the protocol outlined by Wang, et al.61 A 25 wt% 

solution of PHD-co-PVP in 1-octadecene was dried over molecular sieves for one week. BiCl3 

(2.6×10-2 mmol) was mixed with THF (570 μL) in a three-neck, round bottom flask under nitrogen 

at 800 RPM on a stir plate for thirty minutes. The solution of PHD-co-PVP in octadecene (6.1 mL) 

was then added to the BiCl3containing flask under continuous mixing at 900 RPM. The flask was 

cycled between nitrogen and vacuum three times. Sodium bis(trimethylsilyl)amide (825 μL) was 

injected, and the flask was stirred until a dark orange-brown color was observed (~10 minutes, 



 

 

50 

1100 RPM). The solution was then heated to 200°C for 17 hours, cooled, and then transferred into 

a nitrogen-filled glove box for storage. Bismuth nanocrystals were handled under nitrogen for 

cleaning. Nanocrystals were washed five times using a 1:4 ratio of anhydrous hexanes:ethanol and 

centrifugation (6800 RCF for 10 minutes) to remove excess PHD-co-PVP prior to use for nanowire 

growth. The resulting bismuth nanocrystal stock solution was 8×10-3 mol elemental Bi/L. 

 

3.2.3 Preparation of cadmium oleate 

Using standard Schlenk line techniques, 0.15 M cadmium oleate in 1-octadecene (ODE) was 

prepared by combining 210 mg CdO, 2.7 g oleic acid and 5.2 g ODE in a flask. The mixture was 

blanketed with nitrogen and stirred at 800 RPM, heated to 110°C, and placed under vacuum for 

30 minutes. The mixture was cooled to room temperature under nitrogen and transferred to a glove 

box, whereupon 1 mL of trioctylphosphine (TOP) was added and mixed for 15 minutes. 

 

3.2.4 Preparation of trioctylphosphine-selenide 

A 1.0 M stock solution of TOP:Se was prepared in a nitrogen-filled glove box by stirring 238 mg 

of Se in 5 mL of TOP for 16 hours, until dissolved.  

 

3.2.5 Ultra-small-angle X-ray scattering measurements of photothermal nanowire growth 

Nanowire precursor growth solutions, containing bismuth nanocrystals, cadmium oleate, TOP-Se, 

and octadecene, were mixed at the desired proportion and loaded into an NMR tube (ASTM E438 

Type 1 Class B glass, outer diameter: 5 mm, inner diameter 4.62 mm) under a nitrogen atmosphere. 
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The top of the NMR tube was covered with Teflon tape, capped, and covered with Parafilm to 

prevent oxidation of nanocrystals. Nanowire precursor growth solutions for each sample are 

outlined in Table B.1. The NMR tube with the growth solution was transferred out of the nitrogen 

atmosphere and placed into a holder with a fixed distance between the 808 nm laser (MDL-III-808 

IR diode laser) and the NMR tube. The nanowire growth sample was then irradiated at a range of 

laser powers outlined in Table B.1. USAXS experiments were performed simultaneously during 

irradiation, using the USAXS instrument in the standard Bonse-Hart configuration at beamline 9-

ID-C at the Advanced Photon Source, Argonne National Laboratory, using an X-ray beam energy 

of 21 keV.331  Samples were irradiated for a total of 3 minutes at each USAXS time point. 

 The recorded USAXS scattering data was reduced to an absolute scale and de-smeared 

using the Indra module of the SAS software package.332,333 The de-smeared, background-

subtracted scattering data of the initial and final time points were fit with a sum of two models to 

describe the complexity of the system. SasView 4.2.2. was used to fit the initial and final time 

points as well as to calculate the invariant. To fit the initial time point, prior to irradiation, we used 

a model of a sphere with a fractal component to describe the bismuth nanocrystals. To fit the final 

time point after continuous irradiation, we used a model consisting of cylinders with a fractal 

component to account for the dominant scattering of the cadmium selenide nanowires. To calculate 

the invariant, assuming that both the nanocrystals and nanowires have smooth interfaces, a Porod 

extrapolation with a fixed power-law exponent of -4 was used at high q and a Guinier extrapolation 

was used at low q. 
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3.3 RESULTS AND DISCUSSION 

3.3.1 In situ characterization of SLS nanowire growth with USAXS 

USAXS is a uniquely fitting in situ characterization technique to track nanowire growth because 

it can probe the relevant characteristic length scales of both isotropic nanocrystal seeds as well as 

the highly anisotropic semiconductor nanowires. The experimental setup used to track the 

photothermally-driven SLS nanowire growth process in solution is shown in Figure 3.1a, in which 

both the 808-nm laser and the X-rays are orthogonally aligned to irradiate and probe the same 

sample volume within the NMR tube.  Figure 3.1b shows characteristic time-dependent scattering 

data of the nanowire precursor solution—colloidal bismuth nanoparticles and molecular cadmium 

selenide precursors (Cd-oleate and TOP-Se)—under irradiation. To note, the incident X-rays did 

not promote nanowire growth in the absence of laser irradiation; nanowire growth only occurred 

when the nanocrystals and CdSe precursors were irradiated by the 808-nm laser. 

A representative TEM image of the bismuth nanocrystals used in this study is shown in 

Figure 3.1c. When irradiated, the colloidal bismuth nanocrystals photothermally transduce the 

incident light into heat, facilitating decomposition of both Cd-oleate and TOP-Se, whereupon the 

semiconductor atoms alloy with the nanocrystal, nucleating anisotropic growth of CdSe nanowires 

once the alloy droplet reaches saturation. A representative TEM image of the resulting bismuth-

seeded CdSe nanowires is shown in Figure 3.1d. 
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Figure 3.1. (a) A top-view schematic of the experimental setup used to irradiate the nanowire 

growth solution and simultaneously collect scattering profiles in situ, where the sample in an NMR 

tube is irradiated by an 808-nm laser, which drives the nanowire growth process; the X-ray source 

hits the same sample volume orthogonally, and the detector behind the sample collects the resulting 

scattering profile. (b) Time-dependent USAXS profiles of the nanowire growth solution (Bi NC 

OD808=0.35) irradiated with an incident power of 2 W, where the black curve corresponds to the 

scattering profile of bismuth nanocrystals dispersed in CdSe precursors and solvent prior to 

irradiation, and the red curve corresponds to the growth solution after 67 minutes of irradiation. 

(c) A representative TEM image of the bismuth nanocrystal seeds and (d) a representative TEM 

image of CdSe nanowires produced using the laser-driven SLS nanowire growth process. 

 

To fit the USAXS curve of the bismuth nanocrystals at the initial time point, we used a two-

component model, using a combination of spheres334 and a fractal component335 (Figure 3.3c, 

black line), where the 1D scattering intensity of a sphere was calculated as 

 𝐼(𝑞) =
𝑠

𝑉
 [3𝑉(𝛥𝜌) ⋅

sin(𝑞𝑟)−𝑞𝑟 cos(𝑞𝑟)

(𝑞𝑟)3
]

2

+ 𝑏 (3.1) 

where s is a volume fraction, V is the volume of the particle (bismuth nanocrystals), r is the radius 

of the spherical bismuth particle, b is the background level, and 𝛥𝜌 is the difference in scattering 
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length densities between the scatterer of interest (bismuth nanocrystals) and the precursors and 

solvent. The model used to calculate the scattering from fractal-like aggregates of spheres is 

 𝐼0(𝑞) =  𝜙𝑉0 (𝜌𝐵𝑖 − 𝜌𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑜𝑟𝑠)
2

𝑃0(𝑞)𝑆0(𝑞) + 𝑏 (3.2) 

where 𝜙 is the volume fraction of the building block particles 𝑉0 is the volume of a single 

bismuth nanocrystal building block. 𝑃0(𝑞) and 𝑆0(𝑞) are defined as: 

 𝑃0(𝑞) =
3(sin 𝑞−𝑞 cos 𝑞)

𝑞3
(𝑞𝑅0)2 (3.3) 

 𝑉0 =   
4

3
𝜋𝑅0

3 (3.4) 

 𝑆0(𝑞) == 1 +
𝐷𝑓 𝛤(𝐷𝑓−1)

[1+1/(𝑞𝜉)2]
(𝐷𝑓−1)/2

sin[(𝐷𝑓−1) tan−1(𝑞𝜉)]

(𝑞𝑅0)
𝐷𝑓

 (3.5) 

where 𝑅0 is the radius of the building block particle,  𝜉 is the correlation length representing the 

aggregate size of particles, and 𝐷𝑓 is the fractal dimension. Again, these particles act as both 

photothermal transducers and as seeds to facilitate anisotropic nanowire growth. Based on the 

USAXS fit, the bismuth nanocrystals have an average diameter of 9.6 ± 5 nm (Figure 3.3c). Both 

the fractal dimension (2.4) in the low-q range (Figure 3.3c) as well as the radius of the fractal 

component extracted from the model fit (15.8 ± 7 nm) suggest that the bismuth nanoparticles are 

partially aggregated prior to the start of the reaction.  

The increased intensity of the USAXS profiles (Figure 3.1b, Figure 3.3a) throughout the 

mid- and low-q ranges as a function of time is indicative of a reaction occurring as the growth 

solution was continuously irradiated; in addition, the scattering profiles suggest that larger, 

emergent structures were formed under these experimental conditions, consistent with nanowire 

growth. To fit the USAXS profiles of the cadmium selenide nanowires at the final time point, we 
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used a fractal model335 to calculate the scattering from fractal-like aggregates of spheres, defined 

as: 

  𝐼𝑓(𝑞) =   𝜙𝑉𝑓 (𝜌𝐶𝑑𝑆𝑒 − 𝜌𝑝𝑟𝑒𝑐𝑢𝑟𝑠𝑟𝑠)
2

𝑃𝑓(𝑞)𝑆𝑓(𝑞) + 𝑏     (3.6) 

where 𝜙 is the volume fraction of the cadmium selenide building block particles and  𝑃𝑓(𝑞) and 

𝑆𝑓(𝑞) are defined as: 

 𝑃𝑓(𝑞) =
3(sin 𝑞−𝑞 cos 𝑞)

𝑞3 (𝑞𝑅𝑓)2 (3.7) 

  𝑉𝑓 =  𝜋
4

3
𝜋𝑅𝑓

3 (3.8) 

 𝑆𝑓(𝑞) = 1 +
𝐷𝑓,𝑓 𝛤(𝐷𝑓,𝑓−1)

[1+1/(𝑞𝜉𝑓)
2

]
(𝐷𝑓,𝑓−1)/2

sin[(𝐷𝑓,𝑓−1) tan−1(𝑞𝜉𝑓)]

(𝑞𝑅𝑓)
𝐷𝑓,𝑓

 (3.9) 

where 𝑉𝑓 is the volume of a single cadmium selenide building block of radius 𝑅𝑓, 𝜉𝑓 is the 

correlation length representing the aggregate size of nanowires, and 𝐷𝑓,𝑓 is the fractal dimension 

of the nanowire network. Although this fractal model is not based on an aggregate of cylinders, 

the nanowires can be considered as extended chains of spherical particles. At low q values, this 

assumption is reasonable because the scattering in this region provides more information about the 

larger, emergent network and is not sensitive to the shape of the building block. In addition, 

because the nanowire diameter is dependent on the nanocrystal seed diameter, the radius of the 

nanowires at the final time point, 𝑅𝑓, was assumed to be approximately equal to the radius of the 

initial nanocrystal radius (𝑅0, 5 nm); TEM of the representative nanowires (Figure 3.2d) validates 

this approximation.  

The change in the fractal dimension for the low-q region (1×10-4 ≤ q ≤ 0.01) from 2.4 at 

the initial time point (Figure 3.3c), to 2.7 after 67 minutes (Figure 3.3b), indicates the formation 

of more densely packed aggregates over time. Because the nanowires are seeded by colloidal 
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nanocrystals, the nanowires grow in various orientations in solution, resulting in an emergent 

structure that is more similar to a fractal (Figure 3.1b, Figure 3.1d,  Figure 3.3a) than singular or 

co-aligned nanowires. Although the bismuth nanocrystal seeds may contribute to the scattering 

profile in the final time point, here we assume that the scattering contribution from the CdSe wires 

is much greater than the contribution from the bismuth nanocrystals due to the high ratio of 

cadmium selenide precursors to bismuth nanocrystals (Table B.1) and the lengths observed in post-

growth TEM images Figure 3.1d.  A simple fractal model (Figure 3.3b, black line) was sufficient 

to fit the final time point at low q; due to the inherent complexity and polydispersity of the sample, 

models containing more detail were not implemented.  

 

 
Figure 3.3. (a) Y-stacked scattering profiles of a CdSe nanowire growth solution (OD808=0.35)  

irradiated with 2 W over 67 minutes, with the (b) model fit (black line) for the final time point for 

the low- to mid-q range, using a fractal model and the (c) model fit (black line) for the initial time 

point, using a sphere model with a fractal component to account for partial aggregation. 
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3.3.2 Controlling nanowire growth rate through experimental parameters 

Although a fit was ascribed to both the initial and final time points for the nanowire growth process, 

modeling this system with geometric form-factor models is particularly difficult due to the 

combination of nanocrystal and nanowire polydispersity, as well as the larger fractals formed by 

both materials.  Instead, we use the scattering invariant as a model-independent method to evaluate 

how the total volume of scattering particles changes over time. The scattering invariant (𝑄∗) is 

defined as:336 

 𝑄∗  = ∫ 𝑞2𝐼(𝑞)𝑑𝑞
∞

0
 (3.10) 

the integral of the square of the wavevector transfer multiplied by the scattering cross section of 

the full q range from zero to infinity. To calculate the invariant from zero to infinity, data in the 

low-q region was extrapolated with a Guinier fit and data in the high-q region was extrapolated 

with a power law fit, with a fixed power-law exponent of -4, which is the expected Porod scaling 

for particles with smooth interfaces. 

 

 
Figure 3.4. (a-c) USAXS profiles of nanowire growth solutions with a range of Bi nanocrystal 

concentrations, denoted by the optical density at 808 nm, (a) OD=0.03 (b) OD=0.14 (c) OD=0.35, 
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under continuous 808-nm irradiation at a an incident power of 2 W. (d-f) USAXS profiles of 

nanowire growth solutions with a constant Bi nanocrystal concentration (OD=0.35) under 

continuous irradiation at various powers: (d)1 W (e)1.5 W (f) 2 W. 

 

The invariant was calculated from the USAXS profiles in Figure 3.4 and is shown in Figure 3.5a 

and Figure 3.5b, clearly demonstrating that the change in invariant is dependent on bismuth 

nanocrystal concentration (Figure 3.4a-c, Figure 3.5a) as well as the laser power used to irradiate 

the nanowire growth solution (Figure 3.4d-f, Figure 3.5b). From the invariant, the total volume 

fraction of cadmium selenide that formed during the reaction that contributes to additional 

scattering was calculated. The invariant and cadmium selenide volume fraction are related through 

the following equation: 

 𝜙 =  
1+ √1−4 

𝑄∗

2 𝜋2(𝛥𝜌)2

2
 (3.11) 

where 𝜙 is the volume fraction, Q* is the invariant, and Δρ is the scattering length density contrast, 

which is defined as: 

 𝛥𝜌 = 𝜌𝑠 − 𝜌0 (3.12) 

where 𝜌𝑠 is the scattering length density of the scattering material of interest and 𝜌0 is the scattering 

length density of the solvent and the precursors. The scattering length density is 4.2×10-5,      

6.2×10-5, 8.4×10-6, and 7.4×10-6 Å-2 for CdSe, bismuth, CdSe precursors, and solvents, 

respectively.  Because the change in scattering length density contrast is relatively small 

(approximately 6%) between nanowires dispersed in precursor and nanowires dispersed in neat 

solvent, we assume that the scattering length density contrast is roughly constant duration 

irradiation. From the change in volume fraction, assuming an average nanowire diameter of 10 

nm, we calculated the average nanowire length as a function of time (Figure 1.1, Figure 3.5, 
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Appendix B), representing one of the first in situ measurements of colloidal, solution-based, laser-

driven nanowire growth.  

 

 
Figure 3.5. (a, b) Scattering invariant and (c,d) resultant average nanowire length calculated from 

USAXS profiles as a function of time, demonstrating (a, c) a dependence on bismuth nanocrystal 

concentration, dictated by the optical density at 808 nm (Bi NC OD808 = 0.05, 0.14, 0.35), at a 

constant irradiance and (b, d) a dependence on the irradiance (1 W, 1.5 W, and 2 W), with a 

constant Bi nanocrystal concentration.  

 

For these calculations, the bismuth nanocrystals were assumed to coalesce during the 

heating/alloying process, resulting in an overall decreased number density of nanocrystals, which 

is a typical process for seeded nanowire growth, where the liquid alloy droplets can coalesce 

freely.104,337–339 Consequently, for metal-seeded semiconductor nanowire growth, in which the 

nanowire is grown from a liquid-phase alloy droplet, even an initially monodisperse metal 

nanocrystal sample results in a log-normal distribution of nanowire diameters, which clearly 

impacts the average growth rate determined from the invariant. As an initial approximation, we 

assumed a final average seed diameter of 30 nm, which is a reasonable estimate given the 

inevitable log-normal coalescence of the initial 10-nm-diameter bismuth nanocrystals.  Applying 
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a simple linear fit to the data in Figure 3.4 resulted in average growth rates of 20 nm/min and 10 

nm/min, respectively, for samples with bismuth nanocrystal optical densities of 0.35 and 0.14, 

irradiated with 2 W of power. Growth solutions with a constant bismuth nanocrystal optical density 

of 0.35, but with incident powers of 1.5 W and 1 W resulted in measured growth rates of 11 nm/min 

and 6nm/min, respectively. The nanowire growth rates represented in Figure 3.5c and  Figure 3.5d 

are in agreement with previous reports SLS-grown CdSe nanowires, with growth rates ranging 

from 11 nm/min to 46.6 nm/min.330  

Upon irradiation, bismuth nanocrystals generate heat through a combination of 

photothermal transduction and collective heating effects;340 however, at the lowest bismuth 

nanocrystal concentration investigated (Bi NC OD808 = 0.05), no measurable nanowire growth was 

observed. In this regime, the nanocrystals may be too dilute to produce enough heat to drive 

nanowire growth. As the nanocrystal number density increases, the number of photothermal 

transduction agents also increases, with the collective heating effect resulting in an overall 

temperature increase of the bulk fluid, as well as increased nanowire growth rates  and longer 

nanowire lengths (Figure 3.5a and Figure 3.5c). In addition, we observe even the lowest incident 

power (1W) results in nanowire growth (Figure 3.5d, 1W), though at a much slower rate compared 

to the two higher incident powers (1.5 W and 2W). Although our previous demonstrations of laser-

driven SLS nanowire growth have typically used higher powers at near-infrared wavelengths, here 

we demonstrate that low-power laser diodes are capable of driving nanowire growth. 

 

3.3.3 On demand, step-wise growth of semiconductor nanowires in solution 

To demonstrate the ability to rapidly start and stop photothermally-driven SLS nanowire growth, 

which could lead to improved synthetic control as well as open up additional possibilities to study 
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colloidal semiconductor nanowire growth, we subjected the nanowire growth solution (Figure 3.6) 

to controlled periodic intervals of incident radiation. The resultant USAXS profiles are shown in 

Figure 3.6a; the red curves correspond to profiles collected when the sample was being irradiated, 

while the blue curves correspond to profiles collected during periods when the sample was not 

being irradiated. In Figure 3.6a, all of the blue curves (except for the initial and final time points) 

are masked by the preceding red curve, which is consistent with the majority of nanowire growth 

occurring when the laser is turned on, with minimal changes occurring during the intervening 

periods. To more clearly demonstrate on-demand, pulsed nanowire growth through this solution-

based, laser-driven process, the calculated nanowire length is shown in Figure 3.6b. Nanowire 

growth clearly occurs primarily during periods of irradiation (red highlight bars), with little change 

in average nanowire length during periods with no incident irradiation (white regions). The small 

increases in nanowire length observed after the incident laser was turned off each time can likely 

be attributed to latent heat that facilitates precursor decomposition, diffusion, and nanowire 

growth; however, this latent heat contributes to only a small fraction of the overall nanowire 

growth process. 

 

 
Figure 3.6. On-demand, step-growth of CdSe nanowires achieved by intermittently irradiating the 

nanowire growth solution. (a) Scattering profiles of a nanowire growth solution (Bi NC 

OD808=0.35) under 808-nm irradiation (2 W) as a function of time. Blue profiles indicate that the 
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laser is off; red profiles indicate that the laser is on. (b) Change in average nanowire length as  a 

function of time, demonstrating on-demand, pulsed CdSe nanowire growth via in situ 

characterization. 

 

 

3.4 CONCLUSIONS 

In summary, we have demonstrated characterization of solution-based, laser-driven, colloidal 

bismuth nanocrystal-seeded cadmium selenide nanowire growth via USAXS. To do this, we 

leveraged our recently developed laser-driven SLS nanowire growth process, which can be 

performed on a benchtop in virtually any chemically resistive, optically interrogable reaction 

vessel. Changes in nanowire length over time were calculated from the scattering invariant of 

USAXS profiles and the associated change in volume fraction. USAXS profiles and the associated 

changes in volume fraction enabled us to calculate changes in average nanowire length over time, 

with observations carried out under different reaction parameters demonstrating that laser-driven 

nanowire growth is dependent on both the bismuth nanocrystal number density as well as the 

incident power.  

Although this is a first demonstration of in situ monitoring of laser-driven solution-based 

semiconductor nanowire growth, improving sample monodispersity would greatly enhance our 

ability to evaluate nanowire growth rates through both model fits and the invariant. In addition, 

because the photothermally-driven process is dependent on light absorption from the metal 

nanocrystal seed, exploring the effect of different bismuth nanocrystal sizes on nanowire growth 

rate could provide further insight into the photothermally-driven semiconductor nanowire process. 

Similarly, using alternative seeds, such as plasmonic nanocrystals with the incident radiation tuned 

to the nanoparticle resonant frequency could lead to interesting effects on semiconductor nanowire 
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growth rates. While bismuth-seeded cadmium selenide nanowire growth dynamics were 

monitored in this study, this process and characterization could be extended to understand the 

growth dynamics of other material systems that can be grown through photothermal processes, 

including II-VI, III-V and group-IV semiconductor nanowires.  
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Chapter 4. OPTICALLY ORIENTED ATTACHMENT OF NANOSCALE 

METAL-SEMICONDUCTOR HETEROSTRUCTURES IN ORGANIC 

SOLVENTS VIA PHOTONIC NANOSOLDERING 

The work presented in this chapter is the result of a collaborative project between the Holmberg 

lab and the Pauzauskie lab (UW Materials Science and Engineering). Dr. Matthew Crane, 

Professor Jim Davis, and Professor Peter Pauzauskie provided analytical heat transport 

calculations included within this chapter. 

Reproduced with permission from “Crane, M.J., Pandres, E.P., Davis, E.J. et al. Optically oriented 

attachment of nanoscale metal-semiconductor heterostructures in organic solvents via photonic 

nanosoldering. Nat Commun 10, 4942 (2019). https://doi.org/10.1038/s41467-019-12827-w”.  

 

4.1 INTRODUCTION 

The ability to synthesize nanoscale colloidal materials with controlled composition, morphology, 

and electronic structure has increased rapidly over the past decades.341. However, our capacity to 

integrate nanomaterials into devices remains limited by the ability to deterministically assemble 

atomically precise nanostructures.84,226,342–345 Creating junctions between different nanomaterials 

is a unifying challenge in the production of almost all nanoscale devices, and overcoming barriers 

in this area will disrupt conventional technologies and spur the development of new ones.130,321,346–

349 Devices built from colloidal nanomaterials that rely on rectifying heterostructures – e.g. highly 

efficient photovoltaics,350,351 light emitting diodes,352,353 and sensors354–356 – are typically produced 

by sequential deposition of different colloidal nanoparticle solutions to form junctions between 

layers of materials via spin coating, dip coating, or doctor blading.357 In addition, there are a range 
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of techniques to assemble colloidal materials in solution based on hydrodynamic effects or 

particle-particle interactions.358–361 However, none of these methods deterministically produce 

heterojunctions between individual nanoparticles. An alternative approach is to directly synthesize 

periodic nanowire junctions, for example, by exchanging gaseous semiconductor precursors 

during a seed particle-directed growth process to yield epitaxially matched nanowire 

heterojunctions.362,363 Nonetheless, this approach is limited by the compatibility of the seed particle 

with the semiconductor material. Moreover, the above methods cannot produce rationally designed 

metal-semiconductor-metal or metal-metal-metal junctions between colloidal nanomaterials, 

critical for quantum computing and thermoelectrics.321 For example, superconductor/non-

superconductor interfaces, such as those in a superconductor-bismuth-superconductor junction, are 

important for quantum computing via Majorana states and studies of topological insulators.130,349 

Currently, applications involving single- or few-particle junctions are forced to rely on lithography 

due to the challenges outlined above. However, lithographically synthesized nanomaterials are 

limited in comparison to colloidal chemistries, which can be used to produce materials with a wide 

range of compositions, geometries, and dopant distributions. 

In 2018, Arthur Ashkin shared the Nobel Prize in Physics for the development of the optical 

trap, which allows the three-dimensional, non-contact manipulation and study of individual 

nanostructures.342 Optical traps have the potential to deterministically manufacture heterojunctions 

between individual nanostructures.226,341,343,347,348,364–367 To date, the use of optical traps has almost 

exclusively been limited to the study of cells or materials dispersed in aqueous media.368,369 The 

restriction to aqueous solvents severely limits both the library of materials available for single 

particle trapping and the range of possible experiments. For example, a large fraction of 

technologically important colloidal nanomaterials are produced and handled in anhydrous organic 
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solvents, as exposure to water can often interfere with the desired chemistry or degrade material 

properties. Moreover, exclusively trapping in water limits studies of hydrodynamic effects, 

chemical reactions, and electronic excitations to the range of physical properties exhibited by 

water, water-soluble reactants, and electronic transitions that will not be quenched by dipole 

coupling to water.341 

Although nonaqueous solvents have been explored as media for optical trapping in a few 

reports—for example, Spadaro et al. demonstrated optical trapping of gold-silica mesocapsules in 

ethanol,370 Sainis et al. investigated the impact of surface moieties on organic beads in nonpolar 

solvents,371 and Black et al. presented the optical trapping of silica-coated polymer microspheres 

in organic solvents346—to the best of our knowledge, the optical trapping and manipulation of 

colloidal inorganic nanomaterials in organic solvents has not yet been reported. Here, we 

demonstrate the optical trapping and assembly of metal nanocrystal-seeded semiconductor 

nanowires in organic solvents with viscosities up to 28 times greater than water. A modified 

version of an established organic solution-liquid-solid growth process was employed to synthesize 

bismuth-seeded germanium nanowires, which were then used as nanoscale building blocks for the 

optical assembly of extended semiconductor-metal-semiconductor heterostructures in organic 

solution. Both discrete dipole approximation (DDA) calculations and experimental data show that 

the bismuth nanocrystal seeds experience greater radiation pressure than the germanium 

nanowires, causing the bismuth-tipped ends of the nanowire to orient away from trapping laser, 

with the nanowire’s growth axis aligned parallel to the Poynting vector of the incident laser.372,373 

We leveraged this effect in tandem with an optically driven nanosoldering process, to construct 

arbitrarily long, periodic bismuth nanocrystal-germanium nanowire heterostructures freely in non-

aqueous solution. Heat transport analysis reveals significant photothermal heating of optically 
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trapped nanowires in organic solvents relative to aqueous environments due to the reduced thermal 

conductivity of the organic solvent. Moreover, coupled electromagnetic and heat transport 

simulations demonstrate that particles trapped and assembled freely in solution reach significantly 

higher local temperatures—without bubble nucleation or autoignition—as compared to particle 

trapping and assembling on a surface, due to the large Young-Laplace interfacial surface 

pressure.368,374 

 

4.2 EXPERIMENTAL DETAILS 

4.2.1 Materials 

Bismuth (III) chloride (BiCl3, 99.99% trace metals basis), ethanol (anhydrous, ≤0.005% water), 

molecular sieves (3 Å), 1-octadecene (ODE, 90%), sodium bis(trimethylsilyl)amide (1.0 M 

solution in tetrahydrofuran), squalane (96%), tetrahydrofuran (THF, anhydrous, ≥99.9%), toluene 

(anhydrous, 99.8%), trioctylphosphine oxide (TOPO, 90%)were purchased from Sigma-Aldrich. 

Diphenylgermane (˃95%) was purchased from Gelest. Poly(1-hexadecene-co-1-

vinylpyrrolidinone) (PHD-co-PVP) was provided by Ashland under the trade name Ganex™ V-

216.  

 

4.2.2 Bismuth nanocrystal synthesis 

Bismuth nanocrystals were synthesized based on the protocol outlined by Wang, et al.61 A 25 wt% 

solution of PHD-co-PVP in 1-octadecene was dried over molecular sieves for one week. BiCl3 

(2.6×10-2 mmol) was mixed at 800 RPM with THF (570 μL) under nitrogen for thirty minutes. 

The solution of PHD-co-PVP in octadecene (6.1 mL) was added to the flask under continuous 



 

 

68 

mixing at 900 RPM. The flask was cycled between nitrogen and vacuum three times. Sodium 

bis(trimethylsilyl)amide (825 μL) was injected, and the flask was stirred until a dark orange-brown 

color was observed (~10 minutes, 1100 RPM). The solution was then heated to 200°C for 17 hours, 

cooled, and then transferred into a nitrogen-filled glove box for storage. Bismuth nanocrystals 

were handled under nitrogen for cleaning. Nanocrystals were washed five times using a 1:4 ratio 

of anhydrous hexanes:ethanol and centrifugation (6800 RCF for 10 minutes) to remove excess 

PHD-co-PVP prior to use for nanowire growth. 

Briefly, a solution of 25 wt % PHD-co-PVP in 1-ODE was dried over molecular sieves for 

one week. Using typical Schlenk line techniques, BiCl3 (71 mg) was combined with anhydrous 

THF (0.46 mL) and stirred at 950 RPM. After one hour of mixing, 6.1 mL of dried 25 wt % poly(1-

hexadecene-co-1-vinylpyrrolidinone) in 1-ODE was added and vacuum was quickly pulled on the 

solution before returning to nitrogen and increasing the mixing speed to 1150 RPM. 1.2 mL of 1.0 

M sodium bis(trimethylsilyl) amide in THF was quickly injected into the flask under nitrogen and 

the reaction ran for 17 hours. The nanocrystals were cooled and immediately transferred to a 

nitrogen atmosphere for storage and future purification. Nanocrystals were washed five times 

using a 1:4 ratio of anhydrous hexanes:ethanol and centrifugation (6800 RCF for 10 minutes) to 

remove excess PHD-co-PVP prior to use for nanowire growth. 

 

4.2.3 Bismuth-seeded germanium nanorod synthesis 

To synthesize germanium nanorods, a modified synthesis from Chockla, et al was implemented.375 

Briefly, TOPO (2 g) and squalane (4 mL) were combined in a round-bottom flask at 900 RPM and 

degassed for an hour and a half at 150 °C. Purified bismuth nanocrystals (200 μL) were diluted 

with squalane (400 μL) prior to being added to the reaction flask. Low boiling point solvents were 
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removed by quickly placing the flask under vacuum. The solution was heated to 350 °C and a 

solution of 50 μL DPG in 500 μL squalane was rapidly injected. The reaction ran for ten minutes, 

was cooled 100 °C, quenched with 10 mL of anhydrous toluene, and transferred to a nitrogen 

atmosphere. A fraction of the nanorod dispersion (500 μL) was removed from the glove box and 

cleaned with a ratio of 2:3 toluene:ethanol and centrifuged at 3885 RCF for 10 minutes for a total 

of five washes. The resulting bismuth-seeded germanium nanorods were redispersed in toluene for 

further characterization. 

 

4.2.4 Materials Characterization 

Transmission electron microscopy (TEM) images were acquired with a FEI Technai G2 F20 

Supertwin TEM operating with a 200-kV accelerating voltage and were analyzed using ImageJ 

Software. Raman spectra were collected on a Renishaw inVia Raman scpectroscope connected to 

a Leica upright DMLM microscope. A 785 nm laser was focused with a 50x objective. Optical 

microscopy images were collected with ThorLabs high resolution CCD camera. 

 

4.2.5 Back focal plane interferometry and temperature calculations 

The optical trapping kit was purchased from Thor Labs and modified with a different condenser. 

During trapping, forward-scattered light was collected with a long-working-distance 10X 

Mitutoyo condenser (Plan Apo infinity-corrected long WD objective, stock no. 46–144) and 

focused onto a quadrant photodiode, providing a measurement of the trapped nanowire position. 

The quadrant photodiode data was collected with a DAQ card (PCIe-6361 X series, National 

Instruments) and controlled with home-built LabVIEW software.376 Power spectra were collected 
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and fit to solve for the diffusion coefficient. These diffusion coefficients were then used to 

calculate the local temperature at either the hydrodynamic radius of the particle or at the surface 

of the particle using a hot Brownian motion correlation. The instrument and methodology 

described here are outlined in previous reports in more detail.369,374,376 

 

4.3 RESULTS AND DISCUSSION 

4.3.1 Optical trapping and alignment in organic solvents 

To trap, manipulate, and assemble colloidal nanostructures in organic solvents, we employed a 

home-built optical trap (Figure 4.1a) that consisted of a tunable, linearly polarized, diode-pumped, 

solid-state Yb3+:YAG thin-disk laser set to 1020 nm, a beam expansion region, a 100X trapping 

oil-immersion objective (NA = 1.25), and a modified perfusion chamber with a 300 µm 

spacer.369,377 Germanium nanowires were grown from colloidal bismuth nanocrystal seeds via a 

solution-liquid-solid process using a modified version of an established synthetic protocol, 

described below.375 The perfusion chamber was loaded and sealed in a nitrogen-filled glovebox. 

The nanowires investigated in this study had monodisperse diameters tunable from 10 to 100 nm 

with corresponding lengths ranging from 0.1 to 5 micrometers, depending on the chosen synthetic 

parameters. The bright-field and dark-field transmission electron microscopy (TEM) images in 

Figure 4.1b and Figure 4.1c illustrate the presence of bismuth nanocrystals on the tips of the 

germanium nanowires after growth, as well as the monodispersity of the nanowires used in the 

optical trapping experiments. 



 

 

71 

 
Figure 4.1. A diagram of the optical trap and images of bismuth-seeded germanium nanowires. A 

schematic of the optical trapping experiment (a), and bright-field TEM (b) and high-angle annular 

dark field scanning TEM (HAADF-STEM) (c) images of the germanium nanowires used in this 

study. Scale bars are 200 nm. 

 

To demonstrate the range of solvents available for optical trapping in organic media, we 

prepared nanowire dispersions in mixtures of toluene and squalane and were able to optically trap 

nanowires in these solvents. This significantly expands the currently reported range of liquid 

viscosities suitable for trapping from 1 cP to 28.4 cP with Prandtl numbers ranging from 7.1 to 

317.341,346,378 We were able to trap individual nanowires at powers ranging from 1.0 to 10 W 

(limited by the trapping laser). Figure 4.2a shows the power spectrum of an optically trapped 

germanium nanowire in squalane, illustrating the Hookean trapping force acting on the nanowire.  
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Figure 4.2. Optical trapping and orientation of metal-seeded nanowires. The power spectrum (a) 

of an optically trapped germanium nanowire was collected via back focal plane interferometry and 

shows radial confinement of the nanowire. The green line shows a fit of the power spectrum to a 

Lorentzian with a corner frequency of 164 Hz, highlighted by the dashed line. The spike at low 

frequency is used to calibrate the nanowire position. Prior to optical trapping, far from the focal 

plane, the nanowire experiences a scattering-induced alignment torque due to the axial anisotropy 

of the bismuth-tipped nanostructure. Panel (b) illustrates the torque for a y-polarized plane wave 

averaged over all theta angles of the nanowire. 

 

As discussed below, power-dependent temperatures and highly non-isothermal 

temperature distributions within optically trapped particles prevent an exact determination of the 

trap stiffness. With this caveat in mind, assuming a non-isothermal particle and extrapolating 

solvent properties (Figure 4.3), a trapping stiffness of ~1.0 pN·µm-1 was calculated.  
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Figure 4.3. The calculated trap stiffness as a function of power before beam expansion.369,379 Note 

that this includes the temperature-dependent solvent properties shown in Figure C.1. The 

significant variation in viscosity with trapping power strongly influences the trap stiffness. Error 

bars indicate the standard deviation from three separate measurements. 

 

Notably, these trapping stiffnesses are comparable to those observed for InP nanowires 

trapped in water.380,381 We observed that nanowires longer than 1 µm were generally easier to trap 

than shorter nanowires. To achieve stable trapping, the gradient force must eventually overcome 

the scattering force. The potential well created by the combination of these forces establishes the 

equilibrium position of the optically trapped particle, which typically sits slightly above the focal 

plane of the trap. One potential explanation for the difficulty of trapping smaller wires could be a 

polarization-induced torque in the optical trap that draws the nanowire into the plane of linear 

polarization. Tilting the nanowire increases its projected surface area and the scattering force, thus 

prohibiting trapping.382 The observation that longer nanowires trapped more reliably could also be 

due to the different optical gradient and scattering forces acting on the germanium nanowire and 

the attached bismuth nanocrystal, which act to repel the bismuth tip. To estimate these forces, we 

used Discrete Dipole Scattering (DDSCAT) code372 to calculate the relative radiation pressure on 

bismuth and germanium within a single nanowire. The radiation pressure exerted on a bismuth 
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nanocrystal was calculated to be ~15 times greater than the radiation pressure on an equivalent 

volume of germanium.383,384 The disparate forces experienced by the nanowire and its metal tip 

are predominantly due to the large imaginary component of the refractive index of bismuth (nBi = 

3.89 - 4.33i), as compared to germanium (nGe = 4.65 - 0.30i). Thus, in the optical trap, the scattering 

force is reduced when the bismuth sits farther from the focal plane, enabling a more stable optical 

trap and explaining why longer nanowires trap more efficiently (Figure 4.4).381 

 

 
Figure 4.4. Analytical approximation of nanowire longitudinal trap stiffness as a function of 

length, using the theory developed by Simpson and Hanna.381 To include the effect of nanowire 

length, we used the Maxwell-Garnett approximation weighed by the volume fraction of the 

bismuth nanocrystal, which remains constant, and the germanium nanowire, which varies with 

length. In the first region, the longitudinal trap stiffness increased as the length of that nanowire 

increased up to ~1200 nm—that is, as the distance from focal plane to the bismuth nanocrystal 

increased. This reflects the observation that longer nanowires are easier to trap than shorter 

nanowires. In the second region, the trap stiffness decreased due to a decreased magnitude of the 

gradient force as more of the nanowire sits outside of the focal plane. 

 

These anisotropic radiation-pressure effects also occur prior to optical trapping, as the laser 

pushes the nanowire toward the focal plane. At large distances from the high electric field gradient 
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in the focal plane of the optical trap, radiation pressure is the dominant force, effectively inducing 

a torque on the nanowire. This torque causes the nanowire to align vertically in the trap with the 

bismuth nanocrystal-tipped end of the wire oriented away from the laser source (Figure 

4.2b).342,382,385,386 Moreover, thermophoretic effects364,387,388 due to anisotropic heating of the 

bismuth nanoparticle and hydrodynamic drag359,389 are additional forces that act on the nanowire 

before trapping to push the bismuth end of the nanowire away from the laser source, resulting in 

nanowire alignment. Given the high free carrier concentration in virtually all metal seeds employed 

in the growth of semiconductor nanowires, these simulations suggest that anisotropic radiation 

pressure likely represents a general method to align nanowires produced by seeded-growth 

mechanisms.84 As was noted during the optical trapping of similarly high refractive index 

nanowires in water with lengths that exceed the length of the focal volume (Rayleigh range), the 

gradient force experienced by the wire was independent of nanowire length.380,386,390 For 

germanium nanowires in these experiments, the gradient force acting on the germanium section of 

nanowire was largely responsible for enabling optical trapping, while the scattering forces 

experienced by the metal seed were responsible for orientation (Figure 4.4).381 

 

4.3.2 Nanosoldering bismuth nanocrystal-germanium nanowire heterojunctions 

To demonstrate the application of alignment forces in organic solvents, we used the optical trap to 

assemble periodic bismuth nanocrystal-germanium nanowire heterostructures from colloidal 

nanowires dispersed in squalane (Figure 4.5).343,347,348,367 We accomplished this optically oriented 

alignment and attachment by trapping a single nanowire and then moving it towards a second 

nanowire in Brownian motion outside the optical trap (Figure 4.5a-c). Radiation pressure then 

oriented and accelerated the second nanowire toward the first trapped nanowire. When the second 
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nanowire reached the first nanowire in the trap, it “soldered” coaxially, tip-to-tail, with the first 

nanowire, overcoming interfacial electrostatic and hydrodynamic forces (Figure 4.5d).364,366,371,388 

When the nanostructure was released from the trap, optical images showed a bismuth-germanium-

bismuth-germanium heterostructure with twice the length of an individual nanowire (Figure 4.5e). 

Re-engaging the optical trap allowed us to repeat this process, soldering additional oriented 

nanowires to fabricate long, periodic heterostructures in solution (Figure 4.5f). Radiative heating 

of the trapped nanostructure (discussed below) enabled the tip-to-tail nanosoldering to produce the 

repeating nanowire heterostructures. The addition of diphenylgermane (DPG) to the solution 

enhanced fusion of the optically aligned nanowires. The bismuth seeds are visible at the interface 

between nanowires in the heterostructure (Figure 4.5f). Raman spectroscopy (Figure 4.5g) also 

demonstrates that ensembles of germanium nanowires dispersed in toluene retain their crystallinity 

even after extended laser heating at high irradiances with a focused (~1.5 MW·cm-2) and 

unfocused, collimated (50 kW·cm-2) beam.  
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Figure 4.5. Demonstration of optically oriented nanowire assembly via photonic nanosoldering. 

First, radiation pressure pushes (a) a single nanowire into the optical trap (b). We then bring the 

trapped nanowire near a second nanowire diffusing freely in Brownian motion (c). Forces due to 

asymmetric radiation pressure combined with photothermally induced laser heating result in the 

formation of an optically aligned coaxial heterostructure (d), which is subsequently released back 

into Brownian motion (e). An image showing a periodic heterostructure assembled at a trapping 

power of 5.5 W in an environment of squalane with DPG. The white arrows illustrate bismuth 

nanocrystal junctions between each of the germanium segments (f). Orange circles highlight freely 

moving, untrapped nanowires while yellow circles indicate optically trapped nanowires.  All scale 

bars are 2 µm. Raman scattering (g) from ensembles of germanium nanowires dispersed in toluene 

before and after photothermal heating by both a focused (~1.5 MW·cm-2) and unfocused, 

collimated (50 kW·cm-2) 1070 nm laser demonstrates that photothermal heating during trapping 

does not alter the crystallinity of the material. 
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4.3.3 Laser heating during trapping in organic solvents 

When employing water-based optical trapping with a near-infrared (NIR) laser, the relatively large 

absorption coefficient of water can lead to appreciable adventitious solvent heating. For 

temperature-sensitive measurements, this effect has led to the use of D2O as a trapping medium 

due to its low NIR absorption coefficient.369 A number of groups have independently studied 

photothermal solvent effects and have measured heating on the order of ~1–10 K/W.368,391 As a 

potential alternative, organic solvents often exhibit significantly lower NIR absorption coefficients 

and thermal conductivities.392 For an empty optical trap, the dominant heat dissipation mechanism 

is thermal conduction. Using reported NIR absorption coefficients, α, and thermal conductivities, 

λ, we estimate that the solvent-induced heating in toluene (α = 3.5 m-1, λ = 0.14 W·m-1K-1) is 1.7 

W/mK.391 A similar analysis for water (α = 29 m-1, λ = 0.60 W·m-1K-1) yields 3.6 W/mK, 

suggesting that, for an empty trap, solvent-induced heating effects are slightly lower in organic 

solvents than in aqueous solvents. However, when the optical trap contains a highly absorbing 

particle, the lower thermal conductivity of organic solvents (~0.15 W·m-1K-1) leads to significantly 

greater local temperatures. The powers reported are measured after beam expansion and before the 

high numerical aperture trapping objective, which decreases the laser power by less than 30% at 

these trapping wavelengths. 

The conventional approach to determine the temperature of an optically trapped particle 

uses back focal plane interferometry to determine the diffusion coefficient of the particle in the 

trap. With sufficient knowledge of the physical characteristics of the trapping medium and the size 

of the particle, this information enables calculation of the temperature of the particle.376,393 Using 

this formalism, we report both the average temperature at the hydrodynamic radius of trapped 

nanowires and the average temperature of the nanowire at irradiances relevant for nanosoldering 
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(Figure 4.6). These average temperatures vary from 135 to 221°C at the hydrodynamic radius and 

266 to 392°C at the nanowire surface, depending on the trapping power, thus illustrating significant 

heating of the trapped nanowire, along with a steep temperature gradient in the surrounding fluid. 

Notably, the temperatures at the nanowire surface are above the bulk bismuth melting point of 

271°C. Moreover, to the best of our knowledge, these temperatures are higher than the temperature 

of any previously measured, optically trapped nanowire in solution. Finally, although this 

methodology used to measure particle temperature assumes that the trapped particle is isothermal, 

the stark differences in the optical properties of the bismuth tip and the germanium wire produce 

a large thermal gradient within the trapped nanowire that perturbs the local fluid properties. 

 

 
Figure 4.6. Analytically predicted temperatures of an optically trapped bismuth-seeded germanium 

nanowire. Average local temperature along the length of the nanowire (b) during trapping at a 

power of 5.5 W, showing that the entire nanowire is above the bismuth melting temperature during 

alignment and nanosoldering, and that the end of the nanowire near the bismuth tip experiences 
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significantly higher local temperatures. To create lower and upper temperature bounds for the 

optically trapped nanostructure, the average temperatures of trapped germanium nanowires with 

(purple) and without (green) bismuth tips were calculated as a function of trapping power (c). 

Appendix C includes full details of these calculations. Average experimental temperatures at the 

nanowire surface were calculated using a hot Brownian motion diffusion model.394 Error bars 

indicate the standard deviation of the average temperature from three separate measurements. 

 

To validate these temperatures and elucidate the nanosoldering mechanism, we modified 

the theory developed by Roder et al.377 for a germanium-bismuth nanowire heterostructure. We 

approximated the heterostructure as a cylinder with bismuth and germanium sections (Figure 4.6a) 

and solved the heat conduction equation  

ρCp

∂T

∂t
=  κ∇2T +  Q̇′′′ (4.1) 

in each section of the cylinder, where ρ, κ, and Cp are the density, thermal conductivity, and 

specific heat capacity, respectively, of the bismuth or germanium portion of the nanowire. The 

cylinder-cylinder approximation of the heterostructure in Figure 4.6a simplifies the heat transport 

analysis and is valid when the diameter is much smaller than the wavelength of the trapping laser, 

as in this case. The heat generated per unit time per unit volume, Q̇′′′, depends on the laser 

irradiance and polarization, and is related to the electric field 𝐄 and its complex conjugate 𝐄∗ by 

Q̇′′′ =  
2πRe{n}Im{n}

λμc
𝐄 ∙ 𝐄∗ (4.2) 

where n in the complex refractive index, λ is the wavelength of the incident laser irradiation, c is 

the velocity of light, and μ is the electromagnetic permeability. Table C.1 contains all parameter 

values for the heat transport calculations. For isotropic cylinders and spheres, Mie theory solutions 

provide the complex internal electric field, 𝐄, to calculate the source term. However, for the 
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cylinder-cylinder geometry (Figure 4.6a), there is no analytical solution. Consequently, we used 

numerical discrete-dipole calculations to determine the electric field. 

As discussed below, photothermal heating melts the bismuth nanocrystal, forming a liquid 

metal droplet at the nanowire tip that facilitates nanosoldering.375 As such, we allowed the 

composition and optical characteristics of the molten droplet to vary with temperature in 

accordance with the Bi-Ge binary phase diagram. Data regarding nonlinear absorption effects, 

including saturation and two photon absorption, in bismuth are conflicting, with reported values 

spanning orders of magnitude. Due to these uncertainties, we created upper and lower bounds by 

considering heat transport analysis on a germanium nanowire with a bismuth tip and a germanium 

nanowire without a bismuth tip, respectively. These upper and lower bounds resulted in average 

temperatures of 447°C and 244°C in an ambient bath of squalane at a trapping power of 5 W, 

which was used for optically oriented attachment (Figure 4.6c).  

While the average electric field is similar throughout the nanowire heterostructure, the 

large value of Im{n} = 4.33 for bismuth indicates significant absorption relative to Im{n} = 0.30 

for germanium. Furthermore, the low Biot number of the nanowire suggests that there is little 

radial temperature variation. The radially-averaged temperature profile of a single bismuth-

germanium nanowire trapped at 5 W (Figure 4.6b) illustrates that the bismuth tip is significantly 

hotter than the germanium wire, due to the disparity in heat generation. We calculate that the 

bismuth nanocrystal melts at a distance of ~50 µm below the focal plane of the optical trap due 

photothermal heating. Indeed, calculations show that a trapping power of only 0.35 W is sufficient 

to melt the bismuth nanocrystal tip in the optical trap’s focal plane. Because the time scale to 

achieve steady-state heating (< 10-9 s) is much less than the time for radiation pressure to drive the 
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nanowire into the optical trap (10-2 – 1 s), the incoming nanowire is at a steady-state temperature 

as it approaches the trap.395 

During attempts to trap and assemble nanowires dispersed in toluene, nanowires 

accelerated toward the trap at higher velocities than in squalane and occasionally fused at an angle, 

rather than coaxially. This resulted in the binding of nanowires at angles, yielding radially-

asymmetric structures that eventually rotated out of the trap. While impractical for the continued 

production of linear periodic heterostructures, this does illustrate the potential application of the 

nanosoldering process to create more complicated structures.396 One explanation for this 

phenomenon is the massive disparity between the viscosity of squalane (28.4 cP) and toluene (0.58 

cP). The hydrodynamic drag force in toluene is three orders of magnitude lower than the drag force 

in squalane; consequently, the radiation pressure required to align and push the nanowire into the 

optical trap is three orders of magnitude higher in squalane than in toluene. For the Gaussian beam 

profile used in the single-beam optical trap, there exists a much smaller solid angle over which this 

balance of forces is satisfied in squalane than in toluene. Thus, nanowires in predominately 

squalane solutions are only aligned and trapped if they are almost directly below the optical trap—

that is, if θ ≈ 0. However, in toluene, radiation pressure and torque will act over a much wider 

solid angle (θ > 0) to drive nanowires into the optical trap, which can enable off-axis addition. 

Another potential challenge is that, given the low Reynolds number of the system, nanowires enter 

the trap at their terminal velocity, which is determined by the viscosity of the solvent and the laser 

power.342 The large difference in viscosity between squalane and toluene illustrates that nanowires 

will approach the trap at much higher velocities in toluene than in squalane, which may prevent 

optical alignment prior to nanosoldering. Thus, using a viscous solvent enables oriented alignment 

by decreasing the solid angle of radiation pressure, thereby restricting the volume and angle of 
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nanowires approaching from below the optical trap. In addition, using a high power may be 

required to impart large radiation pressure forces to align the nanowire prior to entering the trap. 

Alternatively, heating-induced hydrodynamic effects could also facilitate nanowire alignment. 

Notably, the trapped nanowire can reach very high temperatures without locally boiling the 

solvent due to the high Young-Laplace interfacial surface pressure.368 To demonstrate the impact 

of the Young-Laplace pressure, we trapped a nanowire in squalane at 5 W and moved it toward a 

glass slide, which provided a flat surface for bubble nucleation. Although stable in solution, when 

the nanowire reached the surface of the glass slide, the solvent immediately boiled and ignited, 

despite the high thermal conductivity of glass compared to squalane, indicating that the large 

Young-Laplace pressure prevents local bubble nucleation and ignition near the nanostructure. 

Importantly, docking with a surface can easily be achieved safely by simply switching to a lower 

laser power or using a higher viscosity solvent, thus suppressing bubble formation. Both of these 

strategies enable the safe manipulation of optically trapped materials in organic solvent systems. 

This serves as a critical safety demonstration, while also highlighting the significant processing 

advantage afforded by working in solution as opposed to on a surface, thus enabling higher 

temperature transformations. Moreover, when carrying out a high-temperature manipulation, such 

as nanosoldering, on a trapped structure in an organic solution, it is critically important to reduce 

the power of the trapping laser prior to docking the structure with a surface. 

 

4.4 CONCLUSION 

This analysis indicates that nanosoldering occurs through sequential steps. First, the radiation 

pressure from the optical trap acts asymmetrically on the nanowire to exert an optical torque that 

orients the bismuth nanocrystal tip away from the incident laser and accelerates the nanowire 
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toward a previously-trapped and aligned nanowire. When the accelerating nanowire comes within 

~50 µm of the trap volume, the temperature of the photothermally heated bismuth nanocrystal 

exceeds the bismuth melting temperature of 271°C, rapidly causing the tip of the nanowire to melt 

and form a liquid metal droplet. As the nanowire continues to approach the optical trap, its 

temperature rises, and the gradient force begins to oppose the radiation pressure, decreasing the 

velocity of the nanowire. Finally, as the gradient force slows the incoming, aligned nanowire, the 

molten bismuth tip contacts the germanium end of the previously trapped nanowire, fusing the two 

optically oriented nanostructures together. 

In conclusion, we have expanded the range of optical trapping media to include organic 

solvents and demonstrated the optically oriented assembly of metal-seeded germanium nanowires 

for the first time. DDA calculations and experimental results show that the bismuth seed particles 

on the tips of the SLS-grown germanium nanowires experience a significantly greater radiation 

pressure than the germanium portion of the nanowire, causing it to orient coaxially in the trap, 

with the bismuth seed oriented away from the incident laser source. In addition, as compared to 

trapping in aqueous solvents, operating an optical trap in an organic solvent environment facilitates 

the generation of much higher local temperatures upon trapping due to the decreased thermal 

conductivity of the solvent. We leveraged these effects to rationally manufacture periodic bismuth 

nanocrystal-germanium nanowire heterostructures in squalane using an optical trap. We anticipate 

that these results will usher in a new realm of optical trapping applications, including additive 

nanomanufacturing from constituent nanomaterial building blocks,347 single-particle 

catalysis,84,346,397  and future hydrodynamic studies.344,345,371,398,399  
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Chapter 5. GERMANIUM NANOWIRE BATTERY ELECTRODES 

WITH ENGINEERED SURFACE-BINDER INTERACTIONS FOR 

IMPROVED CYCLE LIFE AND HIGH ENERGY DENSITY 

WITHOUT FLUORINATED ADDITIVES 

The work presented in this chapter is the result of a collaborative project between the Holmberg 

lab and the Schlenker lab (UW Chemistry). Dr. Jarred Olson and I worked closely together to 

prepare nanowire-based electrodes, conduct experiments to evaluate nanowire-based electrode 

performance, and interpret the resulting data. 

Reproduced with permission from “Pandres, E. P.; Olson, J. Z.; Schlenker, C. W.; Holmberg, V. 

C. Germanium Nanowire Battery Electrodes with Engineered Surface-Binder Interactions Exhibit 

Improved Cycle Life and High Energy Density without Fluorinated Additives. ACS Appl. Energy 

Mater. 2019, 2, 9, 6200-6208.” Copyright 2019 American Chemical Society. 

https://pubs.acs.org/doi/10.1021/acsaem.9b00667 

 

 

5.1 INTRODUCTION 

Group-IV materials, such as silicon and germanium (Ge), continue to garner interest as prospective 

replacements for graphite as negative electrode materials in lithium ion (Li-ion) batteries due to 

their high gravimetric lithium storage capacities of 3579 mAh/g and 1384 mAh/g, respectively.400 

Both Si and Ge undergo large volume changes (~300%) upon lithiation,251 which can cause 

capacity loss through electrode fracture, deleterious irreversible reactions that trap lithium ions, 

and electrode delamination from the current collector. Strain and electrode fracture associated with 

these volume changes can be reduced by nanostructuring the active electrode material,20,234,248 
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particularly for nanowires (NWs).146,401 NWs produced via colloidal, solution-based methods have 

been integrated as active materials in devices as freestanding fabrics21 and as components within 

a composite electrode.22,23 Composite electrodes are most commonly obtained by preparing a 

slurry of active material, conductive carbon, and polymeric binder in some optimized ratio.  

Ongoing strategies to improve the cycle life of alloying electrode materials in composite 

architectures often hinge on controlling the solid-electrolyte interphase (SEI) layer composition 

and stability.256,402,403 The SEI layer is a heterogeneous coating of inorganic and organic 

compounds that forms as electrolyte solvents undergo electrochemical redox processes to form 

decomposition products at the electrode-electrolyte interface. Both the active material and 

composite electrode components at the electrode-electrolyte interface can influence the 

composition and stability of the SEI layer during electrochemical cycling.404 The continued growth 

of the SEI layer throughout cycling can lead to the trapping of mobile ions within the layer as well 

as increased ionic resistance, leading to increased electrochemical impedance.405 Additionally, the 

redox byproducts of electrolyte solvents may be soluble in the electrolyte itself, forming a soluble 

(rather than solid) electrolyte interface.406–408 Thus, a robust SEI layer is necessary for stable 

cycling, but the continued growth of the SEI layer, which can occur if fresh electrode surface is 

exposed, can result in poor capacity retention.  

Electrolyte solvents and additives have been shown to strongly influence the cycle life of 

silicon- and Ge-based electrodes by altering the SEI layer composition, thickness, and ionic 

conductivity.402,409,410 Additional strategies have focused on modifying the mechanical and 

conductive properties of the polymeric binder to enhance its ability to accommodate large volume 

changes and maintain adhesion to the current collector as well as enhance charge transport, 

respectively.24,411–415 Polymeric binders can also influence the composition of the SEI layer by 
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undergoing different degrees of swelling with the electrolyte solvent, either facilitating or 

inhibiting reactions at the interface between the binder and the active material.414,416,417  

The relative reduction potentials of electrolyte solvents and additives largely govern which 

electrochemical decomposition products are formed first, establishing the innermost portion of the 

SEI layer, closest to the active material surface.255,418 The subsequent composition and morphology 

of the SEI ultimately affects capacity retention.419–421 In particular, incorporating the FEC additive 

has consistently been demonstrated to be advantageous – and often considered necessary – in 

numerous alloying electrode systems, including Si, Ge, and antimony-based electrodes; however, 

these studies are often performed using materials that likely have surface oxides present due to 

how the materials are produced and handled.22,422,423 Without surface functionalization or active 

coating processes, a native oxide layer forms on Group-IV active materials after brief air exposure 

upon removal from their growth chamber. This native oxide is particularly important, as it has 

been proposed to affect the electrochemistry of the SEI layer.424–426 Moreover, for Ge NW-based 

composite electrodes using NWs with oxide-terminated surfaces, FEC has appeared to be a critical 

electrolyte additive for retaining cell capacity and cycle life.22 Alternatively, alkanethiol 

functionalized Ge NW-based electrodes were recently demonstrated to have excellent capacity 

retention over extended cycling using a conventional electrolyte without FEC.23 Thus, despite the 

clear importance of interfacial surface chemistry for alloying electrodes, investigations of NW 

alloying electrodes with careful, well-defined surface chemistry are somewhat limited, likely due 

to the added difficulty and expense of etching and tailoring NW surface chemistry after air 

exposure.427 Likewise, the role of various electrolyte additives has yet to be explored on oxide-

free Ge NW electrode surfaces. By comparing electrolyte additives that are structurally similar and 

undergo similar reductive decomposition pathways, we reveal how the electrochemical 
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performance of oxide-free, surface-functionalized Ge NWs correlates with electrolyte 

composition.  

Here, we use supercritical fluid-liquid-solid (SFLS)-grown Ge NWs as a model material 

system to understand the effects of surface chemistry on alloying-type electrode materials. The 

SFLS process enables in situ surface-functionalization, eliminating potentially expensive and 

unwieldy acid etching steps and interface oxidation from air exposure. Moreover, since the entire 

synthesis is carried out in an easily evaporated, volatile organic solvent (toluene in this case), 

functionalized NW surfaces have intrinsically well-defined surface chemistries, without the need 

for intensive processing steps to purify samples and remove oily high-boiling-point solvents. We 

capitalize on the controlled thermal hydrogermylation of the native Ge NW surfaces in situ,78 and 

subsequently incorporate these functionalized NWs into composite electrodes with different 

polymeric binders and electrolyte additives to explore how engineering the interfacial chemistry 

of functionalized NWs influences cycle life for composite alloying electrodes. We observe both 

electrolyte- and fabrication-dependent aspects of capacity retention that manifest via delithiation 

from amorphous and crystalline domains of the nanostructured Ge active material.  

 

5.2 EXPERIMENTAL DETAILS 

5.2.1 Materials 

All materials were used as received without further purification. 1-dodecanethiol (≥98%), 

fluoroethylene carbonate (99%), hydrogen tetrachloroaurate (III) trihydrate (≥99.99% trace metals 

basis), lithium metal ribbon (99.9% trace metals basis, 0.75-mm thickness), lithium 

hexafluorophosphate (99%), N-methyl-2-pyrrolidone (anhydrous, 99.5%), 1-octene (98%), 

poly(acrylic acid) (average MW: 1800), sodium borohydride (99.99%), toluene (anhydrous, 
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99.8%), and vinylene carbonate (≤ 2% BHT as stabilizer, 97% ) were purchased from Sigma 

Aldrich. Chloroform (HPLC grade, 99.9%), toluene (Certified ACS, 99.8%), and Whatman glass 

fiber separators (19-mm diameter discs, grade gf/f) were purchased from Fisher. Diphenylgermane 

(>95%) was purchased from Gelest. Ethanol (200 proof) was purchased from Decon Laboratories. 

Copper foil (9-μm thickness) and poly(vinylidene difluoride) (≥99.5%, average MW: 600,000) 

were purchased from MTI. Conductive carbon (Vulcan® XC72R) was obtained from Cabot 

corporation. Lithium perchlorate (anhydrous, ≥99%) was purchased from Alfa Aesar. Diethyl 

carbonate (≥99%) and ethylene carbonate (99%) were purchased from BASF. CR2032 type coin 

cell components were purchased from Pred Materials International.  

 

5.2.2 Germanium nanowire synthesis and surface functionalization 

Dodecanethiol-passivated gold (Au) nanocrystals were prepared in a mixture of deionized water 

and toluene via the Brust method.307 Germanium nanowires were synthesized via SFLS-based 

growth, and surface functionalized in situ via thermally initiated hydrogermylation with 1-

octene.78 In a typical reaction, a cylindrical 10-mL titanium reaction vessel was transferred into a 

nitrogen atmosphere glovebox, sealed, and placed in a heating block at 380°C. Keeping the exit 

valve closed, the reactor was pressurized to 900 psig using anhydrous toluene. A precursor mixture 

containing 1.7 × 10-2 mg/mL Au nanocrystals and 3.3 × 10-2 M diphenylgermane was prepared in 

anhydrous toluene (385:1 Ge:Au molar ratio). The mixture was loaded into a sealed stainless-steel 

piston and subsequently injected into the pre-pressurized and pre-heated reactor (900 psig, 380°C) 

at a rate of 0.5 mL/min for forty minutes. After nanowire growth, the temperature was then 

decreased to 220°C for surface hydrogermylation. Nanowire surface functionalization was carried 

out by injecting 12 mL of 2.1 M 1-octene in anhydrous toluene into the reactor at a rate of 0.5 
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mL/min for twenty minutes. The reactor temperature was then sealed and held at 220°C for 2 

hours, followed by isochoric cooling to room temperature. Nanowires were collected with toluene. 

All germanium nanowires used in this study were hydrogermylated with 1-octene. Nanowires were 

washed three times in glass vials with a 2:2:1 ratio of toluene:chloroform:ethanol, and centrifuged 

at 2355 RCF for ten minutes. The resulting high-aspect-ratio, single-crystalline germanium 

nanowires produced via this method have diameters ranging from 10 to 100 nm and lengths 

ranging from micrometers to millimeters. 

 

5.2.3 Germanium nanowire-based electrode fabrication 

Ge NW electrodes were prepared through two different methods (manual mixing with a mortar 

and pestle or magnetic stirring in a glass vial), but all composite electrodes were fabricated with a 

mass ratio of 70% Ge NWs, 10% conductive carbon, and 20% polymeric binder – either 

poly(acrylic acid) (PAA) or poly(vinylidene difluoride) (PVDF). In a typical “manual mixing” 

electrode preparation, 50 mg of Ge NWs and 7 mg of conductive carbon additive were combined 

with 1.5 mL of 9.5 mg/mL polymeric binder (PVDF or PAA) in N-methyl-2-pyrrolidone (NMP) 

and mixed for ten minutes with a mortar and pestle (manual mixing). The wet slurry was then 

deposited onto a copper substrate and doctor bladed (25.4-µm thickness). The wet composite 

electrode on the copper current collector was then placed on a hot plate preheated to 80°C to 

evaporate the NMP solvent. Figure 5.1 shows characteristic scanning electron microscopy (SEM) 

images of surface-functionalized Ge NWs before electrode integration, after integration into a 

composite electrode via manual mixing, and after integration into a composite electrode via 

magnetic stirring. 
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Figure 5.1. SEM images of (a) 1-octene hydrogermylated Ge nanowires before incorporation into 

a composite electrode, (b) a composite electrode (70:10:20 mass ratio of Ge NWs:conductive 

carbon:PAA) fabricated via manual mixing with a mortar and pestle, and (c) a composite electrode 

(70:10:20 mass ratio of Ge NWs:conductive carbon:PAA) fabricated via magnetic stirring. 

 

In a typical “magnetic stirring” electrode preparation, Ge NWs, conductive carbon, and 

polymeric binder (PVDF or PAA) were combined with 1.5 mL of NMP in a 3 mL scintillation vial 

and magnetically stirred at 1900 RPM for at least 16 hours. A glass Pasteur pipette was used to 

transfer the slurry to the copper current collector, which was then doctor bladed to a 25.4-µm 

thickness and placed onto a hot plate at 80°C until the solvent evaporated. The average areal mass 

loading of Ge NW active material for fabrication methods that included PAA as a binder was 0.40 

mg cm-2, while methods that used PVDF as a binder had an average areal mass loading of 0.60 mg 

cm-2. 

A 15-mm diameter C.S. Osborne hole punch was used to punch out electrodes, which were 

then dried overnight in a vacuum oven at 100°C that was held at a pressure below 50 mbar. 

Electrodes were weighed and transferred into an argon-filled MBraun glove box for further 
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assembly into coin cells. Briefly, the electrode on the current collector, the glass fiber separator, 

and the plastic spacer were placed in the stainless-steel cup, consecutively. Then 100 μL of the 

electrolyte solution [1 M LiPF6 in 1:1 w/w EC:DEC (ethylene carbonate: diethyl carbonate), with 

or without 5% w/w additive (FEC and VC)] was added dropwise onto the glass fiber separator to 

saturate it. The lithium foil, stainless-steel spacer, stainless-steel spring, and stainless-steel cap 

were then added to complete the half-cell assembly. A crimper (MTI Corporation) was used to 

seal the half-cell, whereupon it was transferred to a MACCOR testing unit for cycling. 

 

5.2.4 Materials characterization 

Transmission electron microscopy (TEM) images were acquired with a FEI Technai G2 F20 

Supertwin TEM, operating at 200 kV. Digital Micrograph software was used to generate Fast 

Fourier Transforms (FFTs) of high-resolution TEM images. Scanning electron microscopy (SEM) 

images were acquired with a FEI Sirion XL30 SEM operating at 5kV.  Galvanostatic 

measurements were performed with a MACCOR 4200 galvanostat programmed to cycle between 

0.01 and 1 V vs. Li/Li+. The reported specific capacities are based on mass loading of active 

material, reported rates are based on the theoretical capacity of Ge (1384 mA·h· g-1), and the 

reported capacity retention is relative to the second cycle. All electrodes were tested in duplicate. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Surface-functionalized germanium nanowire-based electrodes 

Figure 5.2a shows TEM images of Ge NWs prior to integration into composite electrodes. The 

high resolution TEM image in Figure 5.2a and the corresponding FFT (inset) indicate that the 
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SFLS-grown Au-seeded Ge NWs are single-crystalline prior to lithiation, as expected. Notably, 

all Ge NWs used in this study were hydrogermylated with 1-octene to prevent surface oxides from 

forming on the NWs. Ge NW composite electrodes fabricated using PAA as a binder along with a 

range of electrolyte additives demonstrate ~1100 mAh/g gravimetric capacities after 50 cycles 

(Figure 5.2b), which is close to the theoretical specific capacity of Ge, confirming the high quality 

of these composite electrodes.  

 

 
Figure 5.2 (a) TEM images of gold-seeded 1-octene hydrogermylated Ge NWs and (inset) FFT of 

a high-resolution TEM image. (b) Specific gravimetric capacity of Ge NW electrode composites 

fabricated via manual mixing, using PAA as a binder, and 1 M LiPF6 in 1:1 w/w EC:DEC with 

different additives: white (no additive), gray (FEC), and black (VC), cycled at a rate of C/10 (~138 

mA/g). (c) Depiction of a 1-octene hydrogermylated Ge NW with different electrolyte additives 

and (d) the capacity retention of Ge NW composite electrodes fabricated with PAA and cycled at 

a rate of C/10 (138 mA/g) with different electrolyte additives: white (no additive), gray (FEC), and 

black (VC) squares. Structural formulas of PAA, FEC, and VC are included for reference. 
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These surface functionalized Ge NW composite electrodes maintain high capacity retention under 

extended cycling, as well as under higher cycling rates (Figure 5.3), as has been seen previously 

for similar Ge NW based alloying electrodes.23 Although the presence of a large specific capacity 

is a significant metric for the evaluation of device performance, we also use capacity retention 

(Figure 5.2d) as a metric to normalize and compare the extent of degradation between electrodes 

that may have slight variations in absolute capacity.  

 

 
Figure 5.3. (a) Specific capacity and (b) capacity retention for electrodes cycled at a rate of C/10 

(138 mA/g) over 100 cycles. (c) Rate test of 1-octene hydrogermylated Ge nanowires cycled at 

C/25 (55.4 mA/g), C/10 (138 mA/g), C/5 (277 mA/g), C/2 (692 mA/g), 1C (1384 mA/g), and C/10 

(138 mA/g). Electrodes were fabricated with PAA via manual mixing and were cycled with a 1M 

LiPF6 1:1 w/w EC:DEC electrolyte. 

 

Interestingly, for the hydrogermylated NWs implemented in this study, including FEC as 

an electrolyte additive adversely affected the capacity retention and cycle life (Figure 5.2d) of the 

electrode, consistently resulting in the poorest performing devices that employ this particular 

surface chemistry/binder pairing. Quantitatively, our devices using neat electrolyte solvents 

without additives (1:1 EC:DEC + 1M LiPF6) consistently exhibited greater capacity retention after 

fifty cycles (83%) than devices that included the FEC additive (73%). While this performance (see 

Figure 5.3 for long-term cycling and rate testing) is comparable to the performance of devices 
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fabricated with alkanethiol-passivated Ge NWs cycled in the absence of FEC that used PVDF as 

a binder,23 our results are in stark contrast to previous studies on surface-oxidized Ge NWs,22 

which showed that FEC was critical for robust cycling and capacity retention. In fact, using non-

fluorinated VC as an electrolyte additive results in the greatest overall capacity retention for our 

hydrogermylated Ge NW devices (96%). Moreover, devices that included VC as an electrolyte 

additive consistently showed very high ~99.5% coulombic efficiencies (Figure 5.4). 

 

 
Figure 5.4. Coulombic efficiencies of germanium nanowire composite electrodes fabricated via 

manual mixing, using PAA as a binder, and 1 M LiPF6 in 1:1 w/w EC:DEC with different 

additives: white (no additive), gray (FEC), and black (VC), cycled at a rate of C/10. 

 

5.3.2 Effects of electrolyte additives on the solid-electrolyte interphase layer 

SEI layer formation via the decomposition of different electrolyte solvents has been discussed in 

depth in the literature, with a heavy focus on the cyclic carbonates. SEI layers produced from 

reduction of EC-based electrolyte solvents are known to be rich with polyethylene oxides, 

polycarbonates, and short-chain alkyl dicarbonates.428 Both VC and FEC-based electrolyte 

solvents are proposed to undergo similar reduction pathways429 to form SEIs containing polymeric 

networks with elastic properties that can withstand the drastic volume changes of the active 
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material upon lithiation and delithiation, thereby preventing further electrolyte reduction.430–432 

Distinguishing the cycling performance of VC-containing electrolytes from those containing FEC 

in our data, previous results indicate that the yield of polymeric networks for VC-derived SEIs is 

higher than FEC-derived SEIs when FEC and VC concentrations are the same.433 It has been 

observed that high concentrations of FEC are needed to produce sufficiently robust polymeric SEI 

structures and minimize electrode cracking.434 Another recent study by Browning et al. 

demonstrated that the consumption and instability of polymer networks from an FEC-derived SEI 

depends on the lithiation state of the electrode.435 Such effects would minimize the extent to which 

mechanical properties of a polymeric SEI can stabilize performance as the electrode continuously 

cycles. Moreover, the presence of fluorine in FEC is believed to produce a SEI structure rich in 

LiF at the innermost region, which stabilizes the SEI layer.436 Several studies have also suggested 

that the presence of  FEC could be advantageous with respect to mitigating or etching surface 

oxides to create a more stable SEI.437–439 However, in this study, we eliminate the presence of 

surface oxide by carefully controlling the Ge NW surface chemistry through in situ 

hydrogermylation. As a result, the previously observed stabilization afforded by the decomposition 

of FEC on nanostructured Ge electrode materials with native oxide surfaces437–439 appears to be 

unnecessary for oxide-free active materials that are surface functionalized prior to electrode 

fabrication. Consequently, it is likely that the preferential formation of organic species (short-chain 

alkyl carbonates and polymeric networks from EC and VC reduction, respectively) maintain the 

cycling stability of high-capacity alloying electrodes with oxide-free surfaces, as opposed to a 

more inorganic and rigid SEI via FEC reduction. 
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5.3.3 The role of electrolyte additives on the cycling characteristics of hydrogermylated Ge 

nanowire-based electrodes 

To further elucidate the impact of fluorinated compounds on the capacity retention of alkane-

functionalized Ge NW composite electrodes with controlled surface chemistry, additional 

electrodes were cycled in the complete absence of all possible source of fluorine. The standard 

electrolyte salt, LiPF6, was replaced with LiClO4, and the fluorine-free PAA binder was employed 

once again – as opposed to the widely used, fluorine-containing PVDF binder system. Although 

fluorine-free cells formulated without electrolyte additives exhibited continuous capacity decay 

(Figure 5.5, white squares) with a capacity retention of 83% after 50 cycles, when the fluorine-

free additive, VC, was included as an electrolyte additive (black squares), capacity retention 

improved to 98%, consistently resulting in our best overall device performance with absolutely no 

fluorine present anywhere in the electrochemical system. These observations strongly suggest that 

the polymeric network created by the reductive decomposition of VC is much more important for 

generating a robust SEI layer than forming LiF for electrodes made using Ge NWs with unoxidized 

alkane-functionalized surfaces. Previous data on bare Ge NWs cycled with a VC electrolyte 

additive in the absence of binder440 reveal a lower capacity retention (~75%) within the first 15 

cycles than what was observed in this study, suggesting that alkane functionalization and/or the 

inclusion of PAA binder imparts greater cycling stability to the active material. 
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Figure 5.5. Capacity retention of fluorine-free Ge NW-based composite electrodes fabricated via 

manual mixing with PAA as a binder, using lithium perchlorate as an electrolyte salt without 

electrolyte additives (white) and with VC (black). Structural formulas of the lithium perchlorate 

electrolyte salt and PAA binder are included for reference. 

 

In an effort to better distinguish the different mechanisms of capacity retention that occur 

during cycling, differential capacity plots (Figure 5.6) from the devices shown in Figure 5.2 were 

analyzed to see how the electrochemical events in each composite changed over the course of 50 

cycles for each electrolyte formulation. Negative values along the ordinate in these plots 

correspond to lithiation, sweeping the voltage from 1 to 0.01 V, while positive values along the 

ordinate correspond to delithiation as the potential is swept from 0.01 to 1 V. For all electrolyte 

formulations, there is a sharp peak during the first cycle, corresponding to a two-phase transition 

at 0.37 V associated with lithiation of crystalline Ge,441,442 but this peak does not appear in 

subsequent cycles. As such, this initial feature is ascribed to the lithiation-induced amorphization 

of crystalline Ge. In all subsequent cycles, the lithiation of amorphous Ge (a-Ge) proceeds via 

three broad peaks at 0.55 V, 0.4 V, and 0.2 V, which are characteristic of amorphous LixGey. 

Delithiation of lithiated Ge exhibits a distinctive peak at ~0.5 V, which corresponds to the 

delithiation of crystalline Li15Ge4. In past work,22 capacity retention in Ge NW electrodes has been 

primarily associated with preserved delithiation peak intensities at ~0.5 V as cycling proceeds. 
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Indeed, less efficient capacity retention was observed for devices that showed a decrease in this 

sharp delithiation peak following extended cycling. In addition, a broad delithiation shoulder 

centered near 0.4 V (e.g. Figure 5.6a) evolves over an increasing number of cycles for certain 

electrolyte compositions. Although this broad shoulder has not specifically been assigned 

previously for Ge alloying electrodes, by making an analogy to studies of silicon lithiation and 

delithiation,443 we suggest that this feature corresponds to delithiation from amorphous domains 

of the active material (a-LixGey). 

 

 
Figure 5.6. Total differential capacity plots of 1-octene hydrogermylated Ge NW composite 

electrodes fabricated via manual mixing that employ PAA as a binder, 1 M LiPF6 in 1:1 w/w 

EC:DEC with (a) no electrolyte additive, (b) FEC additive included, and (c) VC additive included. 

The color scale at the rightmost side delineates the evolution of the differential capacity profile 

over the first 50 cycles for each device. Arrows highlight changes in peak intensity. 

 

As can be seen from the plots in Figure 5.6, a comparison between the performance of Ge 

NW composite electrodes with different electrolyte additives demonstrates that the major lithiation 

and delithiation features of the total differential capacity plots are similar over the course of the 

first twenty cycles. However, the device without electrolyte additive (Figure 5.6a) shows a 

substantial decrease in the intensity of the sharp Li15Ge4 delithiation peak at ~0.5 V over extended 

cycling, along with the concomitant formation of the broad delithiation shoulder at ~0.4 V, 
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corresponding to delithiation from a-LixGey as discussed above. Interestingly, these additive-free 

devices maintain better capacity retention than devices that include the FEC additive (Figure 5.2d), 

despite the decrease in peak intensity at 0.5 V, likely due to the emergence of a-LixGey as an 

additional source of delithiation capacity to compensate for the loss of Faradaic activity from the 

crystalline Li15Ge4 phase.  

Including electrolyte additives (Figure 5.6b and Figure 5.6c, corresponding to FEC and 

VC) suppresses the ability to delithiate from a-LixGey domains, as evidenced by the absence of the 

broad shoulder at ~0.4V over 50 cycles. Although the inclusion of FEC is often observed to result 

in improved capacity retention, it does not appear to be necessary for improving capacity retention 

in our hydrogermylated Ge NW-based devices (Figure 5.2d). Additionally, the three features 

associated with the lithiation of a-Ge for the additive-free and FEC-containing devices (Figure 

5.6a and Figure 5.6b) shifted to slightly lower potentials, while including VC as an additive (Figure 

5.6c) maintained the position of the original three a-Ge lithiation peaks; this behavior is consistent 

with results of fluorine-free devices as well (Figure 5.7a). Moreover, when VC was used as an 

additive (Figure 5.6c, Figure 5.7b), there was little change in the position or intensity of any peaks 

over the course of 50 cycles.  
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Figure 5.7. Total differential capacity plots of 1-octene hydrogermylated germanium nanowire 

composite electrodes that employ PAA as a binder, and EC/DEC + 1M LiClO4 as an electrolyte 

with (a) no electrolyte additive and (b) VC additive included. The color scale at the rightmost side 

delineates the evolution of the differential capacity profile over the first 50 cycles for each device. 

Arrows highlight changes in peak intensity. 

 

Furthermore, when VC was included, the crystalline Li15Ge4 delithiation peak at 0.5 V 

decreased the least out of the three device architectures (Figure 5.6c). Although including VC 

resulted in the best performing devices, it is clear from the differences between the additive-free 

and FEC-containing devices (Figure 5.6a and Figure 5.6b), in context with their capacity retention 

(Figure 5.2d), that overall capacity retention cannot be attributed to a single morphological habit 

(i.e. crystalline or amorphous domains of the active material). The device without any electrolyte 

additive (Figure 5.6a) leads us to believe that functionalizing the active material interface produces 

an SEI that minimizes the loss of capacity retention as compared to the unfunctionalized surfaces 

cited in this manuscript. 

 Importantly, the mechanical characteristics of binders can also affect composite electrode 

stability. Although this study focused on the use of PAA as a binder material, the highly fluorinated 

PVDF binder system is one of the most widely used polymeric binders for alloying electrode 

materials, including Ge NW composites.22,23 Nonetheless, PAA has recently been implemented for 

silicon-based composite electrodes, with high capacity retention upon extended cycling.444,445 The 
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impressive performance of PAA composites has been attributed to the large elastic modulus of 

PAA,446 hydrogen bonding of the carboxylate groups with native surface oxide present on silicon 

electrode materials,414,447 decreased swelling due to decreased electrolyte uptake,448 and higher 

adhesion strength with the copper current collector.449 However, most of these previous studies 

utilized alloying electrode materials containing surface oxide coatings. Because the Ge NW 

surfaces employed in this study have been functionalized in situ with an alkane monolayer to 

prevent surface oxidation, the observed benefits of using PAA as a binder largely appear to be due 

to its superior mechanical characteristics, such as the ability to withstand high strain from volume 

expansion of the active material and improved adhesion to the current collector, as opposed to 

chemical characteristics such as hydrogen bonding of the PAA carboxylate groups with an 

oxidized active material surface. 

 

5.3.4 The role of electrode fabrication processing on hydrogermylated Ge nanowire-based 

electrode performance 

Since polymeric binders are known to influence the mechanical stability and the SEI layer 

composition of composite electrodes,24,413–415 we performed a direct comparison between the 

performance of PAA- (Figure 5.8b) and PVDF-based (Figure 5.8c) Ge NW composite electrodes. 

Importantly, we observed that the electrode processing technique chosen to prepare the electrode 

slurry (Figure 5.8a) drastically affects the performance of the device depending on the binder that 

is being used. As such, we investigated the implementation of two commonly used processing 

techniques for each polymeric binder: (i) manual mixing with a mortar and pestle and (ii) magnetic 

stirring in a glass vial. To our knowledge, there has not been a comparison of electrode preparation 

techniques for these types of highly anisotropic, alloying negative electrode materials. We 
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demonstrate that choice of electrode processing technique is particularly critical for devices 

formulated using PVDF as a binder, and that magnetic stirring is overall a better choice for Ge 

NW-based composite electrode devices fabricated using either binder system. These results show 

that optimization of NW-based composite electrodes is highly dependent on slurry preparation, 

composite architecture, and careful selection of a polymeric binder. This highlights the importance 

of optimizing electrode processing methods for composite electrode systems.  

 

 
Figure 5.8. (a) Characteristic image of a Ge NW composite slurry (prepared via either magnetic 

stirring or manual mixing) doctor-bladed onto a copper foil. (b,c) Capacity retention of Ge NW-

based electrodes using either (b) PAA or (c) PVDF as a binder, EC/DEC as the electrolyte, LiPF6 

as the electrolyte salt, and different electrolyte additives for the two different electrode processing 

techniques. Circles represent magnetically stirred electrode slurries, while squares represent 

manually mixed electrode slurries. White symbols correspond to no electrolyte additive, gray fill 

corresponds to the use of FEC as an additive, and black fill indicates the use of VC additive.  

 

For PAA-based devices (Figure 5.8b), high capacity retention was achieved (>70%), 

irrespective of the electrode slurry preparation that was chosen, although magnetic stirring gave 
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rise to composites that exhibited much better overall capacity retention. We observe that magnetic 

stirring results in electrode composites with NWs whose morphology is largely maintained (Figure 

5.1c), while the composite electrodes fabricated by manual mixing show Ge NWs with 

significantly shorter lengths (Figure 5.1b). The observed morphological differences between the 

resulting electrode composites, while somewhat subtle, are clearly impactful with respect to 

electrode performance, thus warranting further study in the future. This effect is exacerbated 

significantly when PVDF is used as a binder, with PVDF-based devices exhibiting extremely poor 

capacity retention (~40%) when manual mixing is used to process the NW composite electrodes. 

Despite the apparent superiority of magnetic stirring over manual mixing, it is important to note 

that it is much easier to create devices with identical active material mass loadings using manual 

mixing for PAA-based electrodes, likely due to the heterogeneity of the magnetically stirred 

PAA/NMP dispersion immediately prior to doctor-blading, resulting in varied active material 

loadings for cells punched from different regions of the current collector. NWs were observed to 

flocculate more readily under certain slurry mixing conditions, which may affect the assumed 

homogeneity of the doctor-bladed electrodes and ultimately impact the average areal mass loading 

of active material, which can affect the apparent specific capacity. In particular, slurries fabricated 

with PVDF under magnetic stirring remained well dispersed during deposition, whereas slurries 

fabricated with PAA under magnetic stirring showed signs of flocculation over time. This 

highlights the importance of optimizing stable dispersions of fiber-based active materials for slurry 

casting and electrode fabrication.73 Nonetheless, all devices prepared using PAA exhibited robust 

specific capacities and capacity retention, irrespective of variations in the specific active material 

loading. The observed variations are likely due to differences in electrode slurry viscosity with the 
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different binders, and likely warrants further optimization of electrode slurry processing for highly 

anisotropic structures that are prone to flocculation in low viscosity solutions.450  

Despite the inclusion of FEC, (Figure 5.8c, red outlined-gray squares), there was little 

improvement in capacity retention (36% vs. 37% capacity retention after 50 cycles) for PVDF-

based devices prepared using manual mixing, to an extent that is similarly observed for the PAA-

based devices (see Figure 5.2b and Figure 5.2d). However, previous investigations that have 

integrated these materials into composite electrodes have typically employed magnetically stirred 

electrode slurries,22,23 and indeed, we found that when using PVDF as a binder, magnetically 

stirring the electrode slurry drastically improved the capacity retention of our devices (Figure 5.8c, 

red outlined circles), which is in agreement with previously published results. 22,23 Nonetheless, in 

our hydrogermylated Ge NW composite electrodes prepared via magnetic stirring with PVDF 

(Figure 5.8c), we did not see the same improvement upon addition of FEC that had been previously 

reported in other studies of analogously processed, unfunctionalized Ge NW composite 

electrodes.22 This observation builds on a growing body of evidence that actively functionalizing 

the surface of electrode materials could reduce the need for fluorinated additives to achieve high 

capacity retention, especially in alloying electrode systems.23,427 Certain electrode processing 

techniques can result in robust electrodes and capacity retention, irrespective of the electrolyte 

additives used, as seen in Figure 5.8, panels b and c, for both binders when prepared via magnetic 

stirring. Mechanical grinding via mortar and pestle may expose unpassivated, oxidized surfaces, 

where the formation of a robust SEI is more dependent on the presence of electrolyte additives, as 

has been observed previously.22 Conversely, magnetically stirred electrodes maintain the integrity 

of the surface passivation and therefore do not require electrolyte additives for high capacity 

retention. 
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For completeness, we also extend the total differential capacity analysis to devices prepared 

via magnetic stirring in the presence and absence of electrolyte additives for both polymeric binder 

systems in Figure 5.9. All devices show similar electrochemical features, but the three broad peaks 

associated with the lithiation of a-Ge again shift to slightly lower potentials for the additive-free 

devices (Figure 5.9a and Figure 5.9d) and devices with FEC additive (Figure 5.9b and Figure 5.9e), 

which is similar to the observed shifts in manually mixed PAA devices (Figure 5.6a and Figure 

5.6b). The devices with VC (Figure 5.9c and Figure 5.9e) maintain the same peak potentials for 

the lithiation of a-Ge throughout cycling, as before. 

 

 
Figure 5.9. Total differential capacity plots of magnetically-stirred Ge NW composite electrode 

devices fabricated with EC/DEC electrolyte, LiPF6 as the electrolyte salt, (a-c) PAA or (d-f) PVDF 

as the binder, and a range of electrolyte additives (a, d) no additive (b, e) FEC additive and (c, f) 

VC additive. The color scales at the rightmost side delineate the evolution of the differential 

capacity profile over the first 50 cycles for each device. Arrows highlight changes in peak intensity. 
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Notably, all Ge NW-based PVDF devices that were prepared by magnetically stirring 

(Figure 5.9d–f) showed a decrease in the magnitude of the c-Li15Ge4 delithiation feature at 0.5 V, 

with Figure 5.9e displaying a slight shift of this peak to lower potentials as the electrode is cycled. 

In addition, PVDF-based devices with VC and without additive (Figure 5.9d,f) show the gradual 

appearance of the broad shoulder at 0.4 V discussed previously, indicative of delithiation from a-

LixGey. This suggests that including VC as an electrolyte additive enables access to the delithiation 

of a-LixGey for PVDF devices as an additional source of capacity. Including VC in this composite 

architecture does not completely suppress the evolution of the broad shoulder at 0.4 V, even though 

the crystalline delithiation peak at 0.5 V does not decrease as dramatically as it does when 

electrolyte additives are absent. This indicates that formulations which enable the amorphous 

delithiation transition (0.4 V), while also maintaining the crystalline delithiation peak (0.5 V) could 

help to improve the cycle life of these high-capacity composite alloying electrodes. 

 

5.4 CONCLUSION 

We demonstrate that high-capacity composite alloying electrodes formulated with unoxidized, 1-

octene hydrogermylated Ge NWs do not require commonly used fluorinated additives, such as 

FEC, in order to maintain robust capacity retention. Devices with controlled surface chemistry 

fabricated in the complete absence of fluorinated compounds consistently demonstrated among the 

best capacity retention and overall performance, while the inclusion of FEC often led to decreased 

capacity retention. In contrast, reductive decomposition of the nonfluorinated VC additive led to 

consistently superior device characteristics. Total differential capacity plots showed delithiation 

from a-LixGey as an additional source of capacity for some cell architectures, with the beneficial 

characteristics of the PAA binder being attributed to its intrinsic mechanical properties, rather than 
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its ability to hydrogen bond with native surface oxides. In addition, we demonstrate that although 

both PAA and PVDF can be used as binders for Ge NW-based composite electrodes, the resultant 

device characteristics are highly dependent on the electrode processing technique that is chosen, 

particularly for PVDF-based devices. While the mass loading of electrodes containing PVDF as a 

binder is higher than those containing PAA (by 0.2 mg/cm2), the substantial difference in cycling 

performance and differential capacity profiles between composites fabricated via magnetic stirring 

and mechanical mixing did not appear to affect the capacity retention based on our initial device 

optimization data. We therefore conclude that the selection of composite processing conditions 

can be as significant as the electrolyte additive. Further comparisons between mass loading in full-

cell format, additive concentration, and charge/discharge rates will be of interest to pursue in future 

studies. Most importantly, we demonstrate that FEC is not necessary to achieve robust capacity 

retention in high-capacity alloying electrodes, as long as the active material surface chemistry is 

carefully controlled. These results suggest that actively controlling chemical functionalization of 

the electrode surface of the active material in nanostructured electrode composites may be a 

general tool for controlling the active material/bind interactions that influence cycle life in next-

generation high capacity alloying electrodes. Additionally, our results suggest that standardizing 

composite preparation methods may be critical for directly comparing the merits of new 

nanostructured composite formulations.  
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Chapter 6.  SUPERCRITICAL FLUID-BASED SYNTHESIS OF 

ALLOYED GROUP IV NANOWIRES 

The work presented in this chapter is the result of a collaborative project within the Holmberg lab. 

Ge Gu has contributed significant efforts toward the development of a supercritical fluid-based 

synthesis of Si1-xGex nanowires. 

 

6.1 INTRODUCTION 

In an effort to improve the energy density of lithium ion batteries, materials such as silicon and 

germanium have gained interest as negative electrode active materials as replacements for 

graphite. Silicon has the highest theoretical gravimetric capacity for negative electrode materials 

(3579 mAh/g at room temperature) and is a plentiful element, which has resulted in an explosion 

of research dedicated to developing silicon-based electrodes for lithium ion batteries over the last 

few decades.20,235,236,251,413,425,451,452 Recently, a number of companies and startups have directed 

efforts to improve lithium-ion battery energy density through the development of  silicon-based 

electrodes for lithium ion batteries, including Tesla, Global Graphene Group, Ecellix, Sila 

Nanotechnologies, Group14 Technologies, Advano, and Enevate. Despite silicon’s apparent 

unique advantages, it is ultimately limited in its ability to withstand cycling at fast charge and 

discharge rates.237 Germanium has the second highest theoretical gravimetric capacity for lithium 

(1384 mAh/g at room temperature) and, although it is more expensive than silicon, germanium has 

demonstrated a significantly greater rate capability, tolerating a charge/discharge cycle of twelve 

minutes, with only a marginal decrease in capacity.78,234,237,252 

 Although the study of silicon and germanium as individual materials is important for 

battery electrodes, the study of alloyed silicon and germanium (Si1-xGex) is a nascent field for 
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lithium ion batteries. One recent strategy to incorporate these two materials into an electrode 

material was to grow branched silicon nanowires from germanium nanowires, creating an novel 

heterostructure, capable of reaching high capacity as well as high rate capability, depending on the 

Si:Ge atomic ratio incorporated.453 Another strategy, glancing angle deposition (GLAD), was used 

to create nanostructured  alloyed Si1-xGex film electrodes, which exhibited tunable gravimetric 

capacity and rate capability as a function of the Si:Ge compositional ratio.454 By increasing silicon 

content, high capacity was achieved; by increasing germanium content, rate capability was 

improved.70,454 Incorporating a fraction of germanium into silicon to form an alloy is a promising 

strategy to improve the rate capability of high capacity alloying electrode materials, without 

increasing the cost significantly. Very recently, alloyed Si1-xGex nanowires, with a range of 

silicon:germanium ratios, were grown directly from a tin-coated stainless steel current collector 

and tested as electrodes for lithium ion batteries, demonstrating tunable capacity and rate 

capability.70  

When considering the structural architecture of electrodes that use nanowires for batteries, 

growing nanowires directly from the current collector promotes fast electron transport to the 

current collector. However, growing nanowires from a fixed number of metal seeds on a two-

dimensional substrate limits the total mass loading of active material in the electrode. Furthermore, 

by growing nanowires from a metallic thin film, the reaction is limited to the volume of the metal 

nanocrystal seed on the substrate. By transferring this chemistry from a substrate-based growth to 

a colloidal synthesis, we would circumvent active material mass loading limitations when 

incorporating these materials into electrodes for lithium ion batteries, resulting in a potentially 

more scalable process for Si1-xGex nanowire-based electrodes for lithium-ion batteries.  
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Here, we report the colloidal, supercritical fluid-based synthesis of tin-seeded Si1-xGex 

alloy nanowires. To our knowledge, this is the first demonstration of using supercritical fluid-

based techniques to produce alloyed semiconductor nanowires. 

 

6.2  EXPERIMENTAL DETAILS 

6.2.1 Materials 

Tin (II) chloride (SnCl2, anhydrous, ≥99.99% trace metals basis), oleylamine (90%), lithium 

bis(trimethylsilyl)amide (97%), superhydride solution (1.0 M lithium triethylborohydride in 

tetrahydrofuran), oleic acid (degassed, 90%), toluene (anhydrous, 99.8%), and ethanol (anhydrous, 

≤0.005% water) were purchased from Sigma-Aldrich. Chloroform (HPLC grade, 99.9%), ethanol 

(100%), and toluene (≥99.5%) were purchased from Fisher. Monophenylsilane (>95%) and 

triphenylgermane (>95%) were purchased from Gelest. 

 

6.2.2 Tin nanocrystal synthesis 

Tin nanocrystals were prepared based on the procedure outlined by He, et al.308 To a 100 mL three-

neck round-bottom flask, SnCl2 (7.8×10-1 mmol) was combined with oleylamine (24.6 mL). The 

flask was purged of air for five minutes on the Schlenk line while stirring at 1500 RPM. The 

mixture underwent a cycling process between vacuum and nitrogen three times. Under nitrogen, 

the mixture was heated to 140°C, whereupon vacuum was pulled for two hours. In the glovebox, 

a solution of lithium bis(trimethylsilyl)amide (3.6 mmol) in toluene (2 mL) was prepared and 

loaded into a syringe. Additionally, 0.6 mL of the superhydride solution was loaded into a syringe. 

The flask was blanketed with nitrogen and heated to 180°C. The lithium bis(trimethylsilyl)amide 
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solution was injected first. After ten seconds, the superhydride solution was injected. The reaction 

ran at 180°C for one hour, after which it was removed from heat. At 120°C, 10 mL of anhydrous 

toluene was injected, and the flask was cooled rapidly by being submerged in an ice bath. The 

flask was transferred to the glove box, which is where all nanocrystal handling was performed. To 

the nanocrystal dispersion, 40 mL of anhydrous ethanol were added, and the nanocrystals were 

centrifuged at 3885 RPM for 10 minutes for precipitation. The supernatant was discarded, and the 

nanocrystals were redispersed in 5 mL of anhydrous toluene. 1 mL oleic acid (degassed) was added 

to stabilize nanocrystals. The washing procedure was repeated with 10 mL of anhydrous ethanol, 

whereupon after centrifugation, the precipitated nanocrystals were redispersed in 4 mL of 

anhydrous toluene. Tin nanocrystals were stored in a nitrogen-filled glovebox to prevent oxidation. 

 

 

6.2.3 Supercritical fluid-based synthesis of Sn-seeded Si1-xGex nanowires 

Si1-xGex nanowires were synthesized via SFLS-based growth, using tin nanocrystals as seeds. In a 

typical reaction to synthesize Si1-xGex nanowires, a cylindrical 10-mL titanium reaction vessel was 

transferred into a nitrogen atmosphere, sealed, and placed in a heating block at 480°C. While 

keeping the exit valve closed, anhydrous toluene was introduced to the reactor, pressurizing the 

reactor to 900 psig. A nanowire precursor mixture containing 0.32 mg/mL Sn nanocrystals, 1.3× 

10-2 M triphenylgermane, and 2.2× 10-1 M monophenylsilane (1:6:52 Sn:Ge:Si molar ratio) was 

prepared in anhydrous toluene. The precursor solution was loaded into a 10 mL injection coil and 

subsequently injected into the pre-heated and pre-pressurized reactor for twenty minutes at a rate 

of 0.5 mL/min. After injection of the nanowire growth solution, the inlet and exit valves were 

closed and the reactor was cooled to room temperature. Nanowires were collected with toluene 
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and then washed three times in glass vials for further characterization with a 2:2:1 ratio of 

toluene:chloroform:ethanol, and centrifuged at 2355 RCF for ten minutes. 

 

6.2.4 Materials characterization 

Transmission electron microscopy (TEM) images were acquired with a FEI Technai G2 F20 

Supertwin TEM, operating at 200 kV. Digital Micrograph software was used to generate Fast 

Fourier Transforms (FFTs) of high-resolution TEM images. Scanning electron microscopy (SEM) 

images and energy-dispersive X-ray spectroscopy (EDXS) were acquired with a FEI Sirion XL30 

SEM operating at 5kV for imaging and 10kV for EDXS acquisition. Samples for SEM-EDX were 

prepared on aluminum foil, rather than on silicon substrates.  Raman spectra were collected with 

a Thermo Scientific DXR2 Raman microscope, using an excitation wavelength of 532 nm at a 

power of 5mW for one minute. X-ray diffraction (XRD) scans were collected using a Bruker D8 

Discover equipped with an IμS 2-D XRD detector system and were analyzed using EVA software. 

Inductively coupled plasma optical emission spectroscopy (ICP-OES) was performed with a 

Perkin Elmer Optima 8300 spectrophotometer.  

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Demonstration of tin-seeded Si1-xGex nanowires 

The supercritical fluid-based synthesis of alloyed Si1-xGex nanowires involved continuous injection 

of a nanowire precursor solution—consisting of tin nanocrystals, monophenylsilane, and 

triphenylgermane—into a pre-heated and pre-pressurized reactor. Figure 6.1a and Figure 6.1b 

shows TEM of the tin nanocrystals used for the synthesis of supercritical fluid-based synthesis of 
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Si1-xGex nanowires. XRD data of the nanocrystals (Figure 6.1c) confirms that they are composed 

of tin. 

 
Figure 6.1. (a) Low resolution TEM and (b) high-resolution TEM of tin nanocrystals used as seeds 

for the supercritical fluid-based growth of Si1-xGex nanowires. (c) XRD of tin nanocrystals (Sn 

PDF: 00-004-0673). 

 

 

 

Figure 6.2. (a) Low magnification SEM of tin-seeded Si1-xGex nanowires and (b) high 

magnification SEM image of tin-seeded Si1-xGex nanowires. 

 

Figure 6.2a and Figure 6.2b show SEM images of the tin-seeded Si1-xGex nanowires. Si1-

xGex nanowire diameters range from 25 nm to 420 nm and Si1-xGex nanowire lengths can reach 
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over 60 μm. The product of the supercritical fluid-based synthesis of Si1-xGex nanowires contained 

a mix of both straight and tortuous nanowires, as well as large isotropic particles.  

 

6.3.2 Evidence of Si1-xGex alloying in nanowires 

Alloying of silicon and germanium was confirmed through both Raman scattering (Figure 6.3), 

XRD (Figure 6.4), and SEM-EDX (Figure 6.5).  Raman scattering of Si1-xGex nanowires (Figure 

6.3) shows three prominent features, representative of the Ge-Ge, Si-Ge, and Si-Si bands. A 

downshift is expected for both the Ge-Ge and Si-Si bands of Si1-xGex alloys, compared to pure Ge 

(305 cm-1)  or Si (520 cm-1),455 which is reflected in the Raman data (Figure 6.3). In particular, the 

Si-Si band has been shown to downshift linearly with increasing Ge composition, enabling the 

estimation of the Si1-xGex nanowire composition calculated from the Si-Si peak position.455 Based 

on the peak position (~488 cm-1) of the Si-Si feature in Figure 6.3, the nanowire composition was 

estimated to be Si0.5Ge0.5.  

 
Figure 6.3. Raman scattering of tin-seeded Si1-xGex (Si0.5Ge0.5) nanowires synthesized through a 

supercritical fluid-based synthesis. Dashed lines are representative of band positions for pure 

germanium (305 cm-1) and pure silicon (520 cm-1). 
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The (111) reflection in the XRD data (Figure 6.4) also indicates successful growth of 

alloyed Si1-xGex. Based on the powder diffraction files (Ge: 00-004-0545, Si: 00-005-0565), the 

(111) reflections for germanium and silicon are located at 27.28° and 28.42°, respectively. It’s 

been demonstrated that the angle of the (111) reflection of the Si1-xGex system increases linearly 

with increasing silicon content.456 The XRD peak position of Si1-xGex nanowires in Figure 6.3 is 

located at 27.8, corresponding to a d-spacing of 3.2 Å, which is halfway between the d-spacing of 

silicon (3.14 Å) and germanium (3.26 Å) for the (111) reflection, validating the approximate 

Si0.5Ge0.5 composition estimated from the Raman downshift of the Si-Si peak.  

 
Figure 6.4. X-Ray diffraction data of Si1-xGex nanowires is represented by the black curve, 

highlighting the (111) reflection. The (111) reflection of germanium and silicon from the powder 

diffraction files are represented as green and blue lines, respectively. Germanium PDF 00-004-

0545, Silicon PDF 00-005-0565. 

 

SEM-EDX (Figure 6.5) was collected to investigate the distribution of silicon and 

germanium throughout the sample. SEM-EDX mapping displays a fairly homogeneous 

distribution of both germanium and silicon throughout the supercritical fluid-grown Si1-xGex 

nanowires. Interestingly, the Si:Ge ratio extracted from SEM-EDX is 2:1 (Figure 6.5h), which 
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differs from the calculated 1:1 Si:Ge ratio from Raman and XRD peak shifts. In previous work, 

when phenylsilane was used as a precursor for supercritical fluid-based silicon nanowire synthesis, 

the resulting nanowires typically had an amorphous poly(phenylsilane) coating on the nanowire 

surface as a byproduct of the phenylsilane disproportionation reaction.21,67 In addition, the reaction 

temperature has been shown to influence the thickness of the amorphous coating, with increased 

reaction temperatures resulting in thicker coatings.67 The discrepancy between the high Si:Ge ratio 

measured from SEM-EDX, compared to the calculated ratio from XRD and Raman, could be due 

to the presence of an amorphous poly(phenylsilane) coating, which could contribute to the higher 

silicon signal in SEM-EDX; however, because the amorphous poly(phenylsilane) coating is not 

incorporated into the crystalline nanowire, it does not contribute to alloying and therefore does not 

contribute to shifts in the XRD peaks or Raman bands. 

 

 
Figure 6.5. (a) SEM image of the Si1-xGex nanowires. (b-g) Layered EDX maps corresponding to 

(b) the Si1-xGex nanowires (h) EDX quantitative map and atomic ratio of elements. 
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6.3.3 The role of precursor decomposition kinetics 

Alloyed Si1-xGex nanowires were synthesized by balancing precursor decomposition kinetics and 

selecting a metal nanocrystal that forms a ternary alloy with silicon and germanium. Although both 

triphenylgermane and monophenylsilane undergo disproportionation reactions, the reactivity of 

aryl-germane precursors is much higher than aryl-silanes.108 Notably, the degree of phenyl 

substitutions was used to balance disproportionation reaction rates. Here, the decomposition 

kinetics of triphenylgermane and monophenylsilane match more closely than if both precursors 

had the same degree of phenyl substitutions, resulting in improved balanced kinetics and transport 

to the tin seed.108  

Similar to Stokes, et al,70 we attribute the synthesis of Si1-xGex nanowires to the high molar 

ratio of monophenylsilane to triphenylgermane. Previously, the high temperatures required for 

aryl-silane decomposition have been capitalized on by using monophenylsilane as a phenyl sink 

during the disproportionation of diphenylgermane, improving the yield and morphology of nickel-

seeded germanium nanowires, while limiting silicon incorporation to less than 0.6 atomic 

percent.457  In this work, under conditions with an increased ratio of monophenylsilane to 

triphenylgermane (52:6) and an increased reaction temperature, the monophenylsilane is able 

provides a sufficient supply of silicon semiconductor atoms for incorporation of silicon into Si1-

xGex nanowires. 

The presence of Si1-xGex nanowires is also accompanied by large, isotropic particles that 

are interspersed with nanowires in Figure 6.2. Homogeneous nucleation is responsible for the 

formation of such isotropic particles and occurs when the decomposition rate of the semiconductor 

precursor is faster than the rate of semiconductor atoms diffusing into the metal nanocrystal seed 

to facilitate anisotropic growth. Due to the sensitivity of the supercritical fluid-based nanowire 
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growth process to precursor decomposition kinetics,108 careful tuning of precursor concentrations, 

precursor to seed ratios, and reaction temperature are required to minimize homogeneous 

nucleation of isotropic particles. 

 

6.4 CONCLUSIONS 

In summary, we have demonstrated the first example of alloyed group IV nanowires grown 

through a supercritical fluid-based process. Growth of alloyed Si1-xGex nanowires was achieved by 

balancing reaction conditions such as the phenyl substitution of aryl-germanes and aryl-silanes, 

precursor ratios, metal seed to precursor ratios, and reaction temperature. Silicon-germanium 

alloying was validated through Raman spectroscopy and XRD; SEM-EDX confirmed nanowires 

were comprised of both silicon and germanium and also suggests that the Si1-xGex nanowires are 

coated with an amorphous poly(phenylsilane) shell. While this work demonstrates significant 

strides towards increased compositional control through supercritical fluid-based syntheses, 

specifically for alloyed group IV nanowires, additional work will be required to achieve a product 

that consists of entirely Si1-xGex nanowires without the presence of isotropic particles. This work 

is ongoing in the Holmberg lab and is focused on exploring the reaction parameter space to develop 

a high-yield supercritical fluid-based synthesis of primarily Si1-xGex nanowires, with plans to 

eventually investigate the tunability of the silicon:germanium ratio of Si1-xGex nanowires. After 

identifying reaction parameters to facilitate a tunable, supercritical fluid-based synthesis, Si1-xGex 

nanowires will be tested as an electrode material for lithium ion batteries. Eventually, we intend 

to use galvanostatic intermittent titration technique (GITT) to evaluate how the lithium diffusion 

coefficients in Si1-xGex nanowire-based electrodes changes as a function of Si1-xGex composition.  
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Chapter 7. CONCLUSIONS AND FUTURE DIRECTIONS 

7.1 CONCLUSIONS 

7.1.1 Laser-driven solution-liquid-solid growth of semiconductor nanowires 

Colloidal bismuth and indium nanocrystals were shown to reach very high temperatures (~190°C) 

under continuous-wave near-infrared irradiation through both experimental thermographic images 

as well as through numerical models. The overall temperature increases rapidly from a 

combination of photothermal heating and collective heating effects. Because the metal 

nanocrystals are dispersed freely in solution, rather than pinned to a substrate, the immediate 

volume surrounding the nanocrystal likely reaches very high temperatures due to Young-Laplace 

interfacial surface pressures, which prevents bubble nucleation. We leverage the high temperatures 

generated by irradiation of metal nanocrystal dispersions to drive decomposition of molecular 

semiconductor precursors and to subsequently drive diffusion of semiconductor atoms into the 

metal seed, thereby facilitating semiconductor nanowire growth through the SLS growth 

mechanism. In addition to using typical molecular semiconductor precursors for nanowire growth, 

we have shown that magic-sized indium phosphides clusters can also be used as precursors for 

semiconductor nanowire growth. Using doped magic-sized clusters as precursors for nanowire 

growth could represent a new strategy to homogeneously dope semiconductor nanowires, 

furthering our compositional control over semiconductor nanowires and their electronic and 

optical properties. 

Importantly, we also show that this contact-free, laser-driven nanowire growth process can 

be performed on the benchtop in any optically accessible, chemically resistant reactor, without the 

need for high-temperature or extreme-pressure equipment. Moreover, solution-based photothermal 
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nanowire growth can be translated from a batch reaction to a continuous-flow reaction, which 

could enable rapid combinatorial synthesis and characterization in the future. Further optimization 

of this optically driven nanowire growth process could facilitate a suite of opportunities, including 

solution-based growth of systems at bulk atmospheric conditions that currently require alternative 

growth methods due to solvent boiling point limitations.  

 

7.1.2 Growth dynamics of colloidal, solution-liquid-solid semiconductor nanowires 

The ability to perform laser-driven SLS semiconductor nanowire growth in an optically 

interrogable container was leveraged to investigate in situ growth dynamics of semiconductor 

nanowires. In particular, ultra-small-angle X-ray scattering was used to monitor colloidal, 

solution-based bismuth-seeded cadmium selenide nanowire growth dynamics over time. The 

increased invariant during irradiation indicated that a reaction was occurred to produce solid 

cadmium selenide. The change in the USAXS profiles at low q indicated the formation of large 

networks, or fractals, of cadmium selenide nanowires. Although the initial and final time points 

were fit using models, tracking nanowire growth dynamics via model fits proved to be extremely 

difficult due to the complexity of the system. Instead, the invariant, which is related to the total 

volume fraction, was used to track nanowire growth dynamics.  

We observed that laser-driven nanowire growth is dependent on the bismuth nanocrystal 

number density as well as irradiance. From the invariant, we calculated a change in volume fraction 

over time, enabling extraction of physical parameters, such as nanowire lengths over time. This 

represents one of the first in situ characterizations of colloidal SLS-grown semiconductor 

nanowires.  The combination of laser-driven growth and USAXS characterization could be applied 

to other metal-semiconductor nanowire systems, furthering our understanding of photothermally-
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driven solution-based nanowire growth dynamics. In addition, we demonstrated on-demand, step-

wise nanowire growth simply by turning the incident irradiation on and off. This type of on-

demand synthesis demonstrates a new handle to control colloidal, solution-based semiconductor 

nanowire growth.  Improving control over solution-based semiconductor nanowire growth rates 

could open possibilities for the production of colloidal, complex heterostructured nanowires. 

 

7.1.3 Assembly of semiconductor nanowires into hierarchical structures 

Optical traps have proven to be a useful tool for manipulating nanomaterials. Although optical 

trapping has conventionally been performed in water, the trapping medium has now been extended 

to high boiling point organic solvents such as squalane.  Operating an optical trap in an organic 

solvent facilitates the generation of higher local temperatures upon trapping compared to aqueous 

systems due to the decreased thermal conductivity of the solvent. In addition, many inorganic 

colloidal nanomaterials are capped with polar ligands due to the chemistries required for their 

production. Optical trapping in organic solvents therefore broadens the scope of accessible 

temperature ranges and chemistries for optical trapping experiments.  

In this work, an optical trap was used to manipulate bismuth-seeded semiconductor 

nanowires in squalane. The radiation pressure from the optical trap exerted in an optical torque 

that preferentially oriented the bismuth nanocrystal away from the laser and accelerated the 

nanowire to align with the previously trapped and aligned nanowire. Both DDA and experimental 

data show radiation pressure-induced nanowire alignment with the bismuth seed away from the 

laser source. When the accelerating nanowire approached the optical trap, the bismuth nanocrystal 

tip was photothermally-heated and melted to form a liquid droplet. Eventually, the gradient forces 

slowed the acceleration of the incoming nanowire and allowed for the molten bismuth tip to contact 
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the end of the previously trapped nanowire, resulting in a fused periodic heterostructure. This was 

repeated iteratively to manufacture a periodic bismuth nanocrystal-germanium nanowire 

heterostructure.  

7.1.4 Germanium nanowire battery electrodes with engineered surface binder interactions for 

improved cycle life and high energy density without fluorinated additives 

Semiconductor nanowires, especially silicon and germanium, have shown great promise as 

negative electrode materials for lithium ion batteries. Electrolyte additives are often necessary to 

improve the cycling stability of nanostructured silicon and germanium electrodes; however, 

composite alloying electrodes formulated with unoxidized, 1-octene hydrogermylated germanium 

nanowires do not require commonly used fluorinated additives, such as FEC, in order to maintain 

robust capacity retention. Devices with controlled surface chemistry tested in the complete absence 

of fluorinated compounds consistently demonstrated good capacity retention and overall 

performance, whereas the inclusion of FEC resulted in decreased capacity retention. In contrast, a 

nonfluorinated electrolyte additive, VC, resulted in consistently superior device performance with 

surface functionalized germanium nanowire composite electrodes. Total differential capacity 

analysis showed that delithiation from a-LixGey can act as an additional source of capacity for 

some cell architectures rather than as exclusively a sign of capacity fade, especially if delithiation 

from c-Li15Ge4 is maintained. 

Moreover, unoxidized, surface functionalized germanium nanowires reveal that the 

beneficial characteristics of PAA as a binder are attributed to its intrinsic mechanical properties, 

rather than its ability to form hydrogen bonds with native surface oxides. Although both PAA and 

PVDF can both be used as binders for semiconductor nanowire-based composite electrodes, the 

resultant device characteristics are highly dependent on the electrode processing technique that is 
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chosen, particularly for devices that use PVDF as a binder. The selection of composite electrode 

processing conditions can play an equally significant role as the selection of electrolyte additives, 

especially for highly anisotropic nanomaterials.  

Controlling chemical functionalization of the active material surface in nanostructured 

composite electrode may be a beneficial tool to control the active material/binding interactions 

that influence cycle life in next-generation high capacity alloying electrodes. Additionally, our 

results suggest that standardizing composite preparation methods will be critical for directly 

comparing the merits of new nanostructured composite formulations.  

 

7.1.5 Supercritical fluid-based synthesis of alloyed group IV nanowires 

Alloyed group IV nanowires were grown through supercritical fluid-based processes, 

demonstrating enhanced compositional control over supercritical fluid-based semiconductor 

nanowire growth. Growth of alloyed Si1-xGex nanowires was achieved by balancing reaction 

conditions such as the phenyl substitution of aryl-germanes and aryl-silanes, precursor ratios, 

metal seed to precursor ratios, and reaction temperature. The presence of a silicon-germanium 

alloy was validated through Raman spectroscopy and XRD; SEM-EDX confirmed that nanowires 

were comprised of both silicon and germanium. While this work demonstrates significant strides 

towards the supercritical fluid-based synthesis of alloyed group IV nanowires, additional work will 

be required to achieve a product that consists of primarily Si1-xGex nanowires, without isotropic 

particles. This work is ongoing and is focused on developing a high-yield supercritical fluid-based 

synthesis of Si1-xGex nanowires, eventually investigating the ability to tune the silicon:germanium 

ratio of Si1-xGex nanowires via supercritical fluid-based processes. The development of a highly 

scalable Si1-xGex synthesis with tunable composition could produce materials for a range of 
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applications that may require different performance characteristics, such as high rate capability. 

Moreover, because supercritical fluid-based nanowire growth is particularly sensitive to precursor 

kinetics, it will be critical to balance precursor decomposition rates in order to develop additional 

complex nanowire compositions through the supercritical fluid-based process. 

 

 

7.2 FUTURE DIRECTIONS 

In the future, nanowires are well-positioned to address technological issues for a range of 

applications. Solution-based processes, such as SLS and SFLS nanowire growth, offer strategies 

to circumvent cost-limitations because solution processes are generally more readily scalable and 

can produce a high yield of nanowires, compared to vapor-based processes. However, it will be 

important to continue developing a deeper understanding of solution-based nanowire growth 

dynamics; improve compositional control and complexity of solution-grown nanowires; innovate 

methods to assemble solution-grown nanowires over both small and large length scales; and 

understand how different aspects of nanowires, such as surface chemistry, lithium ion transport, 

and adhesion to the current collector, can affect the performance of semiconductor nanowires as 

alloying electrodes for lithium ion batteries. The work in this dissertation has addressed aspects of 

these challenges, and in some cases, has developed platforms to enable further studies. However, 

there remain important challenges associated with each of these areas of research which will 

require additional research. 

 

7.2.1 Laser-driven solution-liquid-solid growth of semiconductor nanowires 

The development of laser-driven, colloidal, SLS nanowire growth presented in this thesis will 

provide a unique opportunity to address some of the challenges highlighted above. However, there 
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are many ways in which this particular paradigm of semiconductor nanowire growth could be 

further optimized, expanded, and studied. For example, matching the peak nanocrystal absorption 

with the laser wavelength would likely result in much more efficient photothermal transduction, 

thereby making the overall process much more cost-effective as well as more accessible to labs 

that do not have access to high-power near infrared lasers. 

In addition, by lifting the conventional equipment requirements for semiconductor 

nanowire growth and enabling the reaction to occur in any chemically resistant, optically 

interrogable reactor, the opportunities to monitor solution-based semiconductor nanowire growth 

have been expanded. While ultra-small-X-ray scattering was uniquely beneficial to monitor 

changes in nanowire length dimensions, additional characterization methods such as Raman 

spectroscopy, photoluminescence spectroscopy, or absorption spectroscopy, could be used in situ 

to monitor laser-driven solution-based nanowire growth, potentially revealing additional insights 

of this new paradigm of SLS semiconductor nanowire growth. Notably, the ability to controllably 

start and stop nanowire growth simply by tuning the incident power provides the opportunity to 

study solution-phase chemistry at different stages of growth. 

While it is evident that both the number density and the incident power influence laser-

driven solution-liquid-solid nanowire growth, investigating the effect of nanocrystal size and 

composition on semiconductor nanowire growth rates could be a particularly interesting parameter 

to explore. The photothermal transduction efficiencies of metal nanocrystals could be tuned by 

adjusting the optical properties of metal nanocrystals, which can be modified through nanocrystal 

size and composition. In addition, because semiconductor nanowire growth rates are influenced 

by the nanowire diameter,83,458,459 adjusting the nanocrystal seed size could potentially be 

leveraged to regulate nanowire growth rates. 
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Laser-driven, colloidal solution-liquid-solid nanowire growth has also been demonstrated 

in a continuous-flow reaction configuration, potentially enabling high-throughput material 

screening and rapid iteration to identify optimal experimental parameters. A high-throughput, 

continuous-flow setup for solution-based nanowire growth, paired with in situ spectroscopies 

offers the potential to rapidly scan a range of material systems, chemistries, concentrations, and 

other reaction parameters while simultaneously collecting material characterization information 

within a single experiment. Notably, this extends the opportunities to monitor in situ colloidal, 

solution-based nanowire growth of an ensemble of nanowires. However, the ability to optically 

trap metal-seeded semiconductor nanowires in high boiling point solvents could potentially be 

used to study single-particle dynamics of solution-based metal-seeded semiconductor nanowire 

growth. For example, in situ Raman spectroscopy of single nanowire growth dynamics could be 

used to identify melting characteristics of the nanocrystal seed as it transitions to an alloy droplet, 

as well as to study nucleation kinetics as the semiconductor atoms precipitate from the alloy 

droplet. By combining information from single-particle dynamics with information from the 

ensemble-nanowire dynamics, we may develop a deeper understanding of the laser-driven 

solution-liquid solid growth mechanism. These studies may also inform solution-based 

semiconductor nanowire growth more generally. 

7.2.2 Improving compositional complexity of solution-grown semiconductor nanowires 

Understanding the effects that various reaction conditions can have on solution-based nanowire 

growth will be important to improve our ability to produce compositionally complex, desirable 

materials. For example, laser-driven solution-liquid-solid nanowire growth may be able to 

facilitate the growth of axial heterostructures in solution if combined with carefully chosen 

precursors with sufficiently distinct decomposition kinetics. The laser power could potentially be 
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used as a handle to control the temperature of the reaction volume and rapidly alternate between 

the growth of two semiconductors, thereby producing axially heterostructured semiconductor 

nanowires. 

In addition, because solution-based methods are highly sensitive to precursor 

decomposition kinetics, investigation of precursors with a range of decomposition rates will be 

important for producing compositionally complex semiconductor nanowires with uniform 

composition, such as alloyed, or doped semiconductor nanowires. Similarly, precursor kinetics 

will play an important role in the solution-based production of nanowires with nonuniform 

compositions, such as heterostructured nanowires. If uniform, complex nanowire composition is 

desired yet separate precursor kinetics cannot be matched, the development and use of single-

source precursors will be critical for the production of certain alloyed or doped semiconductor 

nanowires. In particular, doped magic-sized clusters may be particularly useful for the production 

of doped-semiconductor nanowire systems, for which separate precursors may have mismatched 

precursor kinetics. 

 

7.2.3 Assembling and aligning nanomaterials for device integration 

Solution-based, readily scalable production of semiconductor nanowires will be important 

in order to produce nanowires for their intended applications in a cost-effective manner. However, 

directing the location, orientation, and hierarchical structures of solution-grown semiconductor 

nanowires remains a critical obstacle in order for the full potential of these intriguing 

nanomaterials to be realized. Optical traps have proven to be a useful tool for nanomaterial 

manipulation into complex structures and orientations. By expanding the trapping medium for 

optical trapping to nonaqueous solvents, we have omitted the need to perform ligand exchanges to 
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enable dispersion in water. Moreover, using an optical trap to align and solder semiconductor 

nanowires in high boiling point solvents represents a strategy for producing deterministic junctions 

between nanomaterials. In the future, expanding the trapping media to low boiling point solvents 

such as hexane or toluene would reduce washing and purification steps, thereby enabling easy 

characterization of the nanosoldered heterojunctions through high resolution methods, such as 

TEM. More broadly, the assembly of metal seeded nanowires could be extended to creating 

complex heterostructures of periodic metal-semiconductor heterostructures with alternating 

semiconductor materials or alternating metal seeds. In the future, this alignment and soldering 

strategy should be explored for relevant quantum computing materials such as indium antimonide 

nanowires. 

 

7.2.4 Future directions of group IV nanowires for battery applications 

The supercritical fluid-based growth of semiconductor nanowires offers a particularly attractive 

route for the high-throughput, inexpensive synthesis of semiconductor nanowires such as silicon, 

germanium, or alloys like Si1-xGex, especially for battery applications. Given the impact of surface 

chemistry of group IV materials on battery performance, the nanowire surface chemistry should 

be considered when integrating semiconductor nanowires into devices. Capacity retention of 

semiconductor nanowire-based devices can be improved to a certain degree by incorporating 

electrolyte additives, which influences the solid-electrolyte interphase layer composition and the 

resulting SEI layer properties. While ex situ characterization of electrode materials has been widely 

used to characterize the SEI layer composition, electrode morphology after extended cycling, and 

lithiated state of silicon/germanium anodes, ex situ characterization techniques fail to provide 

information about materials of interest while under operating conditions. Over recent years, the 
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development and accessibility of in operando characterization techniques, such as XRD, XAS, 

SEM, TEM, AFM, Raman, and FTIR, have greatly improved our understanding of the highly 

dynamic processes that occur during battery operation.460 Moving forward, it will be especially 

important to rely on in operando characterization techniques, rather than exclusively ex situ 

characterization techniques, to understand and address challenges associated with integrating 

group IV nanomaterials into electrodes for improved energy density of lithium ion batteries. In 

particular, surface-sensitive in operando spectroscopies will be particularly beneficial for 

monitoring electrochemical reactions at the interface of the electrode and the electrolyte, which 

would help elucidate the role of surface chemistry on device performance. In addition, as 

semiconductor nanomaterial-based electrodes are integrated into full cell devices, rather than 

simply half cells, it will be important to consider how certain surface chemistries and electrolyte 

additives function within a full cell configuration. 

While both silicon and germanium are materials of interest for lithium ion batteries, silicon 

is likely to be of greater interest for electric vehicles due to its low cost and weight in comparison 

to germanium. For this reason, alloyed Si1-xGex nanomaterials are a particularly attractive material. 

By introducing a small amount of germanium into silicon, the higher lithium diffusivity and 

electron conductivity of germanium may improve the rate capability, which could decrease 

charging time. Importantly, a tunable Si1-xGex nanowire synthesis could serve as a platform to 

study how the lithium ion diffusion coefficient changes as a function of the silicon:germanium 

compositional ratio through galvanostatic intermittent titration technique (GITT). In addition, 

while previous in operando studies of germanium-based electrodes have demonstrated rate-

dependent lithiation mechanisms, in operando XRD of Si1-xGex alloys has yet to be explored 
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extensively and could provide information about the phase changes during electrochemical 

lithiation, especially for different rates. 

Also, the surface chemistry of Si1-xGex nanowires synthesized through supercritical fluid-

based methods remains unexplored; given the observed importance of interfacial surface 

chemistry, studies of the Si1-xGex nanowire surface will be vital to effectively integrate Si1-xGex 

nanowires into electrodes for lithium ion batteries. Preliminary results suggest the presence of an 

amorphous poly(phenylsilane) coating on Si1-xGex nanowires, which could be leveraged to 

improve device performance by annealing under a reducing environment to create a conductive 

carbon coating. 

More broadly, while the formation of a stable solid-electrolyte interphase layer will be 

crucial for the advancement of silicon- and germanium- based electrodes for battery applications, 

there exist additional challenges to improve the overall capacity and rate capability of colloidally-

synthesized nanomaterial-based electrodes. In particular, identifying methods to improve direct 

contact of solution-grown nanomaterials, including semiconductor nanowires, with the current 

collector will be important to improve charge transport and rate capability.  As silicon and 

germanium nanomaterial-based electrodes are cycled, the repeated volume expansion and 

contraction associated with lithiation and delithiation can result in delamination from the current 

collector, compromising the conductive pathways of the nanomaterial to the current collector. 

Nanowire-based electrodes fabricated through slurry-casting likely have fewer initial points of 

contact with the current collector compared to vapor-grown semiconductor nanowire electrodes, 

which are grown directly from the current collector. In order to improve stability and charge 

transport, it will be important to develop strategies to maintain and improve contact between 

colloidally-synthesized semiconductor nanowires and the current collector. 
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APPENDIX A 

Table A.1. Synthetic parameters of laser-driven nanowire nanowire growth for Bi-seeded CdSe, 

Bi-seeded Ge, and In-seeded Ge, including concentrations, irradiation power, and irradiation time. 

Material system 

[Bi] 

(mol/L) 

[In] 

(mol/L) 

[Cd-oleate] 

(mol/L) 

[TOP:Se] 

(mol/L) 

[DPG] 

(mol/L) 

Laser Power 

(W) 

Time 

(min) 

Bi-seeded CdSe 1.07E-03 --- 4.83E-02 5.49E-01 --- 15 20 

Bi-seeded Ge 1.07E-03 --- --- --- 8.91E-01 40 15 

In-seeded Ge ---  2.03E-3 --- --- 8.91E-01 20 5 

 

Isolated nanocrystal and nanowire heating 

To analyze heating of an isolated nanocrystal and metal-tipped nanowire under irradiation, 

we employed the analytical solutions outlined in previous publications.461,462 In the first step, we 

calculated the internal electric field amplitude in a spherical nanocrystal and in a metal-tipped 

nanowire, using Mie theory and the discrete dipole approximation implemented in Discrete Dipole 

Scattering (DDSCAT) software, respectively372. We then converted these internal electric fields to 

volumetric source terms for heat transfer analysis. For the nanocrystal sphere, the heat transfer 

coefficient, ℎ, is defined by the Nusselt number, 𝑁𝑢 =  ℎ𝐿 𝑘⁄ , where 𝐿 is a characteristic length 

of the particle and 𝑘𝑠 is the solution thermal conductivity. For a sphere461 suspended in an infinite 

bath, 𝑁𝑢 = 2.0; for a vertical nanowire377 suspended in an infinite bath, 𝑁𝑢 = 0.32. In calculations 

of both nanocrystal and nanowire temperatures, we used the highest irradiance and widest 

diameters. Because these length scales are far below the wavelength of light in any medium, there 

are no morphology-dependent resonances, and the predicted temperatures are maximized. 

Similarly, for the nanowire, we calculated the absorption for the largest project surface area of 

nanowire to achieve largest volumetric source and averaged two orthogonal linear polarizations to 

refect the unpolarized near-infrared heating laser.  
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Figure A.1. (a, c) Internal electric fields and (b, d) the resulting predicted temperature distributions 

within (a, b) a 50 nm diameter bismuth nanocrystal and (c, d) a 90 nm diameter indium nanocrystal. 

The irradiances for the bismuth and indium nanocrystal calculations were 3.2 · 10-6 and 1.6 · 10-6 

W m-2, respectively. 
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Figure A.2. (a, c, e) DDSCAT calculated normalized electric field and normalized volumetric 

source upon illumination of a (a) bismuth-seeded cadmium selenide nanowire with a 12 nm 

diameter and 1000 nm length, (b) a bismuth-seeded germanium nanowire with a 40 nm diameter 

and 1000 nm length, and (c) an indium-seeded germanium nanowire with an 80 nm diameter and 

290 nm length. The light grey areas illustrate the seed portion of each respective nanowire. (b, d, 

f) Calculated temperature changes along the length of the nanowire and seed for (b) bismuth-

seeded cadmium selenide, (d) bismuth-seeded germanium, and (f) indium-seeded germanium 

nanowires 

 

 Due to the larger complex refractive index of bismuth and indium compared to germanium and 

cadmium selenide, the magnitude of absorbed light and the resulting volumetric source terms are 
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significantly larger in these regions. The increased magnitude of absorbed light correlates with 

higher increases in temperatures for (b) bismuth-seeded cadmium selenide and (d) bismuth-seeded 

germanium nanowires. Conversely, this effect is not observed in (e) indium-seeded germanium 

due to the high thermal conductivity of indium (f). The plotted volumetric sources were normalized 

to the volumetric source produced with E0 = 1 V m-1. The irradiances for the bismuth and indium 

nanocrystal-seeded nanowire calculations were 3.2 · 10-6 and 1.6 · 10-6 W m-2, respectively. 

 

Heat Transfer Analysis Flow Reactor 

Figure 2.14 shows the unsteady state development of the temperature distribution in the heated 

tube.  To elucidate the effects of the numerous parameters on the heating process it is useful to 

analyze a quasi-steady state model of the system.  The energy equation that describes the 

temperature distribution is given by 

2𝜌𝑠𝐶𝑠𝑣𝑧

𝜕𝑇

𝜕𝑧
= 𝑘𝑠 [

1

𝑟

𝜕

𝜕𝑟
(𝑟

𝜕𝑇

𝜕𝑟
) +

𝜕2𝑇

𝜕𝑟2
] + 𝑆, (A.1) 

in which 𝜌𝑠,  𝐶𝑠, and 𝑘𝑠 are the density, specific heat, and the thermal conductivity of the fluid, 

respectively, 𝑣𝑧 is the velocity of the fluid, 𝑟 is the radial position, and R1 is the inner radius of the 

tube (𝑅1 = 1.615 mm).  The heat source function, S, is the rate of heat generation per unit volume 

due to the laser illumination over the region 𝑧1 ≤ 𝑧 ≤ 𝑧2.  The dominant resistance to heat transfer 

to the surroundings is that between the outer surface (at r = 𝑅2 = 2 mm) and the surrounding air at 

temperature 𝑇∞, so the boundary condition at the surface is given by 

−𝑘𝑠

𝜕𝑇

𝜕𝑧
(𝑅2, 𝑧) = ℎ[𝑇(𝑅1, 𝑧) − 𝑇∞], ((A.2) 

where the heat transfer coefficient is given by377,  
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2
𝑅2ℎ

𝑘𝑎𝑖𝑟
= 0.32. (A.3) 

There is a very extensive literature related to this type of problem since Graetz463   analyzed 

heat transfer to a laminar flow in 1882.  Consequently, problems of this type are called Graetz 

problems or extended Graetz problems depending on the boundary conditions and the inclusion of 

axial conduction.  In the absence of axial conduction analytical solutions of Graetz-like problems, 

involving Kummer’s function (the confluent hypergeometric function), have been developed by 

Davis464.  Papoutsakis and Ramkrishna465 analyzed heat transfer in a capillary flow (Poiseuille 

flow) with the wall boundary condition given by Eq. (A.2), the Robin boundary condition.  They 

solved the problem in the semi-infinite axial domain (0 ≤ 𝑧 ® ∞) and pointed out the difficulties 

associated with this problem.   

The velocity distribution at the inlet to the capillary tube is approximately uniform (plug flow), 

and far from the inlet Poiseuille flow occurs.  We approximate the flow as plug flow here.  It is 

convenient to write the energy equation in terms of dimensionless coordinates defined by 

𝜉 =  
𝑟

𝑅1
, 𝜁 =  

(𝑧 − 𝑧1) < 𝑣𝑧 >

𝑅1𝑃𝑒
 ((A.4) 

in which < 𝑣𝑧 > is the mean velocity, and the Peclet number is defined by 

𝑃𝑒 =  
𝑅1 < 𝑣𝑧 > 𝜌𝑠𝐶𝑠

𝑘𝑠
. (A.5) 

Let θ =  𝑇 −  𝑇∞ and transform the energy equation to give 

𝜕θ

𝜕𝜁
=

1

𝜉

𝜕

𝜕𝜉
(𝜉

𝜕θ

𝜕𝜉
) +  

1

𝑃𝑒2

𝜕2θ

𝜕𝜁2
+ 𝜎, (A.6) 

in which the dimensionless heat source function is 

𝜎 =
𝑆𝑅1

2

𝑘𝑠
. (A.7) 



 

 

188 

The wall boundary condition becomes 

𝜕θ

𝜕𝜉
(1, 𝜁) = −𝐵𝑖 θ(1, 𝜁), (A.8) 

where the Biot number is 

𝐵𝑖 =
ℎ𝑅1

𝑘𝑠
=

0.16𝑘𝑎𝑖𝑟𝑅1

𝑅2𝑘𝑠
. (A.9) 

For the geometry and properties of our capillary system we obtain 𝑃𝑒 = 1.81.  This low Peclet 

number indicates that there is significant axial conduction.  Jerri and Davis466 solved Eq. (A.6) for 

a constant wall temperature at 𝑇 > 0, showing that there is a very large effect on the temperature 

distribution for 𝑃𝑒 < 10.  That large effect was also demonstrated by Papoutsakis and 

Ramkrishna465 with Poiseuille flow for small Peclet numbers. 

The heated region here extended from approximately 𝑧1 = 10.5 mm to 𝑧2 = 14.5 mm, that is 

from 𝜁 = 0 to 1.77.  Because the capillary tube was substantially longer (L = 40 mm) than the 

heated zone we consider three zones (i) -∞ < 𝜁 ≤  0 in which 𝑆 = 0, (ii) 0 ≤ 𝜁 ≤ 1.77, in which 𝑆 = 

constant, and (iii) 1.77 < 𝜁 < ∞ in which 𝑆 = 0. 

At positions 𝜁 = 0 and 𝑧2 we must apply compatibility conditions, that is, continuity of 

temperature and heat flux across these boundaries.  These conditions are 

θ−(𝜉, 0) = θ∗(𝜉, 0), θ∗(𝜉, 0) = θ+(𝜉, 0),
𝜕θ−

𝜕𝜁
(𝜉, 0) =

𝜕θ∗

𝜕𝜁
(𝜉, 0),

𝜕θ∗

𝜕𝜁
(𝜉, 0) =

𝜕θ+

𝜕𝜁
(𝜉, 0). 

(A.10) 

In addition, we have the conditions 

θ−(𝜉, 𝜁 → −∞) = bounded, and θ+(𝜉, 𝜁 → −∞) = bounded. (A.11) 

We look for solutions of the form 
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θ(𝜉, 𝜁) = 𝑋(𝜉)𝑒(𝑟𝜁), (A.12) 

where 𝑋𝑗(𝜉) are eigenfunctions defined by 

𝑋𝑗(𝜉) = 𝐽0(𝜆𝑗𝜉) with 𝑗 = 𝑙, 𝑚, or 𝑛, (A.13) 

in which the eigenvalues satisfy the transcendental equation 

𝐽1(𝜆𝑗) −  
𝐵𝑖

𝜆𝑗
𝐽0(𝜆𝑗) = 0. (A.14) 

This yields the following solutions 

𝜃− = ∑ 𝐴𝑛
−𝑒𝑟𝑛𝜁𝑋𝑛(𝜆𝑛𝜉)

∞

𝑛=1

 (A.15) 

With 

𝑟𝑛 =
𝑃𝑒2

2
[1 − √1 + 4 (

𝜆𝑛
𝑃𝑒⁄ )

2

], (A.16) 

𝜃∗ = ∑ [𝐴𝑚
∗ 𝑒𝑟𝑚𝜁 +  𝐵𝑚

∗ 𝑒𝑟𝑛𝜁 +  𝐶𝑚]𝑋𝑛(𝜆𝑛𝜉)

∞

𝑚=1

, (A.17) 

And 

𝜃+ = ∑ 𝐴𝑙
+𝑒𝑟𝑛𝜁𝑋𝑛(𝜆𝑛𝜉)

∞

𝑛=1

 (A.18) 

in which  

𝑟𝑚 =
𝑃𝑒2

2
[1 + √1 + 4 (

𝜆𝑚
𝑃𝑒⁄ )

2

], (A.19) 

  

𝐼𝑚 is the integral 

𝐼𝑚 = ∫ 𝜉
𝑋𝑚(𝜆𝑚𝜉)

‖𝑋𝑚‖2
𝑑𝜉

1

0

, (A.20) 

and the norms squared are given by 
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‖𝑋𝑚‖2 = ∫ 𝜉[𝑋𝑚(𝜆𝑚𝜉)]2𝑑𝜉
1

0

 (A.21) 

which is based on the orthogonality property  

∫ 𝜉𝑋𝑚(𝜆𝑚𝜉)𝑋𝑗(𝜆𝑗𝜉)𝑑𝜉 = {
0 for 𝑗 ≠ 𝑚

‖𝑋𝑚‖ for 𝑗 = 𝑚

1

0

 (A.22) 

This orthogonality property can be used in the compatibility conditions to determine a set of 

equations relating coefficients 𝐴𝑛
−, 𝐴𝑚

∗ , 𝐵𝑚
∗  and 𝐴𝑙

+.  For example, the first compatibility condition 

becomes 

𝜃−(𝜉, 0) = ∑ 𝐴𝑛
−𝑋𝑛(𝜆𝑛𝜉)

∞

𝑛=1

= 𝜃∗(𝜉, 0) = ∑ [(𝐴𝑚
∗ +  𝐵𝑚

∗ +  
𝜎𝐼𝑚

𝜆𝑚
2

)] 𝑋𝑚(𝜆𝑚𝜉).

∞

𝑚=1

 (A.23) 

Applying the orthogonality of 𝑋𝑛(𝜉) to each term of the right hand side of Eq. (A.23) one obtains 

𝐴𝑛
−‖𝑋𝑛‖2 =  (𝐴𝑚

∗ + 𝐵𝑚
∗ +  

𝜎𝐼𝑚

𝜆𝑚
2

) ∫ 𝜉𝑋𝑛(𝜉)𝑋𝑚(𝜉)𝑑𝜉
1

0

=  ((𝐴𝑚
∗ +  𝐵𝑚

∗ +  
𝜎𝐼𝑚

𝜆𝑚
2

)) ‖𝑋𝑛‖2, 

(A.24) 

With 𝑛 = 𝑚.  

The temperature distributions for the three zones are presented in Figure 2.14 for various times 

and source functions based on the best-fit absorption efficiency, 𝜀𝑎𝑏𝑠. The source function S in 

Eq. (A.1) is given by the product of the laser wattage, P = 7.5 W here, and the absorption efficiency 

of the system divided by the volume illuminated, that is, 

𝑆 =  
𝑃 𝜀𝑎𝑏𝑠

𝜋𝑅1
2(𝑧2 − 𝑧1)

. (A.25) 

The thermal conductivity of solutions containing dispersions of nanoparticles varies 

significantly with both concentration, morphology, and thermal conductivity of the constituent 

nanomaterials. For example, the thermal conductivity a polymer matrix increased more than 
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1000% upon adding copper nanowires at volume fractions equivalent to those in these 

experiments. Thus, we varied the thermal conductivity of the nanowire solution from 0.10 to 1.0 

W/mK to account for this variation. Both the absorption efficiency and thermal conductivity 

increase as the reaction proceeds, further confirming photothermally driven nanowire reaction. 

Applying orthogonality to solve for the coefficients 𝐴𝑛
−, 𝐴𝑚

∗ , 𝐵𝑚
∗ , 𝑎𝑛𝑑 𝐴𝑙

+ yields 

𝐴𝑛 =  
𝐶𝑚

2
(1 −  𝑒−𝑟𝑚𝜁2) (

𝑟𝑛

𝑟𝑛 − 𝑟𝑚
) (A.26a) 

𝐴𝑚
∗ =  −𝐶𝑚𝑒(−𝑟𝑚

+ 𝜁2) (
𝑟𝑛

𝑟𝑛 − 𝑟𝑚
) (A.26b) 

𝐵𝑚
∗ = 𝐶𝑚  (

𝑟𝑚

𝑟𝑛 − 𝑟𝑚
) (A.26c) 

𝐴𝑙
+ = 𝐶𝑚(1 −  𝑒(−𝑟𝑛𝜁2)) (

𝑟𝑚

𝑟𝑛 − 𝑟𝑚
), (A.26d) 

where 𝐶𝑚 =  𝜎𝐼𝑚 𝜆𝑚
2⁄ . 

 

Table A.2. Biot number, absorption efficiency, and thermal conductivity used for analytical heat 

transport fits in modeling the flow reactor. 

Heating Time (min) Biot Number (-) 𝜀𝑎𝑏𝑠 𝑘𝑠 

1 0.035 0.248 0.100 

2 0.056 0.327 0.123 

5 0.005 0.494 0.860 
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APPENDIX B 

 

Table B.1. Precursor concentrations of nanowire growth solutions and laser powers used to 

irradiate nanowire growth solutions. 

 

 

Calculations to determine change in nanowire length during irradiation 

In order to calculate change in CdSe nanowire length over time, it was important to first calculate 

the number density of bismuth nanocrystals in dispersion, prior to irradiation and nanowire growth. 

The initial bismuth nanocrystal number density serves as an upper limit of the number density of 

nanowires grown during the reaction. To calculate the number density of bismuth nanocrystals in 

dispersion, we first calculated the volume of a single bismuth nanocrystal, based on the radius 

extracted from model fits of the USAXS initial time point, prior to irradiation: 

 𝑉𝐵𝑖 𝑁𝐶 =  
4

3
𝜋𝑟3 (B.1) 

In addition, the atomic number density of bismuth was calculated by: 

 𝑁 𝐵𝑖 =  
𝜌𝐵𝑖

𝑀𝑊𝐵𝑖
𝑁𝐴𝑉 (B.2) 

Which was used to calculate the atoms per nanocrystal through: 

 𝑛𝑎𝑡𝑜𝑚𝑠/𝑁𝐶 = 𝑉𝐵𝑖 𝑁𝐶   𝑁𝐵𝑖 (B.3) 

The molar bismuth concentration (𝐶𝐵𝑖 , mol Bi/L), which was measured through ICP-AES, was 

used to calculate the number density of bismuth nanocrystals in solution (𝜌𝐵𝑖 𝑁𝐶𝑠, NC/volume): 
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 𝜌𝐵𝑖 𝑁𝐶𝑠 =  
𝐶𝐵𝑖 𝑁𝐴𝑉

𝑛𝑎𝑡𝑜𝑚𝑠/𝑁𝐶
 (B.4) 

However, in solution-liquid-solid semiconductor nanowire growth, nanocrystals often coalesce to 

form larger particles that have a log-normal distribution of diameters. In order to make a first 

approximation, we assumed that 10 nm bismuth nanocrystals coalesced to form 30 nm diameter 

bismuth nanocrystals. As a result, the final nanocrystal number density was scaled based on a ratio 

of the initial and final nanocrystal volumes: 

 𝑛𝐵𝑖 𝑁𝐶𝑠,𝑓𝑖𝑛𝑎𝑙 =
𝑛𝐵𝑖 𝑁𝐶𝑠,𝑖𝑛𝑖𝑡𝑖𝑎𝑙

(𝑉𝑖𝑛𝑖𝑡𝑖𝑎𝑙/𝑉𝑓𝑖𝑛𝑎𝑙)
 (B.5) 

In addition, the volume of CdSe—the scattering material of interest—could be calculated from the 

volume fraction: 

 𝜙 =
𝑉𝐶𝑑𝑆𝑒

𝑉𝐶𝑑𝑆𝑒+𝑉𝑠𝑜𝑙𝑣𝑒𝑛𝑡
 (B.6) 

As a result, the average change in nanowire length could be calculated at each time point as: 

 𝛥𝑙𝑁𝑊 =
𝛥𝑉𝐶𝑑𝑆𝑒

𝑛𝐵𝑖 𝑁𝐶𝑠,𝑓𝑖𝑛𝑎𝑙
 𝜋 𝑟2 (B.7) 
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APPENDIX C 

Heat Transport Calculations 

All of the below calculations included iterative temperature-dependent heat transfer boundary 

conditions; we also allowed the bismuth nanocrystal tip to vary in composition as a function 

temperature. The source term was calculated with a discrete dipole approximation by applying 

DDSCAT code in Matlab to a nanostructure being illuminated in the +Z direction, shown in Figure 

4.6a.  

To solve the heat transport equation, we nondimensionalized Equation 4.1 to 

𝜕𝜃

𝜕𝜏
=

1

𝜉

𝜕

𝜕𝜉
(𝜉

𝜕𝜃

𝜕𝜉
) + 𝑎2

𝜕2𝜃

𝜕𝜁2
+ 𝜎 (C.1) 

where the variables are defined as 

𝜃 =
𝑇 − 𝑇∞

𝑇∞
, 𝜏 =  

𝛼𝑡

𝑅2
, 𝜉 =  

𝑟

𝑅
, 𝜁 =  

𝑧

𝐿
, 𝜎 =  

𝑆𝑅2

𝜅𝑇∞
, 𝑎 =  

𝑅

𝐿
. (C.2a-f) 

Here, 𝑇∞, 𝑆, 𝑅, 𝐿, and 𝜅 are the bulk fluid temperature, source function from DDSCAT, radius and 

length of the overall nanowire heterostructure, and thermal conductivity of either bismuth or 

germanium, respectively. The thermal diffusivity, 𝛼, is defined as 𝜅 (𝜌𝐶𝑝)⁄ , where 𝜌 and 𝐶𝑝 are 

the density and heat capacity of the nanowire. The values used for these parameters and all others 

used in the calculation are presented in Table C.1. The DDSCAT simulations demonstrated almost 

no dependence of the source term on 𝜙, and we neglect the 𝜙-dependence of the Laplacian. In 

addition, there is very little variation of the source term radially and axially within the bismuth and 

germanium portions of the heterostructure. Thus, we employed volume-average sources for the 

bismuth nanocrystal (𝜎𝐵𝑖) and germanium nanowire (𝜎𝐺𝑒). Details of the DDSCAT calculation 

and temperature dependence are discussed below. 



 

 

195 

In addition to the modifications discussed in Chapter 4, we employed a temperature-

dependent boundary condition via the heat transfer coefficient, ℎ, to account for convective heat 

loss at the nanowire surface. We defined the heat transfer coefficient as follows 

ℎ =
𝑘

𝐿
(

4

3
( 

7𝑅𝑎𝑃𝑟

5(20 + 21𝑃𝑟)
)

1
4⁄

+
4

35
(

(272 + 315𝑃𝑟)𝐿

(64 + 63𝑃𝑟)2𝑟
)) (C.3) 

where 𝐿 is nanowire length, 𝑟 is the nanowire radius, ℎ is the heat transfer coefficient, and 𝑘 is the 

thermal conductivity of the medium.377,467 Here, 𝑅𝑎, the Rayleigh number, is the product of the 

Grashof, 𝐺𝑟, and Prandtl, 𝑃𝑟, numbers, 

𝐺𝑟 =  
𝑔𝛽∆𝑇𝐿3

𝜇2
   and   𝑃𝑟 =  

𝜇𝜌𝐶𝑝

𝑘
 (C.4) 

where 𝑔, 𝛽, 𝜌, and 𝐶𝑝 are the acceleration due to gravity, the thermal expansion coefficient, 

density, and heat capacity of the medium evaluated at the film temperature, 

(𝑇𝑠𝑢𝑟𝑓𝑎𝑐𝑒,𝑎𝑣𝑔 + 𝑇∞) 2⁄ . Here, ∆𝑇 is the temperature difference between the nanowire surface and 

the bulk solvent. The temperature-dependent properties of squalane are shown in Figure C.1.468 
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Figure C.1. Temperature-dependent properties of squalane used in the heat transfer calculation 

including the density (a), dynamic viscosity (b), and heat capacity (c). While none of the 

calculations exceeded this temperature range, the code bounded the values so that any iteration 

that produced temperatures above 793 K would default to the solvent properties at 793 K instead. 

 

The radial boundary conditions were then implemented as 

𝜕𝜃

𝜕𝜉
|

𝜉=0

= 𝑏𝑜𝑢𝑛𝑑𝑒𝑑          and          
𝜕𝜃

𝜕𝜉
|

𝜉=1

= −𝐵𝑖𝑅𝜃|𝜉=1 =  −
ℎ𝑅

𝜅
𝜃|𝜉=1. (C.5) 
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The axial boundary conditions were then defined via Fourier’s law for conduction to the bottom 

and top glass coverslips at 𝑇∞ as 

𝜕𝜃

𝜕𝜉
|

𝜁=1

= −
𝐿𝑐ℎ𝑎𝑚𝑏𝑒𝑟𝜅𝑓

𝜅𝐵
𝜃|𝜁=1          and          

𝜕𝜃

𝜕𝜉
|

𝜁=0

=
𝐿𝑐ℎ𝑎𝑚𝑏𝑒𝑟𝜅𝑓

𝜅𝐺
𝜃|𝜁=0 (C.6) 

where 𝐿𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is half the height of the chamber (50 µm) and 𝜅𝑓, 𝜅𝐵, and 𝜅𝐺  are the thermal 

conductivities of squalane (0.15 W·m-1K-1), the bismuth nanocrystal (3 W·m-1K-1),140 and the 

germanium nanowire (7 W·m-1K-1), respectively.469 

Using a classical product solution, we first solve the homogenous equation 

𝜕𝜃

𝜕𝜏
=

1

𝜉

𝜕

𝜕𝜉
(𝜉

𝜕𝜃

𝜕𝜉
) + 𝑎2

𝜕2𝜃

𝜕𝜁2
 (C.7) 

by assuming a solution of the form 

𝜃(𝜏, 𝜉, 𝜁) = 𝐴𝑚,𝑛(𝜏)𝑋𝑚(𝜉)𝑍𝑛(𝜁). (C.8) 

The radial equation produces 

𝑋𝑚(𝜉) =  𝐽0(𝜇𝑚𝜉) (C.9) 

with eigenvalues satisfied by 

𝜇𝑚𝐽1(𝜇𝑚) = 𝐵𝑖𝑅𝐽0(𝜇𝑚) (C.10) 

where 𝐽𝛼 is a Bessel function of order 𝛼. Similarly, the axial solution yields 

𝑍𝑛(𝜁) = 𝑐𝑜𝑠(𝛾𝑛𝜁) +
𝐵𝑖0

𝛾𝑛
𝑠𝑖𝑛(𝛾𝑛𝜁) (C.11) 

with eigenvalue equation 

(𝛾𝑛
2 − 𝐵𝑖0𝐵𝑖1)𝑠𝑖𝑛(𝛾𝑛) =  (𝐵𝑖0 +  𝛾𝑛𝐵𝑖1)𝑐𝑜𝑠(𝛾𝑛). (C.12) 

The Biot number, 𝐵𝑖, is defined as the ratio of heat transport away from the nanostructure to the 

heat transport within an individual nanostructure. Here, the Biot numbers, are defined as 
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𝐵𝑖0 =
ℎ𝐿

𝜅𝐺
=  

𝐿𝜅

𝐿𝑐ℎ𝑎𝑚𝑏𝑒𝑟𝜅𝐺
, 𝐵𝑖1 =

ℎ𝐿

𝜅𝐵
=  

𝐿𝜅

𝐿𝑐ℎ𝑎𝑚𝑏𝑒𝑟𝜅𝐵
, 𝐵𝑖𝑅 =

ℎ𝑅

𝜅𝑅
 , (C.13) 

where 𝐿𝑐ℎ𝑎𝑚𝑏𝑒𝑟 is the distance from the nanowire to the coverslip, 50 µm. 

We combine these to define a product solution 

𝜃(𝜏, 𝜉, 𝜁) = ∑ ∑ 𝐴𝑚,𝑛(𝜏)𝑋𝑚(𝜉)𝑍𝑛(𝜁).

𝑛𝑚

 (C.14) 

To solve for the coefficients 𝐴𝑚,𝑛(𝜏), we substitute this solution into the full inhomogeneous 

equation (Eq. (C.1)) as 

∑ ∑ (
𝜕𝐴𝑚,𝑛(𝜏)

𝜕𝜏
+ 𝛾𝑛

2𝐴𝑚,𝑛(𝜏)) 𝑋𝑚(𝜉)𝑍𝑛(𝜁) =  𝜎.

𝑛𝑚

 (C.15) 

Here, we’ve defined 𝜆𝑚,𝑛
2 =  𝜇𝑚

2 + 𝑎2𝛾𝑛
2. Because Eq. (C.15) is a Sturm-Liouville equation, the 

solutions 𝑋𝑚(𝜉) and 𝑍𝑛(𝜁) are orthogonal. Thus, we can apply orthogonality as 

(
𝜕𝐴𝑚,𝑛(𝜏)

𝜕𝜏
+ 𝛾𝑛

2𝐴𝑚,𝑛(𝜏)) ||𝑋𝑚||
2

||𝑍𝑛||
2

= ∫ ∫ 𝜎𝜉′𝑋𝑚(𝜉′)
1

0

1

0

𝑍𝑛(𝜁′)𝑑𝜉′𝑑𝜁′. (C.16) 

where 𝜉′ and 𝜁′ are dummy variables for integration and ||𝑋𝑚||
2
 and ||𝑍𝑛||

2
 are normalization 

factors defined by 

||𝑋𝑚||
2

= ∫ 𝜉′[𝐽0(𝜇𝑚𝜉′)]2
1

0

𝑑𝜉′ (C.17) 

and 

||𝑍𝑛||
2

= ∫ [𝑍𝑛(𝜁′)]2
1

0

𝑑𝜁′. (C.18) 

To solve for the coefficients 𝐴𝑚,𝑛(𝜏), we then apply an integrating factor and take the limit as 𝜏 

approaches infinity, yielding the solution 
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𝐴𝑚,𝑛 =  
(1 − 𝑒−𝜆𝑚,𝑛

2
)

𝜆𝑚,𝑛
2

∫ ∫ 𝜎𝜉′
1

0

𝑋𝑚(𝜉′)

||𝑋𝑚||
2

𝑍𝑛(𝜁′)

||𝑍𝑛||
2 𝑑𝜉′𝑑𝜁′

1

0

 (C.19) 

Due to its weak radial dependence, the source, 𝜎, only varies axially. In addition, within the 

bismuth and germanium, it has very little axial dependence, and we can simplify the equation as 

𝐴𝑚,𝑛 =  
(1 − 𝑒−𝜆𝑚,𝑛

2
)

𝜆𝑚,𝑛
2

∫ 𝜉′
1

0

𝑋𝑚(𝜉′)

||𝑋𝑚||
2 𝑑𝜉′ [𝜎𝐺𝑒 ∫

𝑍𝑛(𝜁′)

||𝑍𝑛||
2 𝑑𝜁′

𝛽

0

+  𝜎𝐵𝑖 ∫
𝑍𝑛(𝜁′)

||𝑍𝑛||
2 𝑑𝜁′

1

𝛽

] (C.20) 

where 𝛽 is the nondimensional axial position of the bismuth-germanium interface. The 

temperature of the heterostructure can then be solved by Eq. (C.14).  

 

DDSCAT Solution: 

To calculate the source function, we used the discrete dipole approximation (DDA) 

implemented in DDSCAT. We created the cylinder-cylinder heterostructure in MATLAB, using 

~87,000 dipoles. The discrete dipole approximation is valid for470 

(
3𝑉

4𝜋
)

1
3⁄

<  
𝜆

|𝑚|
(

𝑁

106
)

1
3⁄

 (C.21) 

where 𝑉, 𝑁, and 𝜆 are the volume of the structure in µm3, the number of dipoles, and the 

wavelength in µm, and 𝑚 is the ratio of the refractive index of the nanomaterial to that of the 

solvent. For a cylinder-cylinder heterostructure with a diameter of 32 nm, an overall length of 1000 

nm, and a bismuth cylinder tip with a length of 40 nm (𝛽 = 0.96). For the computationally 

complex case, assuming that the entire cylinder is bismuth with nBi = 4.33 – 3.88i and nsqualane = 

1.48, the use of 87,000 dipoles (19 dipoles across the diameter and 297 dipoles along the length of 

the wire) satisfies this inequality. 
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Temperature-Dependent Nanocrystal Characteristics: 

Due to the high temperature of the bismuth seed and its low melting point, the bismuth 

nanocrystal at the end of the nanowire heats, melts, and alloys with the germanium during 

nanosoldering. To account for this effect, we allowed the composition of the nanocrystal to vary 

as a function of temperature according to the Bi-Ge binary phase diagram, as shown in Figure C.2.  

 

 
Figure C.2. Temperature-dependent bismuth concentration in the bismuth-germanium binary 

alloy system.471 

 

This allows the composition of the molten tip to vary from 100% bismuth below 271°C to 15% 

bismuth at 920°C. To approximate the effect of alloying on the bismuth nanocrystal, we employed 

an effective medium approximation472 using the atomic volumes of bismuth and germanium. This 

allows us to define a temperature-dependent complex refractive index (Figure C.3). 
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Figure C.3. Temperature dependence of the imaginary and real components of the bismuth alloy 

refractive index. To calculate these values, we used the volume-averaged refractive index of 

bismuth and germanium, weighted by the temperature-dependent concentrations in Figure C.2. 

 

As the temperature of the bismuth tip increases, the concentration of germanium in the bismuth 

alloy increases, causing Im{nBi} to decrease and Re{nBi} to increase. Using DDSCAT, we 

calculated the internal electric field profile for the cylinder-cylinder heterostructure. To simulate 

the effects of melting and alloying, we used the refractive index values from Figure C.3. These 

normalized, volume-averaged results are presented in Figure C.4. 
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Figure C.4. The volume-averaged, normalized electric field in the germanium and bismuth 

portions of the nanowire heterostructure. These were calculated by using DDSCAT to evaluate the 

internal electric fields in the heterostructure. At each temperature, the bismuth alloy refractive 

index was set using Figure C.3, allowing it to vary as the composition of the metal alloy tip changes 

with temperature. Because the composition of the germanium section of the nanowire does not 

change significantly with temperature, we do not incorporate any temperature dependence. 

 

We then convert these data into a source function, 𝑄̇′′′, for the heat transfer equation (Equation 

4.2), as shown in Figure C.5. 

 

 
Figure C.5. The electric-field-normalized, temperature-dependent source function calculated from 

the volume-averaged internal fields in Figure C.4 and Equation 4.2 in Chapter 4. 
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As expected from Equation 4.2, the bismuth metal alloy source term decreases as its temperature 

rises and it incorporates additional germanium with a lower absorption coefficient. For example, 

the product of Re{nBi} and Im{nBi} decreases from 16.8 at 271°C to 3.26 at 920°C. 

 To incorporate these temperature-dependent effects, we calculated the average temperature 

of the heterostructure and then iterate until the converged to within 1% of the previous average 

temperature by allowing only temperature-dependent solvent properties to vary. Then, we 

calculated the average temperature of the bismuth nanocrystal tip, updated the new source function 

as described above, and then iterated with fixed solvent properties until the average temperature 

of the nanocrystal converged to within 1% of the average temperature of the previous iteration.  

 

 
Figure C.6. The calculated trap stiffness as a function of power before beam expansion.369,379 Note 

that this includes the temperature-dependent solvent properties shown in Figure C.1. The 

significant variation in viscosity with trapping power strongly influences the trap stiffness. Error 

bars indicate the standard deviation from three separate measurements. 
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Figure C.7. Length and diameter distributions (a,b) for the bismuth-seeded germanium nanowires 

shown in Figure 4.1. Additional representative TEM images (c-e), illustrating the monodispersity 

of the nanowire building blocks. The nanowires were synthesized by a solution-liquid-solid growth 

that can be easily tuned to create a wide range of lengths and diameters. 
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Table C.1. Parameters used for heat transport calculations.353,358,359,394  

Variable Value Units 

𝑇∞ 298 K 

𝑅 16 nm 

𝐿 1000 nm 

𝛽 0.96 - 

𝜅𝐵𝑖 3 W·m-1K-1 

𝜅𝐺𝑒 7.5 W·m-1K-1 

𝛼𝐵𝑖 2.51•10-5 m2/s 

𝛼𝐺𝑒 4.38•10-6 m2/s 

𝑁𝑆𝑞𝑢𝑎𝑙𝑎𝑛𝑒 1.4818  

𝑁𝐺𝑒 4.42 - 0.12i - 

𝑁𝐵𝑖* 3.88 - 4.33i - 

𝜇𝑝𝑒𝑟𝑚 1.2566•10-6 N/A2 

𝑐 299790000 m/s 

𝜀 8.8542•10-12 F/m 

𝜖 1 - 

𝜆 1020 nm 

𝐵𝑖0 3.73•10-4 - 

𝐵𝑖1 9.33•10-4 - 

𝐵𝑖𝑅 ∗ 6.36•10-3 - 

   

* Initial values used for temperature-dependent parameters. 
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