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Semiconductor Nanowires:  

From a Nanoscale System to a Macroscopic Material 

 

Vincent Carl Holmberg, Ph.D. 
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Supervisor:  Brian A. Korgel 

 

Semiconductor nanowires are one-dimensional nanoscale systems that exhibit 

many unique properties.  Their nanoscale size can lead to defect densities and impurity 

populations different than bulk materials, resulting in altered diffusion behavior and 

mechanical properties.  Synthetic methods now support the large-scale production of 

semiconductor nanowires, enabling a new class of materials and devices that use 

macroscopic quantities of nanowires.  These advances have created an opportunity to 

fabricate bulk structures which exhibit the unique physical properties of semiconductor 

nanowires, bridging the properties of a nanoscale system with macroscopic materials. 

High aspect ratio germanium nanowires were synthesized in supercritical organic 

solvents using colloidal gold nanocrystal seeds.  The nanowires were chemically 

passivated inside the reactor system using in situ thermal hydrogermylation and 

thiolation.  The chemical stability of the passivated nanowires was studied by exposure to 

highly corrosive and oxidative environments.  Chemical surface functionalization of 

germanium nanowires was investigated by covalently tethering carboxylic acid groups to 

the surface, as a general platform for the further functionalization of nanowire surfaces 

with molecules such as polyethylene glycol.  Surface functionalization with dopant-

containing molecules was also explored as a potential route for doping nanowires.  In 



 viii 

addition, static charging was exploited in the development of an electrostatic deposition 

method for semiconductor nanowires. 

In situ transmission electron microscopy experiments were conducted on gold-

seeded germanium nanowires encapsulated within a volume-restricting carbon shell.  A 

depressed eutectic melting temperature was observed, along with strong capillary effects, 

and the solid-state diffusion of gold into the crystalline stem of the germanium nanowire, 

occurring at rates orders of magnitude slower than in the bulk.  Copper, nickel, and gold 

diffusion in silicon nanowires were also investigated.  The rate of gold diffusion was 

found to be a strong function of the amount of gold available to the system. 

Finally, germanium nanowires were found to exhibit exceptional mechanical 

properties, with bending strengths approaching that of an ideal, defect-free, perfect 

crystal, and strength-to-weight ratios greater than either Kevlar or carbon fiber.  

Macroscopic quantities of nanowires were used to fabricate large sheets of free-standing 

semiconductor nanowire fabric, and the physical, morphological, and optical properties 

of the material were investigated. 
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Chapter 1:  Introduction 

 

1.1 SEMICONDUCTOR NANOWIRES 

1.1.1 Nanowire Characteristics 

Semiconductor nanowires are long, slender single crystals with diameters of a few 

nanometers and lengths ranging from micrometers to millimeters.  This combination of 

length scales results in many interesting properties.  Figure 1.1 shows scanning electron 

microscope (SEM) and transmission electron microscope (TEM) images of the gold 

(Au)-seeded germanium (Ge) nanowires used in this study.  As seen in Figure 1.1a, each 

single-crystalline Ge nanowire has a Au catalyst particle at one of its ends.  Figure 1.1b 

shows an SEM image of a collection of entangled Ge nanowires, illustrating the 

threadlike quality of the one-dimensional semiconductor crystals.  Figure 1.1c is a high 

resolution TEM image of the nanowires shown in panel b, demonstrating the single-

crystalline nature of the fibers. 

 

 
 

Figure 1.1. (a) SEM of a Ge nanowire with a gold seed particle at its tip.  (b) SEM 
image of a collection of Ge nanowires.  (c) High resolution TEM image of a 
Ge nanowire surface passivated by an alkyl monolayer. 
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 Silicon (Si) and Ge nanowires have extraordinarily high surface areas due to their 

high aspect ratio and small diameters.  For example, one gram of Si nanowires can have a 

surface area exceeding 50 m2.  These surfaces can be problematic for applications where 

surface states are an issue, necessitating some form of surface passivation, usually taking 

the form of an inorganic shell or covalently-bound molecular monolayer.1,2  However, the 

large amount of surface area present on the nanowires can also be very useful for other 

applications requiring chemical sensitivity, such as chemically-gated field effect 

transistors.  The extensive interfacial area of the nanowires is especially attractive for 

battery applications, allowing solid-state processes like lithium (Li) insertion to happen 

very efficiently, with the nanowire geometry helping to accommodate very large volume 

expansions due to Li incorporation.3  The surfaces can also accumulate large amounts of 

charge which can be useful for nanowire manipulation,4 and in some cases, these surface 

charges can also alter the emission properties of the material.5  Ultimately, the surface is 

where the nanostructure interfaces with the outside environment, and careful control of 

the surface properties is very important for nanowire applications.  The surface can be 

used as a platform for adding specific chemical functionality to nanowire materials, and 

the surface curvature of the nanostructure can even alter the thermodynamic phase 

behavior of the material.6 

1.1.2 Properties of 1-Dimensional Nanostructures 

Nanowires with very small diameters can experience quantum confinement in the 

radial direction when their diameters approaching the Bohr exciton radius (5 nm for Si; 

24 nm for Ge).  This confinement can lead to an electronic density of states very different 

from that of a bulk semiconductor, with states piling up at specific energies known as van 
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Hove singularities, eventually leading to an energy structure more closely resembling a 

molecule or atom.  For extremely thin nanowires of an indirect band gap semiconductor, 

conservation of crystal momentum in the radial direction becomes relaxed, resulting in a 

more direct-like band gap and higher absorption cross sections.  Semiconductor 

nanowires also have the ability to concentrate light into sub-wavelength volumes when 

the refractive index of the nanowires is high relative to the surrounding medium, resulting 

in waveguiding and light-trapping effects that enhance absorption.  Nanowires are also 

interesting for their vibrational properties, with phonons experiencing confinement due to 

the cylindrical geometry of the nanostructure, and new phonon modes arising due to the 

nanowire surface.  One-dimensional nanostructures also exhibit unique mechanical 

properties, where a typically brittle semiconductor is strong and flexible in nanowire 

form.  In some cases, semiconductor nanowires have been found to tolerate flexural 

strains more than two orders of magnitude greater than their bulk counterparts, with 

bending strengths corresponding to that of the ideal strength for a defect-free perfect 

crystal. 

 

1.2 SEEDED-GROWTH OF SEMICONDUCTOR NANOWIRES 

1.2.1 Whisker Growth and the VLS Process 

The pioneering work on the growth of high-aspect ratio silicon single crystals was 

done in the mid-1960s by Wagner and Ellis, who studied the growth of Si whiskers from 

Au seeds in a chemical vapor deposition (CVD) system.7  These studies led them to coin 

the term vapor-liquid-solid (VLS) growth, denoting the phases of the chemical precursor, 

seed particle, and the resulting product.8  The VLS growth process for Au-seeded Ge 

nanowires can be traced on the binary phase diagram shown in Figure 1.2; an analogous 
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process occurs for the seeded growth of Si nanowires.  Starting on the left side of the 

phase diagram at point A, using 380°C as the growth temperature and taking the Au seed 

particle as the system, the Au catalyst particles are initially in the solid phase.  As 

precursor is introduced into the system, the precursor decomposes and semiconductor 

atoms diffuse into the Au seed particle.  As the concentration of Ge in the solid Au 

particles increases, the system approaches the liquidus line at point B on the phase 

diagram.  When the Ge concentration in the Au particle reaches this point, the Au seed 

particle liquefies, forming a liquid Au/Ge alloy droplet.  Precursor continues to 

decompose, and the Ge concentration in the Au/Ge droplet continues to increase until the 

other liquidus line is reached at point C on the phase diagram.  At this point, the liquid 

Au/Ge droplet becomes supersaturated with Ge, and Ge precipitates and crystallizes at 

the liquid surface.  By continually feeding precursor into the system, an overpressure of 

semiconductor atoms remains in the carrier phase, causing the liquid Au/Ge droplets to 

continue to absorb semiconductor atoms and anisotropically precipitate crystalline Ge.  

The crystal grows anisotropically rather than isotropically because once a nucleate of 

crystalline Ge precipitates from the liquid droplet, that interface becomes the lowest 

energy surface for the further deposition of semiconductor atoms. 
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Figure 1.2. Au-Ge phase diagram.9  For seeded nanowire growth, the Au catalyst seed 
starts on the left at point (A) and increases in Ge content until it reaches the 
liquidus line at point (B), at which point the particle liquefies.  The liquid 
Au/Ge droplet increases in Ge content until it becomes saturated at point (C) 
and anisotropic precipitation begins. 

 

1.2.2 Nanowire Growth in Solution 

In the mid-1990s, the Buhro lab made the connection between the existing CVD-

based VLS growth process and their newly established work on the seeded growth of 

nanowires in solution, dubbing their process solution-liquid-solid (SLS) growth due to 

the fact that the precursor is introduced in the solution phase instead of the vapor phase.10  

The SLS process has been shown to work quite well for nanowires such as InP, InAs, and 

GaAs which can be grown at low temperature (<200°C);10 however, things become more 

difficult for nanowires such as Si and Ge, which require higher growth temperatures.  It 
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has been shown recently that both Si and Ge nanowires can be grown in an SLS 

process;11-13 however, expensive, atypical high boiling point solvents such as 

trioctylphosphine, trioctylamine, squalane, squalene, octacosane, or dotriacontane must 

be used in order to access the necessary reaction temperatures at atmospheric pressure.  

The majority of these high boiling point oils solidify at room temperature, making 

purification and cleanup a painstaking ordeal.  An alternative to using an atmospheric 

synthesis with a high boiling point solvent is to use a common laboratory solvent such as 

hexane or toluene and pressurize the system above the critical point of the solvent, 

forming a high-temperature, high-pressure, supercritical fluid phase. 

 

1.3 SUPERCRITICAL FLUIDS 

Figure 1.3 shows a generic temperature-pressure diagram with the phases and 

phase boundaries labeled.  The supercritical fluid phase is shown in the upper right region 

of the diagram.  When a liquid or vapor is heated above its critical temperature, Tc and 

critical pressure, Pc, it becomes a supercritical fluid.  Another way of visualizing this is to 

imagine a sealed tube partially filled with a liquid, and the remaining headspace of the 

container filled with vapor of the same material.  As the closed volume is heated, the 

pressure will increase, and the system will trace the liquid-vapor phase boundary towards 

the critical point.  As the temperature and pressure increase, the liquid expands and the 

vapor is compressed, causing the meniscus in the sealed tube to rise.  Eventually, when 

the critical point is reached, the meniscus separating the liquid and vapor phases will 

physically disappear because the liquid has expanded to the density that the vapor has 

been compressed to, rendering the phases indistinguishable and generating one 

continuous medium – a supercritical fluid. 
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Figure 1.3. Generalized pressure-temperature phase diagram. 

  

As mentioned above, the supercritical regime is ideal for accessing a high 

temperature fluid phase, where nanowires that require high growth temperatures can be 

synthesized in large quantity.  This method of using a supercritical fluid as the carrier 

phase, known as supercritical fluid-liquid-solid (SFLS) growth, was pioneered by the 

Korgel group in the synthesis of Si and Ge nanowires, and has been extended to other 

systems as well.14,15  The SFLS method also results in a product that is much easier to 

clean up and purify since high boiling point oils are not used.  Precursor solubility and 

diffusivities are also greatly enhanced in the supercritical fluid phase, leading to much 

higher throughputs.15  Figure 1.4 shows a pressure-volume phase diagram for 

supercritical benzene.  The area to the left of the black line is the two-phase envelope, 

and the area to the right is the supercritical fluid regime.  The densities of the liquid and 
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vapor phases can be traced along the periphery of the two-phase envelope, until they 

merge at the critical point.  The red dot indicates the typical synthesis conditions for 

germanium nanowires, along with the typical isothermal pressurization and isochoric 

cooling pathways undertaken before and after nanowire growth. 

 

 
Figure 1.4. Pressure-volume phase diagram for supercritical benzene.  The area to the 

left of the black line is the two-phase envelope, and the area to the right is 
the supercritical fluid regime.  The red dot indicates the typical conditions 
for germanium nanowire growth. 

 

1.4 SEMICONDUCTOR NANOWIRE APPLICATIONS 

Semiconductor nanowires have been proposed for seemingly endless applications.  

Chemically-made semiconductor nanowires have been proposed for use in many 

electronic and optoelectronic devices, including thin film transistors (TFTs), chemical 

sensors, photovoltaics, and optical detectors, as well as batteries, polymer composites, 
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textiles, and biology to name a few.1,3,16-29  Solvent dispersions of semiconductor 

nanowires also have many potential applications: as electrorheological fluids,30 inorganic 

liquid crystals,31-33 and as inks for printed electronics.34  The applications in biology have 

been continually growing,35-37 including implementation as biological sensor 

materials,38,39 and as scaffolds for cell growth.40-48 

The interaction between electromagnetic radiation and nanostructures with 

dimensions much less than the wavelength of light are of particular interest for the 

development of a variety of new photonic applications.
49,50

  For example, semiconductor 

nanowires have the ability to concentrate light into sub-wavelength volumes;
23,51

 when 

the refractive index of the nanowires is high relative to the surrounding medium, they can 

act as nanoscale optical cavities, creating resonant modes capable of propagating light, 

which has been observed in several examples of prototype nanowire waveguides,
52,53

 

lasers,
53,54

 and photodetectors.
23,55

  Ensembles of nanowires have also been shown to 

have extremely low reflectance, with enhanced absorption by light trapping through 

multiple scattering events.
56-58

  These nanowire films are promising for antireflective 

coatings and photovoltaic applications.  Arrays of oriented Ge nanowires have also been 

fabricated and used as a photoresistor material.
59 

The unique mechanical properties of nanowires also make them interesting 

candidates for constructing ultrahigh frequency and low power nanoelectromechanical 

resonators for a variety of different applications.60  Mechanically strong and flexible 

semiconductor nanowires produced in macroscopic quantities might enable a variety of 

new device technologies, including next generation flexible electronics, 

nanoelectromechanical systems (NEMS), piezoelectronics, and structural materials.61-66  

Nevertheless, it has yet to be determined how many of these potential applications will 

actually be realized. 



 10 

 

1.5 DISSERTATION OVERVIEW 

Semiconductor nanowires exhibit unique optical, electronic, mechanical, and 

vibrational properties due to their nanoscale size.  These nanoscale systems can have 

defect densities and impurity populations different than bulk materials, resulting in 

effects like altered diffusion behavior or different mechanical deformation pathways.  

Synthetic methods now allow semiconductor nanowires to be produced on a large scale, 

enabling a new class of materials and devices that use macroscopic quantities of 

nanowires.  These advances have led to the opportunity to create macroscale structures 

which exhibit the unique physical properties of semiconductor nanowires, thus bridging 

the properties of a nanoscale system with macroscopic materials. 

Chapter 2 discusses the synthesis of Si and Ge nanowires in supercritical organic 

solvents, including an overview of the equipment used in the growth process, as well as 

typical nanowire production rates.  The morphological characteristics of semiconductor 

nanowires, such as their length, diameter distributions, and surface characteristics are also 

discussed.  Chapters 3 and 4 focus on the surface properties of semiconductor nanowires.  

In Chapter 3, the corrosion resistance of alkene and alkanethiol passivated Ge nanowires 

are investigated, as well as the thermal oxidation properties of both Si and Ge nanowires.  

Chapter 4 is centered on a method of covalently tethering carboxylic acid groups to the 

surface of Ge nanowires, as a general platform for the further functionalization of 

nanowire surfaces with molecules such as polyethylene glycol.  In addition, Chapter 4 

also explores attempts at doping Ge nanowires using chemical surface functionalization 

with boron and phosphorus containing organic molecules.  Chapter 5 discusses the 
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electrostatic charging of semiconductor nanowires as a handle for nanowire deposition, 

and also briefly explores hysteresis in nanowire thin film transistors. 

Chapter 6 is entirely devoted to in situ transmission electron microscopy (TEM) 

experiments conducted on Au-seeded Ge nanowires encapsulated within a volume-

restricting carbon shell.  The eutectic melting temperature, capillary effects, and the 

liquidus composition of the confined Au/Ge alloy are discussed, along with observations 

of the diffusion of Au from the melted seed particle into the crystalline stem of the Ge 

nanowire.  Chapter 7 extends these in situ electron microscopy studies to Si nanowires, 

and diffusion from finite and effectively infinite reservoirs of Au are discussed.  The 

silicidation of Si nanowires with Ni and Cu was also investigated. 

Chapter 8 discusses the optical properties of Ge nanowires dispersed in solvents 

and in polymer, while Chapter 9 discusses the Young’s modulus of Ge nanowires, as well 

as the mechanical quality factor of Ge nanowire resonators.  Chapter 10 investigates the 

bending strength of individual Ge nanowires, which were found to tolerate flexural 

strains over two orders of magnitude larger than bulk Ge, approaching ideal bending 

strengths for a defect-free, perfect crystal of Ge.  The room-temperature plastic 

deformation of Ge nanowires is also discussed.  Chapter 11 is focused on the fabrication 

of semiconductor nanowire fabric, discussing the physical and morphological properties 

of the material, and Chapter 12 investigates the optical properties of nanowire fabric. 
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Chapter 2:  Supercritical Fluid-Liquid-Solid (SFLS) Growth of Silicon 

and Germanium Nanowires 

 

2.1 INTRODUCTION 

It should be noted that seeded-growth (as discussed in Chapter 1) encompasses 

several different growth mechanisms, including VLS, SLS, and SFLS nanowire growth.  

Each acronym indicates the phases of the three phases involved in the growth process.  

The first phase listed corresponds to the carrier phase of the precursor, the second phase 

listed corresponds to the phase of the seed particle during growth, and the third phase 

listed indicates the phase of the material that grows from the seed.  In each of the cases 

discussed here, the phase that precipitates is the solid whisker phase (S), and the phase of 

the seed particle during growth is liquid (L).  Growth also occurs from solid seed 

particles in some cases, as in nickel-seeded Ge nanowire growth, for example.  The phase 

that distinguishes the three main growth mechanisms discussed here is the carrier phase 

of the precursor.  VLS growth occurs via vapor-phase precursors (V), SLS growth occurs 

with precursors in the solution phase (S), and SFLS growth occurs with precursors in the 

supercritical fluid phase (SF). 

2.1.1 VLS Nanowire Growth 

VLS growth is typically carried out in a chemical vapor deposition (CVD) 

system.  In growth process requires catalyst particles tethered to a substrate, and vacuum 

equipment to carefully control pressures in the system.  This process is how the vast 

majority of laboratories synthesize nanowires.  It has several advantages, including very 

precise control over the alignment, orientation, placement, and composition of the 

nanowires that are grown.  Both axial and core-shell heterostructures can also be 
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generated with ease.  However, in general, CVD processes tend to be very expensive 

compared to solution-phase chemistry, and typical VLS growth processes produce forests 

of nanowires that consist of only a few micrograms of material. 

2.1.2 SLS and SFLS Nanowire Growth 

SLS and SFLS growth have a few distinct advantages over VLS growth, although 

they have disadvantages as well.  First, by carrying out seeded growth in the solution or 

supercritical fluid phase, complicated and expensive vacuum systems are not necessary.  

Also, moving from a vapor phase carrier to the liquid or supercritical fluid phase means 

that the seed particles no longer need to be constrained to a two-dimensional support 

surface; instead, colloidal seed particles can be used and the entire reactor volume can be 

utilized for nanowire growth.  This allows the nanowire yield to be scaled with reactor 

size.  SFLS growth can also be run in a continuous flow reactor, further increasing yield.  

A SLS or SFLS process can produce grams of nanowire material in a single synthesis, as 

opposed to the micrograms of material produced in a typical VLS growth process.  

Nevertheless, since the nanowires are grown free-floating in a liquid or supercritical fluid 

suspension, the nanowires that are produced can be randomly oriented and highly 

entangled, as seen in Figure 1.1b.  If alignment of the nanowires is required, they must be 

disentangled, separated, and aligned after the fact. 

 

2.2 EXPERIMENTAL DETAILS 

2.2.1 Materials and Reagents 

Anhydrous benzene (99.8%) was purchased from Sigma-Aldrich, and 

diphenylgermane (DPG) was purchased from Gelest.  2 nm diameter gold (Au) 

nanocrystals, capped with 1-dodecanethiol (Aldrich, ≥98%), were prepared in deionized 
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water and toluene (Sigma-Aldrich, ≥99.5%) by the method of Brust, et al.1  Hydrogen 

tetrachloroaurate (III) trihydrate (≥99.9%), tetraoctylammonium bromide (98%), and 

sodium borohydride (≥98.0%) were purchased from Aldrich. 

2.2.2 Gold Nanocrystal Synthesis 

2 nm diameter Au nanocrystals were prepared by the method of Brust, et al.1  A 

12.5 mL solution of 200 mM tetraoctylammonium bromide dissolved in toluene was 

combined with a 18 mL solution of 27 mM hydrogen tetrachloroaurate (III) trihydrate 

dissolved in deionized water and stirred vigorously for 30 min.  The aqueous phase was 

then removed and discarded, and 0.5 mmol of 1-dodecanethiol was added to the solution, 

followed by a 15 mL solution of 0.4 M sodium borohydride in deionized water.  The 

solution was allowed to stir for 2 hours and the organic phase was separated from the 

aqueous phase, which was discarded once again.  The 2 nm diameter Au nanocrystals 

were precipitated via centrifugation using methanol as an antisolvent, re-dispersed in 

anhydrous benzene, and stored in a nitrogen glove box. 

2.2.3 SFLS Nanowire Growth Apparatus 

A typical SFLS nanowire growth system and reactor is shown in Figure 2.1.2  The 

reactor consists of a titanium tube, fitted at both ends with titanium bolts and ferrules.  

The lines leading to and from the reactor, as well as the rest of the system, are made of 

stainless steel.  The reactor is surrounded by a heating block, which is heated by resistive 

heating cartridges attached to a Variac variable voltage source that is used to control the 

heating rate.  The temperature of the reactor and heating block is maintained by a 

temperature controller that is attached to a thermocouple which is placed between the 

reactor and the wall of the heating block. 
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Figure 2.1. (a) A typical 10 mL titanium reactor used for continuous SFLS nanowire 

growth.  (b) The SFLS nanowire growth reactor system.  An HPLC pump is 
used to pressurize the system and control the flow rate.  The pressure is 
manually fine-tuned to achieve a steady-state condition by adjusting the 
micrometering valve.  Precursors and other reagents are introduced via the 
ports on the six-way valve.  The reactor temperature is maintained by a 
heating block connected to a variable voltage source coupled with a 
temperature controller.2 
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In order to pressurize the system, the exit valve of the reactor is closed, and a 

high-performance liquid chromatography (HPLC) pump is turned on.  The pump draws 

deionized water from a reservoir and through a filter.  The water is fed into a tall cylinder 

with a stainless steel piston fitted with Viton O-rings.  The volume of the cylinder above 

the piston is filled with the solvent used for nanowire growth (typically toluene or 

benzene).  The solvent leaving the tall cylinder is then fed into a six-way valve.  A 

pressure transducer is attached to the line entering the six-way valve, such that the 

pressure can be monitored using a pressure sensor.  The exit line of the six way valve is 

then fed into the reactor.  When the system has reached the pressure of interest, the exit 

valve is opened, and the pressure is controlled using the micrometering valve on the exit 

line of the system.  A solvent collection vial is also attached to the end of the exit line.  

Careful control of the pressure is extremely important to avoid over-pressurizing the 

reactor.  The system is also fitted with a rupture disc as an additional safety precaution. 

The six-way valve is where chemicals and reagents are introduced into the reactor 

system.  An injection cylinder with a stainless steel piston fitted with Viton O-rings can 

be filled with precursor solution and sealed inside of a nitrogen-filled glovebox, and then 

taken out and attached to the six-way valve.  In this way, the feed line to the six-way 

valve can be used to push the piston and inject precursor into the reactor.  Likewise, the 

injection cylinder can be removed after growth, and a smaller injection loop can be 

attached to the six-way valve in order to introduce a passivation solution into the reactor. 
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2.2.4 Reaction Solutions 

2.2.4.1 Germanium Nanowire Growth Solutions 

Ge nanowires synthesized by the supercritical fluid-liquid-solid (SFLS) method 

were prepared using solutions of 2 nm diameter dodecanethiol-capped Au nanocrystals 

and diphenylgermane in anhydrous benzene.  Typically, 30 mL solutions of anhydrous 

benzene (or toluene) containing 15 mg/L Au nanocrystals and 35 mM diphenylgermane 

were prepared in a nitrogen-filled glovebox.  These solutions were then loaded into 

injection cylinders which were sealed, brought out of the glovebox, and attached to the 

six-way valve of the SFLS reactor system. 

2.2.4.2 Silicon Nanowire Growth Solutions 

Si nanowires can be synthesized using Au nanocrystal seeds and either 

monophenylsilane or trisilane precursors.  For monophenylsilane Si nanowire synthesis, 

30 mL solutions of anhydrous toluene containing 40 mg/L Au nanocrystals and 135 mM 

monophenylsilane were prepared in a nitrogen-filled glovebox.  These solutions were 

then loaded into injection cylinders which were sealed, brought out of the glovebox, and 

attached to the six-way valve of the SFLS reactor system, as in the Ge nanowire 

synthesis. 

For Si nanowire synthesis from trisilane precursor (Courtesy of Aaron Chockla), 

1.1 mL solutions of anhydrous toluene containing 25 mg/mL Au nanocrystals and 1.8 M 

trisilane are prepared in a nitrogen-filled glovebox.  Due to the dangerous nature of 

trisilane, the entire nanowire growth process is carried out within the confines of the 

glovebox, and the precursor solution is not taken out into the atmosphere. 
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2.2.5 Growth Conditions 

2.2.5.1 Germanium Nanowire SFLS Growth Conditions 

Germanium nanowire growth was typically carried out using a sealed, nitrogen-

filled 10 mL titanium tubular reactor that was heated to 380°C and pressurized to 6.5 

MPa with anhydrous benzene (or toluene).  The injection cylinder containing the 

precursor solution was then pressurized to 6.5 MPa and injected into the titanium reactor 

at a flow rate of 0.5 mL/min for 40 min.  During this injection period, the exit stream was 

continually adjusted to maintain a reactor pressure of 6.5 MPa.  If longer reaction times 

were desired, multiple precursor cylinders were prepared and injected sequentially.  After 

the precursor injection was completed, the reactor was sealed and allowed to cool 

isochorically. 

2.2.5.2 Silicon Nanowire SFLS Growth Conditions 

Silicon nanowire growth from monophenylsilane precursor was typically carried 

out using a sealed, nitrogen-filled 10 mL titanium tubular reactor that was heated to 

490°C and pressurized to 10.3 MPa with anhydrous toluene.  An analogous procedure to 

that of the germanium nanowire synthesis was then carried out, pressurizing the injection 

cylinder to 10.3 MPa and injecting into the reactor at 0.5 mL/min for 40 min, while 

maintaining the pressure. 

 (Courtesy of Aaron Chockla) Silicon nanowire growth from trisilane precursor 

was carried out in a reactor system that was built inside of a nitrogen-filled glovebox.  A 

10 mL titanium reactor is heated to 450°C and pressurized to 6.9 MPa with anhydrous 

toluene.  Then, in a semi-batch reaction, the precursor solution is injected into the reactor 

at a rate of 1.0 mL/min over the course of 1 min.  Over the course of the injection, the 

reactor pressure builds from 6.9 MPa to 15.2 MPa. 



 24 

2.2.6 Characterization Methods 

The morphology of the nanowire material was characterized by X-ray diffraction 

(XRD), scanning electron microscopy (SEM), and high-resolution transmission electron 

microscopy (HRTEM).  The optical properties of the material were characterized via UV-

vis-NIR spectroscopy.  The mechanical properties of the nanowires were characterized 

using a Zyvex Nanomanipulator inside of a dual beam scanning electron microscope / 

focused ion beam (SEM/FIB) system.  The surface properties of the nanowires were 

characterized by attenuated total reflectance Fourier transform infrared spectroscopy 

(ATR-FTIR), thermogravimetric analysis / differential scanning calorimetry (TGA/DSC), 

and X-ray photoelectron spectroscopy (XPS).  The chemical composition of the material 

was determined using energy-dispersive X-ray spectroscopy (EDS), inductively coupled 

plasma atomic emission spectroscopy (ICP-AES), and inductively coupled plasma mass 

spectrometry (ICP-MS).  For an elemental analysis of the SFLS-grown Ge nanowires 

used in these studies, see Appendix A. 

 

2.3 RESULTS AND DISCUSSION 

2.3.1 Nanowire Production Rates 

2.3.1.1 Germanium Nanowire Production 

Using a 10 mL reactor volume with a 35 mM concentration of diphenylgermane 

and 15 mg/L Au nanocrystals in supercritical benzene at 380°C and 6.5 MPa with a flow 

rate of 0.5 mL/min, high quality Ge nanowires can typically be produced at a rate of 20 to 

30 mg/hr, representing a yield of roughly 40% on a Ge atomic basis.  If a larger volume 

reactor is used with a higher flow rate, material can be produced at a higher rate, but the 

quality of the nanowire material suffers.  For example, if a large reactor vessel (such as a 
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200 mL Parr reactor) is used with a flow rate of 5 mL/min, nanowires can be produced at 

a rate of about 250 mg/hr. 

2.3.1.2 Silicon Nanowire Production 

Si nanowires grown in a 10 mL reactor with a 135 mM concentration of 

monophenylsilane and 40 mg/L Au nanocrystals in supercritical toluene at 490°C and 

10.3 MPa with an injection rate of 0.5 mL/min are typically produced at rates closer to 60 

mg/hr.  This is significantly more material, especially considering that the density of Ge 

is over 2.5 times that of Si.  However, the growth conditions use much higher precursor 

concentrations, and roughly 1/3 of the product mass is due to an amorphous 

polyphenylsilane material that forms as a byproduct of the reaction.  An analogous 

byproduct is not produced in Ge nanowire synthesis. 

Although more dangerous, switching to a more reactive Si precursor can lead to 

much higher production rates.  SFLS-grown Si nanowires grown from trisilane using the 

conditions described in the preceding sections results in a nanowire production rate of 

over 100 mg/min. 

2.3.2 Nanowire Diameter Distributions 

As discussed above, for SFLS growth of Si and Ge nanowires, colloidal Au 

nanocrystal seeds and a liquid-phase semiconductor precursor are injected into a reactor 

filled with supercritical fluid at the reaction temperature (represented by the dotted line 

above the eutectic temperature in Figure 2.2).  As before, taking the Au seeds as the 

system and following along with the diagram, the nanocrystals begin as solid Au particles 

at point “A”.  As the semiconductor precursor decomposes in the surrounding solvent, 

semiconductor atoms begin diffusing into the Au nanocrystals, increasing their 

semiconductor content.  When the nanocrystals reach point “B” on the phase diagram and 
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cross over the liquidus line, the particles liquefy, forming Au/Ge or Au/Si droplets.  

These liquid droplets continue to absorb semiconductor atoms from the decomposing 

precursor, further increasing semiconductor content. 

 

 
 

Figure 2.2. Binary phase diagram for Si or Ge nanowire growth from Au nanocrystal 
seeds, as well as a schematic of the nanowire growth process. 

 

It is important to note that at this point the small liquid droplets suspended in the 

supercritical fluid have the opportunity to coalesce with one another and form larger 

droplets, as illustrated in the schematic shown in Figure 2.2.  Typically reactions are 

carried out with 2 nm diameter Au nanocrystals, which results in a log-normal 

distribution of seed droplet sizes (and consequently nanowire diameters).   
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When the liquid droplets reach the second liquidus line at point “C”, they become 

supersaturated with semiconductor, causing semiconductor to precipitate and crystallize 

at the liquid surface.  The liquid droplets then continue to absorb semiconductor atoms 

and anisotropically precipitate crystalline semiconductor at the interface, causing one-

dimensional semiconductor nanowires to grow.  Since the size of the liquid droplet 

ultimately determines the diameter of the nanowire, the resulting collection of nanowires 

has a log-normal distribution of diameters, but the diameter of each individual nanowire 

is uniform along its entire length. 

Figures 2.3 shows a characteristic diameter distribution for SFLS-grown Ge 

nanowires.  The average diameter is 45 nm, with a standard deviation of 15 nm.  Figure 

2.4 shows the diameter distribution for monophenylsilane-grown Si nanowires, with an 

average diameter of 25 nm and a standard deviation of 10 nm.  Figure 2.5 shows the 

diameter distribution for trisilane-grown Si nanowires, with an average diameter of 50 

nm and a standard deviation of 20 nm.  As can be seen from the distributions, Si 

nanowires grown from trisilane precursor are roughly twice as thick as Si nanowires 

grown from monophenylsilane.  In all cases, the diameters correspond to the crystalline 

core material, and do not account for any outer surface coatings. 
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Figure 2.3. Characteristic Au-seeded, SFLS-grown Ge nanowire diameter distribution. 

 

 
Figure 2.4. Characteristic diameter distribution for Au-seeded, SFLS-grown Si 

nanowires from monophenylsilane precursor. 
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Figure 2.5. Characteristic diameter distribution for Au-seeded, SFLS-grown Si 

nanowires from trisilane precursor. 

 

2.3.3 Nanowire Length 

In addition to large production rates, SFLS growth can be tuned to produce 

extremely high aspect ratio semiconductor nanowires.  Figure 2.6 shows a composite 

scanning electron microscope (SEM) image tracing a 1.4 mm long SFLS-grown, single-

crystalline Ge nanowire with an aspect ratio of nearly 30,000.  This nanowire grew over a 

period of 40 min, corresponding to a growth rate on the order of 500 nm/sec.  Millimeter-

scale VLS gallium nitride nanowires grown horizontally on sapphire substrates were 

reported recently;3 however, to our knowledge, the SFLS-grown Ge nanowire shown in 

Figure 2.6 is the first example of a free-standing, millimeter-scale Group IV nanowire 

grown in solution, without the aid of a substrate.  For perspective, if this single crystalline 
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Ge nanowire was scaled up to the diameter of an extension cord, it would need to be two 

and a half football fields long to have an aspect ratio of 30,000. 

 

 
 

Figure 2.6. Composite SEM image of a 1.4 mm long, single-crystalline Ge nanowire 
(highlighted in blue for visibility), produced by SFLS growth.   

 

 While the millimeter-long Ge nanowire shown in Figure 2.6 represents some of 

the highest aspect ratio nanowires that have been produced, Ge nanowires with lengths of 

several hundred micrometers are produced routinely.  Si nanowires grown from 

monophenylsilane precursor also exhibit lengths in the hundreds of micrometers.  

However, due to the high reactivity and short growth period for nanowires grown from 

trisilane precursor, trisilane-grown Si nanowires typically do not approach the millimeter 

length scale. 
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2.3.4 Nanowire Surface Characteristics 

Since nanowires have such a gigantic surface area per volume, they exhibit 

significantly enhanced surface reactivity when compared to bulk materials.4-7  As a result, 

surface passivation is vital to prevent physical and electrical degradation of the nanowire 

material.  For Ge nanowires this is particularly important, as Ge forms an electrically 

defective suboxide.8-11  Germanium oxide is also soluble in water, meaning bare Ge 

surfaces can be etched away over time by air and moisture.  In fact, Ge nanowires with 

bare, unpassivated surfaces completely dissolve in water over a period of roughly 2 

hours.4  Ge nanowire surface passivation and functionalization will be discussed in detail 

in Chapters 3 and 4. 

As mentioned briefly above, Si nanowires produced from monophenylsilane 

precursor are typically coated with an amorphous polyphenylsilane shell that forms as a 

byproduct from the decomposition of the precursor.  Figure 2.7 shows a typical thickness 

distribution for the amorphous shell that covers the monophenylsilane-grown nanowires.  

The thickness generally ranges from 0 to 40 nm.  As can be seen from Figure 2.8, there is 

no correlation between shell thickness and nanowire diameter.  The amorphous shell 

seems to coat the nanowires indiscriminately. 
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Figure 2.7. Shell thickness distribution for monophenylsilane-grown SFLS Si 

nanowires. 

 

 

 
Figure 2.8. Scatter plot illustrating the lack of correlation between shell thickness and 

nanowire diameter for monophenylsilane-grown SFLS Si nanowires. 
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Silicon nanowires produced from trisilane have clean surfaces (although there is 

typically a large excess of Au present – Chapter 12) since trisilane is a precursor that does 

not contain carbon.  These surfaces oxidize fairly easily, forming a thin layer of SiO2.  

The amorphous polyphenylsilane shell that forms from monophenylsilane decomposition 

acts as a fairly good passivation layer, helping to reduce the rate of surface oxidation 

(Chapter 3). 

 

2.4 CONCLUSIONS 

The SFLS growth process is an excellent platform for producing macroscopic, 

gram-scale quantities of high-quality semiconductor nanowires in only a matter of hours.  

In the future, the SFLS growth process has the potential to be scaled up to much larger 

reactor systems that have the capability of producing nanowires on the kilogram scale.  

Nanowires produced by this method have extraordinarily high aspect ratios for single 

crystals of semiconductor, creating potential for integration into electronic devices, 

composite materials, textiles, and other devices.  Nanowires also have extremely large 

surface area to volume ratios.  For Si nanowire growth, reactive carbon-free precursors 

like trisilane result in high growth rates and clean surfaces; however, trisilane processes 

require special equipment and extreme care due to the pyrophoricity of trisilane, as well 

as extremely high concentrations of seed particles.  Producing Si nanowires from 

monophenylsilane is much safer than trisilane processes, but the amorphous 

polyphenylsilane shell that coats the surface of the nanowires must be controlled before 

significant progress can be made with the material.  The large surface area to volume 

ratio of nanowires can create problems with electronic surface states and oxidation; 
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however, it should be pointed out that this large amount of surface area can also be taken 

advantage of for applications like chemical sensing and biological applications. 
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Chapter 3:  Nanowire Surface Passivation* 

 

3.1 INTRODUCTION 

In this chapter, the corrosion resistance of organic monolayer-coated Ge 

nanowires was investigated.  Nanowires were exposed to various harsh chemical 

treatments, including boiling water, concentrated sulfuric acid, and hydrogen peroxide.  

The Ge nanowires were grown by the supercritical fluid-liquid-solid (SFLS) process with 

in situ thermal hydrogermylation or thiolation, with alkyl monolayer coatings of varying 

chain length, from six to eighteen carbon atoms.  All of these nanowires exhibited nearly 

imperceptible surface oxidation in air or water, and degraded only when exposed to the 

harshest oxidative conditions.  Nanowires with monolayers attached though Ge–C and 

Ge–S bonds exhibited similar corrosion resistance, except when exposed to peroxide, in 

which case, the alkylated nanowires were more resistant to oxidation.  The thermal 

oxidation of Si and Ge nanowires with various surface characteristics was also 

investigated. 

3.1.1 Silicon and Germanium Surfaces 

Semiconductor nanowires have enormous surface area, which leads to 

significantly enhanced surface reactivity compared to bulk crystals.1-4  Therefore, surface 

passivation is vital for most nanowire applications, particularly in cases when nanowires 

are exposed to corrosive environments.  Obviously, nanowire degradation must be 

prevented, but even the slightest surface oxidation can also cause problems, as in the case 

of electronic nanowire devices like field effect transistors (FETs).5-7 

                                                
* Reproduced in part with permission from: Holmberg, V. C. and Korgel, B. A.  “Corrosion Resistance of 
Thiol- and Alkene-Passivated Germanium Nanowires.” Chem. Mater. 2010, 22(12), 3698–3703.  Copyright 
2010 American Chemical Society. 
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This chapter focuses on organic monolayer passivated germanium (Ge) 

nanowires.  Ge nanowires made in industrially-relevant quantities by chemical methods 

like the supercritical fluid-liquid-solid (SFLS) process can be dispersed in solvents and 

used as an “ink;” these nanowire dispersions represent a semiconductor material that can 

be printed onto a wide variety of supports, including mechanically flexible lightweight 

plastics using continuous, low-cost roll-to-roll type processes.  One problem with Ge is 

that it is very susceptible to oxidative corrosion; for example, Ge nanowires with bare 

surfaces dissolve in water in only a couple of hours.1  Only brief exposure of Ge 

nanowires to air leads to an electrically defective sub-oxide that significantly degrades 

nanowire performance.5-8  To prevent surface oxidation, Ge nanowires can be coated with 

organic monolayers and improve device (transistor) performance and enhance corrosion 

resistance.2,3,5-8 

3.1.2 Self-Assembled Monolayer Chemistry 

Self-assembled monolayer chemistry has been extensively studied on well-

defined monolithic bulk crystal surfaces; however, there have been few systematic 

studies of surface oxidation and corrosion resistance of organic monolayer-coated 

semiconductor nanowires.  On bulk Si and Ge surfaces, hydrosilylation and 

hydrogermylation reactions are well understood,9-15 and thiol passivation of Ge has been 

accomplished.15-18  These passivation schemes commonly rely on an initial chemical 

priming of the semiconductor surface with an etchant, like HF, NH4F,14,15 HCl or 

HBr,14,15,18 to remove surface oxide and provide either a hydrogen-terminated surface that 

can be reacted via Lewis acid mediated, photochemical, thermally activated 

hydrogermylation reactions,14,15 or a halogen-terminated surface that reacts with alkyl 

Grignard reagents.18,19  For nanowires, surface passivation chemistry requiring multiple 
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steps is not desirable, as it adds processing steps and cost to the materials.  Furthermore, 

surface etching chemistry is not easily applied to nanowires because the corrosive 

chemicals involved can rapidly etch the semiconductor surface and degrade the 

nanowires; they also generate a lot of waste.  It has been demonstrated that Ge nanowires 

grown by SFLS can be passivated directly in the reactor by thermal hydrogermylation or 

thiolation, yielding monolayer-terminated Ge nanowires with uniform, complete surface 

coverage, and very good oxidation resistance with exposure to air and water.1  In this 

chapter, we report the chemical stability of hydrogermylated and thiolated Ge nanowires 

passivated with monolayers of varying chain length, subjected to a wide range of harsh 

chemical environments. 

 

3.2 CHEMICAL SURFACE PASSIVATION OF GERMANIUM NANOWIRES 

3.2.1 Materials 

Anhydrous benzene (99.8%) was purchased from Sigma-Aldrich, and 

diphenylgermane (DPG) was purchased from Gelest.  2 nm diameter gold (Au) 

nanocrystals, capped with 1-dodecanethiol (Aldrich, ≥98%), were prepared in deionized 

water and toluene (Sigma-Aldrich, ≥99.5%) by the method of Brust, et al.20  Hydrogen 

tetrachloroaurate (III) trihydrate (≥99.9%), tetraoctylammonium bromide (98%), and 

sodium borohydride (≥98.0%) were purchased from Aldrich.  1-hexene (≥99%), 1-

dodecene (95%), 1-octadecene (90%), 1-hexanethiol (95%), 1-dodecanethiol (≥98%), and 

1-octadecanethiol (98%) were also purchased from Aldrich. 

3.2.2 Germanium Nanowire Growth 

Ge nanowires were synthesized by the supercritical fluid-liquid-solid (SFLS) 

method using 2 nm diameter Au nanocrystals and DPG in supercritical benzene.21,22  
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Typically, a 30 mL solution containing 16 mg/L Au nanocrystals and 34 mM DPG in 

anhydrous benzene was prepared in a glove box.  Meanwhile, a 10 mL titanium tubular 

reactor sealed in a nitrogen atmosphere was heated to 380°C and pressurized to 6.2 MPa 

with anhydrous benzene using a high-performance liquid chromatography (HPLC) 

pump.21  Once the system had equilibrated, the solution of DPG and Au nanocrystals was 

injected into the reactor at a rate of 0.5 mL/min for 40 min.  During this injection period, 

the exit stream was continually adjusted to maintain a reactor pressure of 6.2 MPa. 

3.2.3 Germanium Nanowire Passivation 

3.2.3.1 Hydrogermylation 

Immediately after the injection period, the reactor was sealed and isochorically 

cooled to 220°C for alkene surface passivation.  During the cooling process, a solution of 

8 mL anhydrous benzene and 4 mL of alkene was prepared in a glove box.  Once the 

temperature stabilized, 10 mL of alkene solution was injected into the reactor with the 

exit valve closed until the pressure was raised back to 6.2 MPa.  After complete injection 

of the passivation solution, the reactor was sealed by closing the inlet and exit valves, and 

held at 220°C for two hours.  The 6.2 MPa overpressure helps to ensure that no oxygen 

leaks into the reactor during the hydrogermylation process.  The reactor was then allowed 

to cool to room temperature.  The contents of the reactor were transferred to a vial using a 

glass Pasteur pipette, and the nanowires were then isolated by decanting off the reactant 

solution. 

The nanowire product was purified by re-dispersion in a 2:1:1 volume mixture of 

chloroform, toluene and ethanol and subsequent centrifugation at 8000 rpm for 5 min.  

This washing procedure was repeated two more times to remove excess passivating 

ligand and unreacted phenylgermane.  The nanowires were then dried under vacuum and 
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stored in air under ambient conditions.  Ge nanowires hydrogermylated with 1-hexene, 1-

dodecene, and 1-octadecene were prepared.   

 

3.2.3.2 Thermal Thiolation 

Thiol surface passivation was carried out by sealing the reactor and isochorically 

cooling it to 80°C immediately after the nanowire growth procedure was completed 

(Section 3.2.2).  During the cooling process, a solution of 8 mL anhydrous benzene and 4 

mL of thiol was prepared in a glove box.  Once the temperature stabilized, 10 mL of thiol 

solution was injected into the reactor with the exit valve closed until the pressure was 

raised back to 6.2 MPa.  After complete injection of the passivation solution, the reactor 

was sealed by closing the inlet and exit valves, and held at 80°C for two hours.  Again, 

the 6.2 MPa overpressure helps to ensure that no oxygen leaks into the reactor during the 

thiolation process.  The reactor was then allowed to cool to room temperature.  As before, 

the contents of the reactor were transferred to a vial using a glass Pasteur pipette, and the 

nanowires were then isolated by decanting off the reactant solution.  The washing 

procedure was carried out as described in Section 3.2.3.1, and the wires were again dried 

under vacuum and stored in air under ambient conditions.  Ge nanowires passivated with 

1-hexanethiol, 1-dodecanethiol, and 1-octadecanethiol were prepared. 

3.2.3.3 Unpassivated Control 

As a control, an unpassivated Ge nanowire sample was prepared using a 

procedure identical to the procedure outlined in the preceding sections; however, this 

time a solution of anhydrous benzene containing no alkene or thiol was injected during 

the passivation step. 
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3.3 OXIDATION AND CORROSION OF THIOL- AND ALKENE-PASSIVATED GERMANIUM 

NANOWIRES 

3.3.1 Chemical Oxidation and Corrosion 

Ge nanowires passivated with thiols and alkenes with C6, C12 and C18 chain 

lengths were subjected to various oxidizing and corrosive conditions and the extent of 

surface oxidation was monitored by XPS.  The integrity of the nanowires was also 

checked by SEM.  Ge nanowires with each type of surface passivation were placed on 

Au-coated Si XPS substrates and exposed to: ambient air for 1 week, deionized water for 

1 hour, boiling water for 1 hour, 2.5 M sulfuric acid for 1 hour, 2.5 M sulfuric acid in 

dioxane for 1 hour, and 30% hydrogen peroxide for 1 hour. 

X-ray photoelectron spectroscopy (XPS) was performed using a Kratos AXIS 

Ultra DLD spectrometer.  Spectra were recorded using a monochromatic aluminum 

source in conjunction with a charge neutralizer to mitigate sample charging.  Substrates 

were prepared by depositing a 5 nm adhesion layer of chromium followed by a 60 nm 

thick layer of gold on top of silicon substrates.  Roughly, 1 mg of nanowires was placed 

on a gold-coated silicon wafer and the oxidation studies were carried out directly on the 

XPS substrates.  Scanning Electron Microscope (SEM) images were captured with a 

Zeiss SUPRA 40 VP SEM operated at 5.0 kV.  Transmission Electron Microscope 

(TEM) images were captured using a JOEL 2010F TEM operated at 200 kV.  Attenuated 

total reflectance Fourier transform infrared (ATR-FTIR) spectra were recorded using a 

Thermo Mattson Infinity Gold FTIR spectrometer.  Dispersions of Ge nanowires in 

chloroform were drop cast onto the surface of a zinc selenide ATR crystal in a Spectra-

Tech Thermal ARK module and allowed to dry, forming a thin nanowire film.  The 

spectrometer chamber was purged with nitrogen, and IR spectra were recorded from the 

thin films. 
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3.3.2 Thermal Oxidation 

The thermal oxidation of Ge nanowires passivated with alkene and alkanethiol 

layers was investigated via thermogravimetric analysis / differential scanning calorimetry 

(TGA/DSC).  5 mg samples of Ge nanowires were placed in alumina crucibles, which 

were loaded into a Mettler-Toledo TGA/DSC 1.  Airflow was switched on at a rate of 80 

cm3/min, and the temperature was ramped at a rate of 10°C/min.  The mass of the sample, 

and the heat flow into and out of the crucible was monitored while the material was 

oxidized. 

 

3.4 THERMAL OXIDATION OF SILICON NANOWIRES 

3.4.1 Silicon Nanowire Materials 

As-made trisilane-grown Si nanowires, and as-made monophenylsilane-grown Si 

nanowires coated with an amorphous polyphenylsilane shell were produced as described 

in Chapter 2. 

3.4.2 Nanowire Oxidation and Thermogravimetric Analysis 

5 mg aliquots of Si nanowires were loaded into alumina crucibles and placed in a 

Mettler-Toledo TGA/DSC 1.  The samples were held at an elevated temperature (100°C) 

for 30 minutes in order to remove any residual solvent.  For monophenylsilane-grown Si 

nanowires, the air was switched on and the temperature ramp was initiated at a rate of 

10°C/min, after the initial 30 minute solvent removal period.  This initial process oxidizes 

the polyphenylsilane shell surrounding the Si nanowire material, and is typically 

completed by 650°C, at which point the airflow is switched off, in order to avoid 

unintended oxidation of the core Si.  Then when the temperature of interest is reached, 

the airflow is switched back on to determine the oxidation rate of the crystalline Si core.  
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For bare trisilane-grown Si nanowires, the air flow remains off for the entire process until 

the temperature of interest is reached. 

 

3.5 RESULTS AND DISCUSSION 

3.5.1 Germanium Nanowires without Surface Passivation 

Ge nanowires made without a surface passivation layer are very susceptible to 

oxidation.  Figure 3.1 shows SEM and TEM images and XPS data of Ge nanowires 

synthesized without surface passivation.  Initially, the nanowires exhibit only a minute 

oxide signal due to the presence of a thin native oxide layer that forms during sample 

transfer.   This thin sub-nanometer native oxide layer is visible by TEM (Figure 3.1B).  

After one week of air exposure, a large oxide signal has appeared in the XPS data.  The 

large shoulder on the Ge 3d peak at higher binding energy in Figure 3D corresponds to 

oxidized Ge species. 
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Figure 3.1. (A) SEM and (B) TEM images of SFLS-grown Ge nanowires without 

surface passivation, along with XPS of the nanowires measured (C) 
immediately after the reaction and (D) after exposure to air for one week.  
Data points represented by black circles were fit (black line) by adding 
separate peak contributions from the Geo 3d5/2, Geo 3d3/2, Ge+1, Ge+2, Ge+3, 
and Ge+4 signals shown in color.  The 3d5/2 and 3d3/2 peaks were fit with 
Voigt profiles centered at 29.4 eV and 30.0 eV, respectively, and the 
intensity ratio was held at 3:2, corresponding to the spin-orbit splitting ratio 
for d-orbitals.23  The Ge+1, Ge+2, Ge+3, and Ge+4 peak contributions were fit 
using Voigt profiles, which include contributions from both the 3d5/2 and 
3d3/2 energy states, centered at 30.25 eV, 31.1 eV, 31.95 eV, and 32.8 eV, 
respectively.1 
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3.5.2 Thiol- and Alkene-Passivated Germanium Nanowires 

Ge nanowires were synthesized by SFLS growth and passivated with alkenes and 

thiols with alkyl chain lengths of either 6, 12 or 18.  Figure 3.2 illustrates the thermally 

induced hydrogermylation and thiolation reactions used to passivate the Ge nanowires in 

this study.  Using this method, we are able to achieve alkyl and thiol passivated Ge 

surfaces in situ using a single one-component injection step, without halogenating the 

surface.  This process minimizes exposure of the nanowires to air prior to surface 

passivation, and does not affect the nanowire morphology. 

 

 
 

Figure 3.2. (A) Thermal hydrogermylation reaction scheme.  (B) Thiolation passivation 
scheme. 

 

3.5.2.1 ATR-FTIR Analysis 

ATR-FTIR spectroscopy (Figure 3.3) confirmed that the nanowires were coated 

with alkyl ligands.  Symmetric and asymmetric alkane CH2 stretches are visible at 2850 

cm-1 and 2920 cm-1, respectively, and the asymmetric methyl CH3 stretch is present at 

2960 cm-1.24  The symmetric methyl CH3 stretch shows up at around 2870 cm-1 as a weak 

shoulder on the symmetric CH2 stretching peak, although it is less intense than the 

asymmetric CH3 stretch.  Noticeably absent is the alkene =C–H stretch at 3080 cm-1 in 
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the hydrogermylated samples, indicating that the double bond has reacted with the Ge 

surface and no longer exists.  The spectra also confirm that all unreacted alkene has been 

washed away from the sample, leaving only the covalently bound monolayer.  S–H 

stretches were not observed in the FTIR spectra of the thiolated nanowires.  It is unlikely 

that the thiols remain protonated after adsorption to the Ge surface; however, the lack of 

thiol IR peaks is not definitive proof this is the case, as C–S and C–S–H stretches have 

extremely weak absorption in IR spectra.24  As a result, thiol stretches were not observed 

and only the CH2 and CH3 stretches from the alkane chain were detected. 

 

 

Figure 3.3.  ATR-FTIR spectra of SFLS-grown Ge nanowires passivated with thiols (___) 
or alkenes (___).  The four vertical lines indicate the peak positions for 
liquid-like (dashed) and crystalline (solid) packing. 
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3.5.2.2 Molecular Packing 

The positions of the symmetric and asymmetric alkane stretches shown in Figure 

3.3 and summarized in Table 3.1, varied slightly, indicating slight differences in 

molecular packing in the organic layer on the nanowires.  For disordered liquid-like 

alkane chains, the symmetric and asymmetric CH2 stretches occur at 2855 cm-1 and 2924 

cm-1, respectively.25  Alkane chains with more ordered packing give rise to signals at 

lower vibrational frequency.  In Figure 6, the symmetric and asymmetric CH2 stretches 

for the 1-octadecanethiol monolayer appear in positions corresponding to a fully 

crystalline alkane, with peaks occurring at 2849 cm-1 and 2918 cm-1, respectively.  This is 

because, of the eight different monolayers investigated, 1-octadecanethiol is the only 

monolayer that solidifies at room temperature.  The difference between vibrational 

frequency of the liquid state and the ordered crystalline state is only about 6 cm-1; 

nevertheless, slight shifts in the methylene peaks provide insight into the local 

environment within the monolayer.  Examining the methylene shifts in the thiolated 

nanowire samples indicates that adsorbed 1-hexanethiol forms the least ordered 

monolayer, with increasing packing order as the alkane chain length is increased.  This 

trend is consistent with studies of alkanethiol monolayers on Au substrates, where 

decreasing the chain length increases the disorder of the monolayer.25  It has been 

hypothesized that short chains adopt a less extended, more disordered conformation due 

to weaker interchain interactions.  Conversely, the hydrogermylated samples seem to 

follow the opposite trend, with the long chain alkenes showing significantly more 

disorder than the shorter chains.  Thiols may be able to rearrange and pack more easily on 

the Ge surface during the passivation step due to a more labile Ge–S bond, whereas a 

stronger Ge–C bond may inhibit rearrangements on the surface.  As a result, the steric 

hindrance from fixed long-chain alkenes may prevent high packing densities for strong 
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interchain interactions to lead to increased order.  Consequently, short chain alkenes may 

be able to pack more tightly on the surface, leading to the observed trend in vibrational 

frequency.  Even for a perfectly packed crystalline monolayer, it is impossible to 

passivate all of the Ge surface atoms due to steric hindrance between adjacent molecules. 

 
 νa(CH2) νs(CH2) 
1-octadecanethiol 2918.0 cm-1 2849.0 cm-1 

1-dodecanethiol 2923.0 cm-1 2852.0 cm-1 

1-hexanethiol 2923.5 cm-1 2853.0 cm-1 

1-octadecene 2924.0 cm-1 2853.5 cm-1 

1-dodecene 2922.5 cm-1 2853.0 cm-1 

1-hexene 2921.5 cm-1 2852.5 cm-1 

Table 3.1. Symmetric and asymmetric CH2 stretching peak positions. 

 

3.5.3 Corrosion Resistance of Organic Monolayer-Coated Germanium Nanowires 

3.5.3.1 X-Ray Photoelectron Spectroscopy 

In contrast to the unpassivated Ge nanowires (Figure 3.1), the thiolated and 

hydrogermylated Ge nanowires exhibited no observable oxidation signal in the XPS after 

exposure to air for 1 week (Figure 3.4; panels A and B).  The XPS profiles of both the 

thiol and alkene-treated Ge nanowires remained unchanged after over a month of air 

exposure. 
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Figure 3.4. XPS of Ge nanowires passivated with thiols (red) or alkenes (black) exposed 

to (A, B) air (1 week), (C, D) boiling H2O (1 hour), (E, F) 2.5 M H2SO4 in 
dioxane (1 hour), and (G, H) 30% H2O2 (1 hour).  Data points are shown for 
thiol and alkene ligands with six, twelve and eighteen carbon atoms. 

 

Both thiol and alkene-treated Ge nanowires exhibited no detectable oxidation 

signal by XPS when soaked in deionized water for one hour.  This starkly contrasts the 



 49 

unpassivated Ge nanowires, which completely dissolve in water over the course of only a 

couple of hours.1  In fact, the passivated nanowires subjected to boiling water for 1 hour 

also did not show any sign of oxidation in the XPS signal (Figure 3.4; panels C and D), 

with the exception of the shortest chain alkene, 1-hexene, which showed a slight GeO2 

peak.  The robust stability of organic monolayer-passivated Ge nanowires when exposed 

to water is explained in part by the hydrophobicity of the passivation layer, which helps 

prevent water from accessing the Ge surface. 

Passivated nanowires soaked in 2.5 M sulfuric acid for 1 hour also showed no 

signs of surface oxidation.  Again, the hydrophobicity of the capping layer prevents 

penetration of the aqueous sulfuric acid solution into the mesh of nanowires and helps 

prevent surface oxidation.  When the aqueous sulfuric acid solution was replaced with an 

organic solution of 2.5 M sulfuric acid in p-dioxane, significant oxidation was observed 

after soaking for 1 hour, and GeO2 peaks become clearly visible in the XPS scans of all 

of the passivated nanowire samples (Figure 3.4; panels E and F). 

All nanowire samples subjected to highly oxidative conditions by immersion in 

30% hydrogen peroxide for 1 hour exhibited significant oxidation (Figure 3.4; panels G 

and H).  Virtually all of the thiolated Ge nanowires converted to germanium oxide, while 

the hydrogermylated samples had only a minute amount of Geo remaining in the sample.   

3.5.3.2 Morphological Changes 

Figures 3.5 and 3.6 show SEM images of Ge nanowires synthesized by SFLS 

growth and passivated with alkenes and thiols with alkyl chain lengths of 6, 12 or 18.  As 

shown in panels A–C, the surface passivation step does not affect the nanowire 

morphology.  SEM images (Figures 3.5 and 3.6; panels D–F) of passivated Ge nanowires 

exposed to boiling water for 1 hour confirmed that there was no change in nanowire 
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morphology after immersion.  In contrast, Ge nanowires without surface passivation 

dissolved in boiling water in a matter of minutes.  Again, the robust stability of organic 

monolayer-passivated Ge nanowires is explained in part by the hydrophobicity of the 

passivation layer, which helps prevent water from accessing the Ge surface. 

 

 
 

Figure 3.5. SEM images of Ge nanowires passivated with thiols exposed to (A–C) air (1 
week), (D–F) boiling H2O (1 hour), (G–I) 2.5 M H2SO4 in dioxane (1 hour), 
and (J–L) 30% H2O2 (1 hour). 
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Figure 3.6. SEM images of Ge nanowires passivated with alkenes exposed to (A–C) air 
(1 week), (D–F) boiling H2O (1 hour), (G–I) 2.5 M H2SO4 in dioxane (1 
hour), and (J–L) 30% H2O2 (1 hour). 

 

 When the passivated Ge nanowires were exposed to an organic solution of 2.5 M 

sulfuric acid in p-dioxane, significant corrosion was observed (Figures 3.5 and 3.6; 

panels G–I).  The nanowires were largely destroyed and transformed into Ge particulates.  

Nanowires passivated with longer chain alkenes and thiols were slightly more stable; 
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however, all of the passivating ligands were ultimately ineffective at protecting against 

concentrated acid. 

 Likewise, nanowires subjected to immersion in 30% hydrogen peroxide also 

exhibited significant deterioration.  Hydrogen peroxide etches a bare Ge surface at a rate 

of 40 nm/min.18,26  SEM images (Figures 3.5 and 3.6; panels J–L) showed that all 

nanowire samples were significantly corroded.  In the images of the thiolated nanowires, 

only piles of GeO2 particles were observed on the XPS substrate; however, the 

hydrogermylated nanowires were slightly more resistant to peroxide oxidation and some 

remaining nanowires could be observed by SEM. 

3.5.3.3 Differences Between Thiol and Alkene Passivation 

The difference in resiliency to peroxide exposure of the thiol and alkene 

passivated nanowires indicates that oxidative attack occurs by different mechanisms.  In 

the presence of strong oxidizing agents, thiols progressively oxidize from sulfide to 

sulfoxide to sulfone to sulfonic acid.27  A similar oxidative pathway exists on thiolated 

Ge nanowires, with chemisorbed thiol being fully oxidized to a sulfonic acid by peroxide 

(Figure 3.7).  This direct oxidation of the thiol ligands was confirmed by monitoring the 

S 2p XPS signal before and after peroxide exposure.  Prior to peroxide exposure, a S 2p3/2 

peak is observed at 162.7 eV with a S 2p1/2 shoulder at 163.9 eV, corresponding to the 

expected binding energies for mercaptans (Figure 3.7).23  After peroxide exposure, a peak 

develops at 167.7 eV, corresponding to the binding energy for sulfone molecules.23  In 

contrast, the C 1s XPS signal of the alkene passivated nanowires remains largely 

unchanged before and after peroxide exposure (Figure 3.7). 
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Figure 3.7. (A) Sulfur 2p XPS of Ge nanowires passivated with 1-octadecanethiol 
before (top) and after (bottom) exposure to 30% H2O2 (1 hour).  (B) 
Carbon 1s XPS of Ge nanowires passivated with 1-octadecene before (top) 
and after (bottom) exposure to 30% H2O2 (1 hour).  (C) Schematic 
illustrating the successive oxidation of a thiol-passivated Ge surface in the 
presence of peroxide. 

 

The oxidation and removal of the thiol passivation layer exposes the Ge surface, 

which is vulnerable to direct oxidation and etching.  Since carbon cannot access d-

orbitals to expand its octet like sulfur can, an analogous ligand oxidation and removal 

pathway is not possible for purely alkylated surfaces.  This, combined with the fact that 

Ge–C has a stronger bond energy than Ge–S, results in faster oxidation of the thiolated 

surface in the presence of peroxide. 
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3.5.4 Thermal Oxidation of Thiol- and Alkene-Passivated Germanium Nanowires 

Figures 3.8 and 3.9 show simultaneous thermogravimetric analysis (TGA) and 

differential scanning calorimetry (DSC) traces collected for 1-hexene and 1-hexanethiol 

passivated Ge nanowires oxidized under an airflow of 80 cm3/min, while being heated 

from room temperature to 750°C at a ramp rate of 10°C/min. 

 

 
Figure 3.8. Simultaneous TGA/DSC trace for 1-hexene passivated Ge nanowires 

oxidized under an airflow of 80 cm3/min, while being heated from room 
temperature to 750°C at a ramp rate of 10°C/min. 
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Figure 3.9. Simultaneous TGA/DSC trace for 1-hexanethiol passivated Ge nanowires 

oxidized under an airflow of 80 cm3/min, while being heated from room 
temperature to 750°C at a ramp rate of 10°C/min. 

 

 Both alkene-passivated and thiol-passivated Ge nanowires showed qualitatively 

similar thermal oxidation behavior.  Both samples exhibited a gradual increase in mass as 

ligands desorbed and the surface began to oxidize.  Then between 550 and 600°C, an 

extremely rapid oxidation event occurred, followed by more gradual oxidation, 

eventually reaching a plateau after a mass increase of 37% for both samples.  The 

oxidation event occurred at a slightly lower temperature for the thiolated sample (577°C) 

than for the hydrogermylated sample (585°C), potentially due to the fact that the Ge–C 
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bond is stronger than the Ge–S bond.  Integrating the DSC traces results in an oxidation 

energy of roughly 230 kJ/mol O2 for both samples. 

3.5.5 Silicon Nanowire Oxidation 

3.5.4.1 Trisilane-Grown Silicon Nanowires 

The first panel in Figure 3.10 shows a TGA trace of trisilane-grown Si nanowires 

being heated from room temperature to 650°C under air, along with the associated 

temperature ramp.  The sample is held at elevated temperature (100°C) for 30 minutes in 

order to remove any residual solvent.  After 30 minutes, the air is switched on and the 

temperature ramp is initiated.  As can be seen from the TGA trace, negligible oxidation 

occurs below 650°C.  In the next three panels of Figure 3.10, the sample of trisilane-

grown Si nanowires is again held at elevated temperature for 30 minutes to remove 

residual solvent.  The temperature ramp is then initiated; however, in this case the air 

stream is not switched on until the temperature of interest has been reached, allowing the 

oxidation rate at each specific temperature to be observed. 
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Figure 3.10. TGA trace of trisilane-grown Si nanowires heated to 650°C under air 

(upper left).  TGA traces showing the oxidation of trisilane-grown Si 
nanowires under air at 800°C (upper right), 900°C (lower left), and 
1000°C (lower right). 

 

3.5.4.2 Monophenylsilane-Grown Silicon Nanowires 

The black trace in Figure 3.11 shows the mass change rate for 5 mg of trisilane-

grown Si nanowires heated from room temperature to 1000°C under air.  As seen in 

Figure 3.10, negligible oxidation occurs below 650°C, with monotonically increasing 

rates of oxidation with increased temperature.  In contrast, the red curve in Figure 3.11 

shows the mass change rate for 5 mg of monophenylsilane (MPS)-grown Si nanowires 

under the same conditions, heated from room temperature to 1000°C under air.  First a 

low temperature oxidation peak is observed between 200°C and 400°C, followed by a 
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large mass loss peak between 350°C and 650°C, with a gradual mass increase due to 

oxidation of the crystalline Si core at higher temperatures.  Note that the oxidation rate of 

the core is significantly less for MPS-grown Si nanowires than for trisilane-grown Si 

nanowires, due to the protection afforded by the oxidized amorphous polyphenylsilane 

shell. 

 

 
 

Figure 3.11. Mass change rates for 5 mg of trisilane-grown Si nanowires, MPS-grown 
Si nanowires, and poly(diphenylsilane) polymer heated from room 
temperature to 1000°C under air. 

 

 The two mass change events that appear in the low temperature regime of the 

MPS-grown Si nanowire TGA traces are due to oxidation of the amorphous 
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polyphenylsilane shell.  The initial increase in mass is due to the incorporation of oxygen 

as unsaturated Si in the amorphous shell is oxidized.  Then at higher temperature, a mass 

decrease is observed due to evolution of the phenyl groups present in the shell.  As a 

comparison, phenyl-saturated straight-chain poly(diphenylsilane) was synthesized (via a 

Wurtz coupling reaction with diphenyldichlorosilane added to a stirred suspension of 

lithium metal in tetrahydrofuran at 0°C) and tested in the TGA under the same oxidation 

conditions.  In this case, no low-temperature Si oxidation peak is observed since there are 

no unsaturated Si atoms present; however, the same broad mass loss peak due to 

evolution of phenyl groups is observed from 350°C to 650°C.  Once enough phenyl 

groups are removed to expose unsaturated Si atoms in the polymer, two Si oxidation 

peaks are observed between 400°C and 550°C corresponding to oxidation of the Si 

backbone. 

 Figure 3.12 shows a typical TGA trace for oxidation of the amorphous shell on 

the surface of MPS-grown Si nanowires.  Prior to oxidation in the TGA, a series of TEM 

images were captured and the crystalline Si core diameters of the nanowires were 

measured, along with the thickness of the amorphous polyphenylsilane shell for a number 

of MPS-grown Si nanowires.  After oxidation of the shell as shown in Figure 3.12, the 

core diameters and shell thicknesses were measured once again.  Figure 3.12 also shows 

the diameter distribution of the crystalline core and the thickness distribution of the 

surrounding shell material before and after shell oxidation.  The diameter distribution of 

the core Si remains unchanged, assuring that negligible oxidation of the core occurs 

below 700°C.  Interestingly, the thickness distribution of the amorphous shell material 

also remains unchanged after oxidation of the shell Si and evolution of carbon species. 
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Figure 3.12. Example TGA trace (upper left) illustrating the mass change of MPS-

grown Si nanowires heated under air.  Scatterplot (upper right) showing 
the distribution of nanowire diameters and amorphous polyphenylsilane 
shell thicknesses before (blue) and after (red) oxidation of the shell.  Core 
diameter distribution (lower left) and shell thickness distribution (lower 
right) before (blue) and after (red) oxidation of the shell. 

 

In order to further characterize the composition of the amorphous shell 

surrounding the MPS-grown wires, the magnitudes of the mass changes observed in the 

TGA were analyzed.  As seen in Figure 3.13, the initial mass of a sample of MPS-grown 

Si nanowires was 4.50 mg after removal of residual solvent.  The initial mass increase of 

0.58 mg corresponds to oxygen addition as Si in the shell is oxidized.  Assuming full 

oxidation of the shell Si, a mass increase of 0.58 mg corresponds to 0.58	mg	O2 ∙428.1	g∙mol-1	Si 32.0	g∙mol-1	O2	
 ; � 0.51	mg	Si present in the shell.  The subsequent 
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mass loss of 0.99 mg corresponds to loss of carbon and hydrogen as the phenyl groups in 

the shell are removed.  Therefore, the shell is comprised of roughly 66% aromatic 

hydrocarbon and 34% oligomeric Si by mass.  This also means that of the 4.5 mg of 

MPS-grown Si nanowires, 3.0 mg correspond to the crystalline Si cores of the wires 

themselves, with the remaining 1.5 mg due to the amorphous shell material, resulting in a 

net composition of 67% crystalline Si nanowires, 22% aromatic hydrocarbon, and 11% 

oligomeric shell Si by mass. 

 

 
 
Figure 3.13. TGA trace showing quantitative changes in mass due to oxidation of the 

polyphenylsilane shell as MPS-grown nanowires are heated from room 
temperature to 650°C under air (left).  At 650°C the air is switched to 
nitrogen to avoid uncontrolled oxidation of the crystalline Si core as the 
sample is heated to the desired temperature.  When the sample has reached 
the temperature of interest (900°C in this example), the air stream is 
switched back on and the oxidation rate of the Si core is observed (right). 

 

Figure 3.13 also shows a full view of the typical TGA experiment conducted on a 

sample of MPS-grown Si nanowires.  These traces are analogous to the curves shown in 

Figure 3.10, with the sample being held at 100°C for 30 minutes to remove any residual 

solvent, followed by initiating the temperature ramp and switching on the air flow in 
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order to fully oxidize the shell material and remove any residual carbon.  Once again, the 

air was switched to nitrogen once a temperature of 650°C was reached in order to avoid 

unintended oxidation of the crystalline Si core before the temperature of interest was 

reached.  When the set point temperature was achieved, the air flow was switched back 

on and the oxidation rate of the crystalline Si core was observed. 

As can be seen from Figure 3.14, the oxidation rate of the crystalline Si core was 

much slower for the MPS-grown Si nanowires as compared to the bare trisilane-grown Si 

nanowires (Figure 3.10) at a given temperature due to the protection afforded by the 

oxidized amorphous shell acting as a diffusion barrier.  The traces in Figure 3.14 are 

plotted on the same scale as the traces in Figure 3.10. 

 

 
 
Figure 3.14. TGA traces showing the oxidation of MPS-grown Si nanowires under air 

at 900°C (left) and 1000°C (right). 

 

3.6 CONCLUSIONS 

Ge nanowires passivated with alkyl and alkanethiol layers were resistant to 

reasonably harsh oxidizing conditions.  For example, with the exception of the shortest 

chain alkene, passivated Ge nanowires did not exhibit observable oxidation when 
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exposed to boiling water or sulfuric acid.  This is due in part to the hydrophobicity of the 

protective monolayer that prevents water penetration through the passivation layer.  

Stronger oxidizing agents, like hydrogen peroxide and sulfuric acid in dioxane did 

corrode the nanowires.  Alkyl and thiol bonded monolayers exhibited nearly equivalent 

stability, with the exception of the case of peroxide exposure, in which case Ge–C 

bonded monolayers were slightly more resistant to oxidative attack than Ge–S bonded 

monolayers.  Thermal oxidation studies also showed similar stability, with alkanethiol 

passivated Ge nanowires oxidizing at only slightly lower temperature than 

hydrogermylated nanowires.  These results confirm that alkyl and alkanethiol passivation 

layers provide an adequate oxidation barrier for most applications, and that direct in situ 

thermal hydrogermylation and thiolation provide simple and attractive ways of achieving 

chemically stable Ge surfaces. 

Thermal oxidation studies of Si nanowires indicate that the amorphous 

polyphenylsilane shell that coats monophenylsilane-grown Si nanowires acts as an 

oxidation barrier that helps to protect the Si nanowire core.  Thermogravimetric analysis 

also indicates that monophenylsilane-grown Si nanowires consist of 1/3 shell material by 

mass, and that the amorphous polyphenylsilane shell material is comprised of 2/3 

aromatic hydrocarbon and 1/3 oligomeric Si by mass. 
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Chapter 4:  Functionalization of Germanium Nanowire Surfaces* 

 

4.1 INTRODUCTION 

Solvent dispersions of semiconductor nanowires have many potential 

applications: as electrorheological fluids,1 inorganic liquid crystals,2-4 and as inks for 

printed electronics5 to name a few.  Nanowires might also be blended with polymers to 

create new composite materials with unique combinations of mechanical and 

optoelectronic properties.6  There is also interest in using semiconductor nanowires in 

biological applications,7-9 as sensor materials,10,11 and as scaffolds for cell growth.12-20  In 

all of these cases, the surface chemistry of the nanowires is important and typically 

requires modification, especially when the nanowires must be dispersed in aqueous 

solutions.  Semiconductor nanowires without surface passivation do not disperse well in 

aqueous solution, and biological applications necessitate nanowires that are chemically 

stable, dispersible in aqueous solvents, and biocompatible; functional molecules like 

proteins are also often desired on the nanowires.20  To date, there have been no 

satisfactory methods reported for forming stable aqueous dispersions of semiconductor 

nanowires and there is a need for general methods to chemically modify semiconductor 

nanowire surfaces with organic molecules that prevent chemical degradation, provide 

dispersibility in aqueous media, enhance biocompatibility, and that can provide a docking 

platform for further conjugation with a sophisticated combination of biomolecules. 

In this chapter, we focus on the chemical modification of germanium (Ge) 

nanowires with passivating organic monolayers that impart hydrophilic carboxyl groups 

                                                
* Reproduced in part with permission from: Holmberg, V. C.; Rasch, M. R.; and Korgel, B. A.  
“PEGylation of Carboxylic Acid-Functionalized Germanium Nanowires.” Langmuir 2010, 26(17), 14241–
14246.  Copyright 2010 American Chemical Society. 
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for dispersibility in water and as a conjugation platform.  Attachment of polyethylene 

glycol (PEGylation) to the carboxyl-functionalized nanowires is also demonstrated.  

Underlying these studies is the use of the supercritical fluid-liquid-solid (SFLS) process 

to grow Ge nanowires.  This solvent-based approach provides significant quantities (i.e., 

>100 mg) of nanowires and is a convenient way to chemically modify the nanowire 

surface after synthesis, as reactants can be fed directly into the reactor for in situ surface 

modification without the need to remove the nanowires from the reactor.  As discussed in 

the previous chapter, this technique has been used to graft alkenes and thiols to Ge 

nanowire surfaces via in situ thermal hydrogermylation and thiolation, forming 

hydrophobic alkyl monolayers that prevent oxidation and provide dispersibility in organic 

solvents.21-23  In aqueous media, surface passivation is even more important, as “bare” Ge 

nanowires oxidize and rapidly dissolve in water.21 

PEGylation chemistry has been developed for bulk Ge substrates, however, these 

methods are not readily applied to nanowires as they have relied on the use of alkyl 

trichlorosilane or trimethoxysilane as linkages to the substrate.24,25  These silanization 

agents do not react directly with the Ge surface and require pretreatment with nitric acid, 

hydrogen peroxide, and either oxalic or ethanedioic acid.24,25  Ge nanowires cannot 

withstand these chemically harsh pretreatments.  Consider for example that hydrogen 

peroxide etches Ge at a rate of 40 nm/min—it is very difficult to control this kind of 

etching chemistry on nanowires that are about 40-50 nm in diameter.26,27  Therefore, 

direct surface functionalization is needed in the case of the nanowires.     

In this chapter, we exploit in situ thermal thiolation to anchor carboxylic acid 

groups on the surface of Ge nanowires for subsequent molecular conjugation.  As an 

example, Ge nanowires were passivated with 11-mercaptoundecanoic acid and then 

PEGylated using carbodiimide coupling chemistry.  The PEGylated nanowires form very 
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stable dispersions in DMSO and aqueous solutions at a wide range of pH and ionic 

strength.  Carboxylic acid-functionalized nanowires should provide a general platform for 

conjugating a wide array of molecules, including polymers, proteins, and other 

biomolecules following similar procedures.  In this chapter, chemical surface 

functionalization is also briefly investigated as a means for nanowire doping. 

 

4.2 PEGYLATION OF GERMANIUM NANOWIRES 

4.2.1 Materials 

2 nm diameter Au nanocrystals were prepared by the method of Brust, et al.,28 as 

described in Chapter 2. Anhydrous benzene (99.8%) was purchased from Sigma-Aldrich, 

and diphenylgermane (DPG) was purchased from Gelest.  Hydrogen tetrachloroaurate 

(III) trihydrate (≥99.9%), tetraoctylammonium bromide (98%), and sodium borohydride 

(≥98.0%) were purchased from Aldrich.  Dimethylsulfoxide (DMSO), 11-

mercaptoundecanoic acid, N-hydroxysuccinamide (NHS), and N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide (EDC) hydrochloride were also purchased 

from Sigma-Aldrich.  1000 molecular weight PEG-amine polymer (Jeffamine M-1000) 

was provided by Huntsman Advanced Materials. 

4.2.2 Nanowire Growth 

Ge nanowires were prepared by the supercritical-fluid-liquid-solid (SFLS) growth 

process, as described in Chapter 2.29,30  A 30 mL solution of anhydrous benzene 

containing 15 mg/L Au nanocrystals and 35 mM diphenylgermane was prepared in a 

nitrogen-filled glovebox.  A 10 mL nitrogen-filled titanium tubular reactor was heated to 

380°C, filled with anhydrous benzene, and pressurized to 6.5 MPa using a high-

performance liquid chromatography (HPLC) pump.  Nanowire growth was carried out by 
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using the HPLC pump to inject the Au nanocrystal and diphenylgermane precursor 

solution into the reactor at a rate of 0.5 mL/min for 40 min.  After injection, the reactor 

was cooled to 80°C for passivation and functionalization. 

4.2.3 Nanowire Surface Functionalization 

4.2.3.1 Mercaptoundecanoic Acid Attachment 

Mercaptoundecanoic acid was attached to the Ge nanowire surface by in situ 

thermal thiolation.21,22  In an inert atmosphere, 1 g of 11-mercaptoundenoic acid was 

dissolved in anhydrous benzene to form a 12 mL solution.  10 mL of this solution was 

injected into the nanowire reactor, the pressure was raised back to 6.5 MPa, and the 

reactor was allowed to incubate at 80°C for 2 hours.  The reactor was then cooled to room 

temperature and the mercaptoundecanoic acid functionalized nanowires were collected 

and washed with a 2:1:1 volume mixture of chloroform, toluene, and ethanol in order to 

remove any unreacted phenylgermanes and excess mercaptoundecanoic acid.  The 

nanowire dispersion was centrifuged at 8000 rpm for 5 min, and the resulting nanowire 

precipitate was re-dispersed in dimethylsulfoxide (DMSO).  The nanowires were 

transferred from DMSO to water by evaporating the DMSO solvent at 500-700 mTorr for 

24 hours.  The 1-dodecanethiol functionalized Ge nanowire control shown in Figure 1 

was prepared using the above procedure, using a solution consisting of 4 mL 1-

dodecanethiol and 8 mL anhydrous benzene in place of the mercaptoundecanoic acid 

solution. 

4.2.3.2 PEGylation of Functionalized Nanowire Surface 

PEGylation of the carboxylic acid terminated Ge nanowires was performed using 

EDC/NHS chemistry.31  PEGylation was carried out using a 1000 molecular weight 

poly(oxyethylene)-poly(oxypropylene) amine polymer, CH3(OCH2CH2)19-
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(OCH2CH(CH3))3NH2, also known as Jeffamine M-1000 (Huntsman Advanced 

Materials).  On the bench top at room temperature, 4 mg of mercaptoundecanoic acid 

functionalized Ge nanowires were stirred in 4 mL of DMSO.  25 µmol of N-

hydroxysuccinamide (NHS) and 250 µmol of Jeffamine M-1000 were added to the 

solution, followed by 25 µmol of N-(3-dimethylaminopropyl)-N’-ethylcarbodiimide 

(EDC) hydrochloride.  After stirring for 3 hours, the nanowires were precipitated by 

centrifugation at 12,000 rpm for 5 min and re-dispersed in DMSO.  As with the 

carboxylated nanowires, the PEGylated nanowires were transferred from DMSO to water 

by evaporating the DMSO solvent at 500-700 mTorr for 24 hours. 

4.2.4 Nanowire Characterization 

4.2.4.1 ATR-FTIR Spectroscopy 

Attenuated total reflectance Fourier transform infrared (ATR-FTIR) spectra were 

obtained on a Thermo Mattson Infinity Gold FTIR spectrometer equipped with a Spectra-

Tech Thermal ARK attenuated total reflectance module.  FTIR spectra were recorded for 

mercaptoundecanoic acid functionalized Ge nanowires, neat Jeffamine M-1000, and 

PEGylated Ge nanowires.  Prior to collecting FTIR spectra, the mercaptoundecanoic acid 

functionalized nanowires were washed repeatedly in a 2:1:1 volume mixture of 

chloroform, toluene, and ethanol in order to remove any residual unreacted 

mercaptoundecanoic acid, and then re-dispersed in chloroform.  In order to remove any 

excess PEG, the PEGylated Ge nanowires were washed by repeatedly re-dispersing the 

nanowires in fresh DMSO and re-precipitating them by centrifugation at 12,000 rpm.  It 

was then necessary to remove all of the residual DMSO from the nanowire precipitate by 

placing the nanowires under high vacuum overnight, and then re-dispersing the resulting 

product in chloroform.  Spectra were recorded under a nitrogen atmosphere after forming 
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thin films of material on the zinc selenide ATR crystal.  Ge nanowire thin films were 

formed by drop casting the chloroform dispersions directly on the surface of the ATR 

crystal and allowing the chloroform to evaporate.  A Jeffamine M-1000 spectrum was 

also recorded from a thin film of PEG-amine swabbed directly onto the surface of the 

ATR crystal. 

4.2.4.2 HRTEM Analysis 

Samples were prepared by forming a dilute dispersion (<0.1 mg/mL) of 

PEGylated nanowires in chloroform, drop casting 5 µL of the dispersion onto a copper, 

200 mesh lacey carbon TEM grid, and allowing the chloroform to evaporate.  HRTEM 

images were acquired using a JOEL 2010F TEM operated at 200 kV. 

4.2.4.3 Spectrophotometry 

The optical density of the nanowire dispersions was measured using a Cary 500 

UV-Visible-NIR spectrophotometer.  Clear disposable polystyrene plastic cuvettes were 

used to hold aqueous dispersions, while DMSO dispersions were held in clear glass 

cuvettes.  Each cuvette had a 1 cm optical path length.  First, baseline spectra were 

recorded by loading each dry cuvette with blank solution and scanning the optical density 

over a wavelength range of 400 to 800 nm.  The cuvettes were then cleaned and dried.  

Next, nanowire dispersions were prepared by sonicating 60 µg of dry nanowires in 3 mL 

of solvent for 2 minutes.  The dispersions were pipetted into individual cuvettes, each 

corresponding to the correct baseline spectrum.  After confirming that the initial peak 

absorbance value was between 0.6 and 1.0, the optical density of the nanowire 

dispersions was scanned over a 400 to 800 nm wavelength range.  The dispersions were 

allowed to settle in the cuvettes, and the optical density was measured over a 12 hour 

period.  Baseline spectra were subtracted after the measurements were completed. 
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4.3 GERMANIUM NANOWIRE DOPING VIA MOLECULAR MONOLAYERS 

Molecular surface functionalization is also a potential strategy for the 

incorporation of dopants into nanoscale materials.  Carefully controlled doping in 

semiconductor nanostructures can be quite difficult due to the fact that typical doping 

levels require less than 1 dopant atom for every 10,000 atoms of semiconductor.  This 

creates large variability when typical macroscale doping processes are applied to 

nanomaterials.  By functionalizing the surface of a nanostructure with a molecule that 

contains dopant atoms, and then annealing the dopant into the semiconductor, the dose 

applied to the nanostructure can be normalized based on the surface area of the particle.  

The dosage also has the potential to be tuned to lower levels by including other 

competing surface molecules that do not contain dopant atoms. 

4.3.1 Surface Functionalization 

For n-doping attempts, Ge nanowires were functionalized with trioctylphosphine 

oxide.  In a typical reaction, Ge nanowires were grown as described in Chapter 2, and 

then the reactor was cooled to 120°C.  A 10 mL solution of anhydrous benzene 

containing 1.0 g trioctylphosphine oxide was then injected into the reactor, and allowed 

to incubate at 120°C and 6.5 MPa for 2 hours. 

For p-doping attempts, allylboronic acid pinacol ester was used.  Again, Ge 

nanowires were synthesized as described in Chapter 2, cooled to 120°C, and then a 10% 

volume solution of allylboronic acid pinacol ester in anhydrous benzene (10 mL total 

volume) was injected and allowed to incubate for 2 hours at 120°C and 6.5 MPa. 



 73 

4.3.2 Dopant Drive-In 

4.3.2.1 Ex Situ Rapid Thermal Anneal 

Once the nanowires have been surface functionalized with either phosphorus or 

boron containing molecules, the material must be annealed to drive the dopant into the 

nanowire crystal.  Figure 4.1 shows diffusion length plots for phosphorus and boron 

diffusion in Ge.  Phosphorus diffuses orders of magnitude faster than boron diffuses in 

Ge. 

 

 
Figure 4.1. Diffusion length plots for phosphorus (top left) and boron (top right) 

diffusion in Ge at various temperatures.  Phosphorus diffuses orders of 
magnitude faster than boron in Ge, as shown for an anneal temperature of 
800°C (bottom). 
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 In order to drive the dopant into the crystal, dopant-functionalized Ge nanowires 

were placed on Si wafer substrates, inserted into a rapid thermal annealing (RTA) system, 

and flash annealed at temperatures ranging from 400 to 800°C for 5 seconds. 

4.3.2.2 In Situ Thermal Anneal and Passivation 

As an alternative to rapid thermal annealing, in situ thermal annealing and 

passivation was also attempted.  Figure 4.2 illustrates the process used for in situ thermal 

annealing and passivation.  Nanowires were grown at 380°C, as described in Chapter 2, 

and then cooled to 120°C.  Then either trioctylphosphine oxide (TOPO) or allylboronic 

acid pinacol ester (ABA-PE) was injected and allowed to incubate at 120°C for 2 hours.  

After incubation, the reactor was ramped to 500°C with the exit valve open and the 

pressure maintained at 6.5 MPa using the micrometering valve.  Once the reactor reached 

500°C, the heating ramp was switched off and the reactor was allowed to cool to 80°C for 

alkanethiol passivation (as described in Chapter 3). 
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Figure 4.2. Process flow for Ge nanowire growth, dopant functionalization, in situ 

thermal annealing and dodecanethiol (DDT) passivation.  Trioctylphosphine 
oxide (TOPO) was used for n-doping (top) and allylboronic acid pinacol 
ester (ABA-PE) was used for p-doping (bottom). 

 

4.4 RESULTS AND DISCUSSION 

4.4.1 Carboxylic Acid Functionalization and PEGylation of Germanium Nanowires 

Figure 4.3 outlines the steps involved in carboxylic acid functionalization of the 

Ge nanowires and their subsequent PEGylation.  Approximately 20 mg of Ge nanowires 

were grown by the SFLS process in benzene (or toluene) at 380°C and 60 atm.  The 

nanowires accumulate in the reactor and remain dispersed in the solvent.  Once the 

nanowires have been grown, the reactor is sealed and the temperature is lowered to 80oC.  

Excess solvent is then flushed through the reactor to remove unreacted precursor and 

reaction byproducts, and then 11-mercaptoundecanoic acid is fed into the reactor.  The 
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pressure is raised back to 60 atm, and the wires are allowed to incubate for 2 hours at 

80°C, prior to cooling.  These nanowires are purified to remove excess unreacted 

mercaptoundecanoic acid and then PEGylated. 

 

 

 
Figure 4.3. Schematic of Ge nanowire passivation with mercaptoundecanoic acid, 

followed by PEGylation. 

 

PEGylation requires activation of the terminal carboxyl groups on the nanowire 

surface with EDC in order to couple to the amine terminus of the PEG-amine polymer.  

EDC reacts to form an activated O-acylisourea ester, which facilitates coupling between 

the carboxylic acid and the amine by forming an amide linkage (illustrated by the dotted 

line in Figure 4.3).  The acylisourea complex, however, is also extremely unstable and 
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short-lived, resulting in a poor yield of the amide product.31  Better coupling efficiency is 

achieved by adding NHS to the reaction mixture.  NHS cannot couple to the carboxylic 

acid groups to any appreciable degree on its own, but it can displace the short-lived O-

acylisourea ester intermediate,31 resulting in a much more stable and longer-lived 

aminoacyl NHS-ester.  The aminoacyl NHS-ester is still reactive enough to facilitate 

amide bond formation between the activated carboxylic acid group and the PEG-amine 

and therefore increases the yield of the amidation reaction.31  The PEGylated nanowires 

are then readily purified by repeatedly centrifuging the wires in DMSO, allowing the 

soluble NHS and isourea byproducts to be removed by decanting the supernatant. 

4.4.1.1 ATR-FTIR Analysis 

Carboxylic acid functionalization and PEGylation were confirmed by ATR-FTIR 

spectroscopy.  Figure 4.4 shows ATR-FTIR spectra of Ge nanowires passivated with 1-

dodecanethiol (control) and 11-mercaptoundecanoic acid before and after PEGylation.  A 

characteristic spectrum for alkanethiol functionalized Ge nanowires has also been 

included as a reference, showing the characteristic alkane stretching bands.  The 11-

mercaptoundecanoic acid functionalized Ge nanowires exhibited characteristic 

antisymmetric and symmetric alkyl CH2 stretching bands at 2920 cm-1 and 2850 cm-1, 

respectively, in addition to the alkyl CH2 scissoring and rocking bands at around 1450 

cm-1 and 730 cm-1, respectively.32  A strong characteristic carboxylic acid C=O stretch 

was also observed at 1710 cm-1 in addition to a broad O–H stretching band from 2500 

cm-1 to 3300 cm-1 and C–O stretching and O–H out-of-plane bending bands at 1300 cm-1 

and 900 cm-1, respectively.32  This spectrum confirms that the thiol group of 

mercaptoundecanoic acid bonds to the Ge surface, leaving exposed carboxylic acid 

groups, as needed for subsequent functionalization. 
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Figure 4.4. ATR-FTIR spectra of 1-dodecanethiol functionalized Ge nanowires (black), 

11-mercaptoundecanoic acid functionalized Ge nanowires (red), neat PEG-
amine (green), and PEGylated Ge nanowires (blue). 
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An ATR-FTIR spectrum of neat Jeffamine M-1000 PEG-amine is also shown for 

comparison in Figure 4.4.  The spectrum is dominated by ether stretches from the 67-

atom PEG backbone, with N–H stretching and bending vibrations only weakly visible on 

the baseline at approximately 3340 cm-1 and 1590 cm-1, respectively.32  The predominant 

bands are the strong characteristic ether C–O–C stretching band at 1100 cm-1 and the CH2 

stretching and scissoring bands at 2860 cm-1 and 1450 cm-1, respectively.32  The 

remaining peaks in the fingerprint region are characteristic of long chain polyethers 

including CH2–CH2 antisymmetric wagging, CH2–CH2 quasi-symmetric twisting, and 

CH2–CH2 antisymmetric twisting modes at 1345 cm-1, 1283 cm-1 and 1244 cm-1, 

respectively, in addition to a band due to coupled quasi-symmetric CH2 rocking and C–C 

stretching modes at 947 cm-1, and a band due to coupled quasi-antisymmetric CH2 

rocking and quasi-symmetric C–O stretching modes at 844 cm-1.33 

The ATR-FTIR spectrum of PEGylated Ge nanowires is similar to the spectrum 

of Jeffamine M-1000, with all of the key PEG peaks present.  However, the PEGylated 

Ge nanowires exhibit two additional peaks (highlighted in red) at 1710 cm-1 and 1670 cm-

1.  The peak at 1710 cm-1 corresponds to the C=O stretch of the unreacted carboxylic acid 

groups remaining on the Ge surface, and the peak shifted to lower wavenumber at 1670 

cm-1 corresponds to the C=O stretch of an amide.32  This stretch at 1670 cm-1 confirms 

that the PEG-amine has been successfully linked to the carboxylic acid terminus of the 

mercaptoundecanoic acid via an amide bond, resulting in mercaptoundecanoic-amide-

polyethylene glycol functionalized Ge nanowires.  The peak from the remaining 

unreacted carboxylic acid groups at 1710 cm-1 is expected since steric hindrance prevents 

polymer chains from grafting to all of the carboxyl groups on the surface. 
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4.4.1.2 TEM Analysis 

Both the PEG and the mercaptoundecanoic acid layers were visible in TEM 

images of the nanowires, as shown in Figure 4.5.  Prior to PEGylation, a 1 nm thick layer 

of mercaptoundecanoic acid (MUA) was observed on the Ge nanowire surface.  This 

thickness agrees with previously published values for Ge surfaces functionalized with 

similar length alkanethiols,23 which typically have projected areas on the order of 0.16 

nm2 per alkanethiol ligand.34  After PEGylation, the organic layer increased in thickness 

to a value of 5 nm under TEM.  The PEG layer is conformal and uniform down the length 

of the nanowires, with a thickness of 4 nm after accounting for the 1 nm thick underlying 

MUA layer.  The TEM image in Figure 3 was recorded in vacuum, and the graft density 

of the PEG molecules can be estimated using the observed PEG layer thickness (4 nm), 

the bulk PEG density (1.1 g/cm3), and the molecular weight of the PEG (1042 g/mol).  

This results in a graft density of one chain per 0.40 nm2, corresponding to a mean 

distance between PEG attachment points of 0.63 nm.  These TEM observations represent 

a lower bound for the thickness of the PEG layer, which is expected to swell and extend 

in a good solvent. 
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Figure 4.5. Transmission electron microscopy (TEM) images of a PEGylated Ge 
nanowire (left) and a mercaptoundecanoic acid functionalized Ge nanowire 
(right). 

 

4.4.2 Stability of Functionalized Germanium Nanowire Dispersions 

After PEGylation, the nanowires were dispersible in a variety of polar solvents, as 

typically found for PEGylated nanomaterials.35-38  Figure 4.6 shows photographs of 

PEGylated Ge nanowires dispersed in DMSO at various concentrations.  Stable 

suspensions of PEGylated Ge nanowires could be prepared with concentrations of at least 

10 mg/mL.  These nanowire suspensions in DMSO remain unchanged after several days 

of sitting on the bench top.  After about one week, a small amount of nanowire settling 

was observed; however, the nanowires completely re-disperse in the DMSO with gentle 

shaking. 
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Figure 4.6. Photograph of PEGylated Ge nanowires dispersed in DMSO after sitting on 
the bench top for a day and a half. 

 

The carboxyl-terminated and PEGylated Ge nanowires also dispersed well in 

aqueous solution.  Figure 4.7 shows suspensions of mercaptoundecanoic acid passivated 

and PEGylated nanowires dispersed in aqueous NaCl solutions with ionic strength 

varying from 0 to 1.5 M.  Both sets of nanowires disperse completely in water with mild 

sonication, regardless of ionic strength.  However, both carboxylated and PEGylated Ge 

nanowires rapidly sedimented when the ionic strength was greater than 15 mM.  The 

sedimentation rate increased with increased ionic strength.  For a nanowire concentration 

of 1 mg/mL, nanowires sedimented within 30-40 minutes for 1.5 M ionic strength, while 

nanowires sedimented within 60-120 minutes for 15-150 mM ionic strength.  Nanowires 

that were dispersed in aqueous solutions with ionic strength of 1.5 mM or less remained 

dispersed for over 24 hours with only a slight amount of settling.  After washing the 

sedimented wires with deionized water to remove the NaCl, the nanowires can be 
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dispersed once again using gentle sonication.  Figure 4.8 illustrates the ionic strength 

dependent settling of the PEG functionalized nanowires. 

 

 
 

Figure 4.7. Aqueous dispersions of mercaptoundecanoic acid passivated (left) and PEG 
passivated Ge nanowires (right).  The leftmost vial in each row contains 
pure DI water without nanowires for comparison.  The Ge concentration in 
the rest of the vials is 0.05 mg/mL in the top row and 1.0 mg/mL in the 
bottom row.  In each row, the five vials to the right of the DI water have salt 
concentrations of 0.0 mM, 1.5 mM, 15 mM, 150 mM, and 1.5 M from left to 
right. 

 

 
Figure 4.8. Aqueous dispersions of PEG passivated Ge nanowires after 24 hours.  The 

vials containing Ge have nanowire concentrations of 1 mg/mL.  From left to 
right, the vials contain pure DI water (no Ge), followed by Ge nanowires 
dispersed in 0.0 mM, 1.5 mM, 15 mM, and 1.5 M NaCl(aq). 
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 In order to characterize the stability of the PEGylated Ge nanowire dispersions, 

optical density measurements were carried out as a function of time for a variety of 

solvent environments, as shown in Figure 4.9.  Dispersions were prepared with a 

concentration of 20 µg/mL such that the initial peak absorption values were below 1.0.  

The dispersions discussed in Figure 6 had a much higher concentration, and 

consequently, a faster flocculation rate; however, the optical density of these 1 mg/mL 

dispersions is far too high for optical transmittance measurements to be recorded.   As 

can be seen from Figure 4.9, the dispersions of PEGylated Ge nanowires in DMSO were 

quite stable, with little change in the optical density over a 12 hour period.  Dispersions 

of PEGylated Ge nanowires in deionized water were also stable over a long period of 

time, with the addition of 1.5 mM NaCl having little effect on the settling rate.  In 

contrast, addition of greater than 15 mM NaCl had a marked effect on the stability of the 

dispersions, with nanowires beginning to flocculate only after a few hours.  After a 24 

hour period, all samples containing greater than 15 mM NaCl had completely settled out 

of solution, as shown in Figure 4.8. 
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Figure 4.9. Absorbance measurements of 20 µg/mL dispersions of PEGylated Ge 

nanowires in (A) DMSO, (B) deionized water, and (C) 1500 mM NaCl (aq) 
as a function of time.  Spectra were recorded at t = 0.0, 0.5, 1.0, 1.5, 2.0, 3.0, 
4.0, 6.0, 8.0, and 12 hours from top to bottom, in order to illustrate the 
settling rate of the nanowire dispersions.  (D) Cross sections of optical 
density at 600 nm as a function of time, normalized relative to the optical 
density at 600 nm at t = 0 hours. 

 

4.4.3 Molecular Monolayer Doping and Rapid Thermal Anneal 

The following sections discuss the results of attempts to dope Ge nanowires via 

surface functionalization with boron and phosphorus containing molecules. 
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4.4.3.1 XPS Analysis 

Figure 4.10 shows phosphorus 2s and phosphorus 2p XPS signals for samples of 

TOPO-functionalized Ge nanowires annealed for 5 seconds at temperatures ranging from 

400 to 700°C using a rapid thermal annealing process.  As synthesized TOPO-

functionalized Ge nanowires show a P 2s peak at roughly 190 eV and a P 2p peak at 

roughly 131 eV.  When the sample is annealed, the P 2s peak shifts to higher binding 

energy (191 eV) as well as the P 2p peak (132.5 eV), potentially indicating incorporation 

into the Ge crystal.  The phosphorus peaks increase in intensity (possibly due to increased 

thermal desorption of the surface ligands, resulting in a larger signal) with increased 

anneal temperature, reaching a maximum intensity at 500°C.  At higher anneal 

temperatures, the phosphorus signal is reduced, eventually disappearing at an anneal 

temperature of 700°C.  Since XPS is a surface-sensitive technique, the reduced P signal 

could be due to phosphorus diffusing into the core of the nanowire. 

 

 
Figure 4.10. P 2s (left) and P 2p (right) XPS spectra for TOPO functionalized Ge 

nanowires (grey) annealed to 400°C (brown), 500°C (blue), 600°C 
(green), and 700°C (orange) for 5 seconds using a rapid thermal annealing 
process.  Ge Auger, Ge 3s, Ge 3p1/2, and Ge 3p3/2 peaks are also labeled 
for clarity. 
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 Figure 4.11 shows the Ge 3d XPS signal for the rapid thermal annealed TOPO-

functionalized Ge nanowires.  The Ge 3d3/2 and 3d5/2 signals are readily apparent at 30.0 

and 29.4 eV respectively, with a clear oxidation peak evolving at 33 eV.  The as-

synthesized TOPO-functionalized nanowires show very little oxide; however, the rapid 

thermal anneal process appears to burn off the organic passivation layer, resulting in an 

increasingly oxidized Ge nanowire surface. 

 

 
 

Figure 4.11. Ge 3d XPS signal for TOPO functionalized Ge nanowires (black) 
annealed to 400°C (blue), 500°C (green), 600°C (orange), and 800°C (red) 
for 5 seconds using a rapid thermal annealing process.  The spectra 
indicate increased surface oxidation with increased rapid thermal anneal 
temperature. 

 

 For p-type doping attempts using ABA-PE surface functionalization, no boron 1s 

XPS signal was observable (Figure 4.12).  However, the same trend of increased surface 

oxidation with increasing anneal temperature was observed, as shown in Figure 4.13. 
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Figure 4.12. B 1s XPS spectra for ABA-PE functionalized Ge nanowires.  No 

observable boron signal was detected.  Ge Auger and Ge 3s peaks are 
labeled for clarity. 

 

 
 

Figure 4.13. Ge 3d XPS signal for ABA-PE functionalized Ge nanowires (black) 
annealed to 400°C (blue), 600°C (green), 700°C (orange), and 800°C (red) 
for 5 seconds using a rapid thermal annealing process.  The spectra 
indicate increased surface oxidation with increased rapid thermal anneal 
temperature. 
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4.4.3.2 Morphological Changes 

Figure 4.14 shows the morphology of the TOPO-functionalized Ge nanowires 

after rapid thermal annealing for 5 seconds at temperatures from 400 to 800°C.  While 

Figure 4.11 indicated that the nanowire surface was oxidized significantly during the 

annealing process, the last panel in Figure 4.14 shows that the nanowire morphology is 

completely destroyed after annealing at 800°C for 5 seconds. 

 

 

 
 
Figure 4.14. Characteristic SEM images of TOPO functionalized Ge nanowires as 

synthesized, and exposed to a rapid thermal anneal for 5 seconds at 
temperatures ranging from 400 to 800°C.  At 800°C, the nanowire 
morphology is completely destroyed. 
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 Likewise, rapid thermal annealing of the ABA-PE functionalized Ge nanowires 

had dramatic effects on the nanowire morphology, although much more severe in this 

case.  Figure 4.15 shows SEM images of the ABA-PE functionalized Ge nanowires after 

rapid thermal annealing.  Nearly all of the nanowires were completely destroyed, with the 

lone exception of the nanowires annealed at 400°C.  It is suspected that the elevated 

temperature causes the allylboronic acid pinacol ester to thermally hydrolyze back to the 

acid and diol, with the acid destroying the nanowires. 

 

 

 
 
Figure 4.15. Characteristic SEM images of ABA-PE functionalized Ge nanowires as 

synthesized, and exposed to a rapid thermal anneal for 5 seconds at 
temperatures ranging from 400 to 800°C.  At 500°C and above, the 
nanowires are completely destroyed. 

 



 91 

4.4.3.3 Current-Voltage Characteristics 

Figure 4.16 shows current-voltage characteristics for rapid thermal annealed 

samples of TOPO-functionalized Ge nanowires, as compared to hexane-passivated and 

unpassivated Ge nanowires.  Nanowires were tested by placing an annealed clump of 

nanowires across an interdigitated array (IDA) electrode and measuring the current as a 

function of applied voltage.  It should be noted that the nanowires were not able to be 

dispersed into solution after rapid thermal annealing because their surface ligands were 

burned off during the annealing process.  Although rapid thermal annealing appears to 

drive dopant into the nanowires, and the current increases significantly as compared to 

un-doped Ge nanowires, the resulting material is virtually unprocessable.  Data from the 

rapid thermal annealed ABA-PE functionalized Ge nanowires are not included since the 

morphology of the nanowires was completely destroyed. 

 

 
Figure 4.16. Current-voltage characteristics for TOPO functionalized Ge nanowires 

annealed for 5 seconds at 600°C using a rapid thermal annealing process.  
Data from un-doped hexene-passivated (pink) and unpassivated (blue) Ge 
nanowires are included for comparison.  Although the current increases 
significantly, the resulting material has poor surface characteristics 
following the rapid thermal annealing process. 
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4.4.4 Molecular Monolayer Doping and In Situ Thermal Anneal 

Although the XPS and conductivity results for the rapid thermal annealed TOPO-

functionalized Ge nanowires were encouraging, the fact that the annealing process 

removed the passivation layer is quite troublesome, since there was significant surface 

oxidation and a complete loss of processability after the anneal.  As an alternative, it was 

attempted to anneal the sample in situ, inside the reactor without ever exposing the 

sample to the air, and then passivate the sample with an alkanethiol after annealing. 

4.4.4.1 Morphological Changes 

Figure 4.17 shows an SEM image of TOPO-functionalized Ge nanowires, after 

annealing in situ at 500°C and passivating with dodecanethiol.  As can be seen in the 

figure, the nanowire morphology was maintained, and more importantly, the nanowires 

were fully dispersible after the dodecanethiol passivation. 

 

 
 

Figure 4.17. SEM image of TOPO functionalized Ge nanowires, after annealing in situ 
at 500°C and passivating with dodecanethiol. 
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 Interestingly, when the same in situ annealing and dodecanethiol passivation 

process was attempted on ABA-PE functionalized Ge nanowires, the nanowire 

morphology was completely destroyed (Figure 4.18), as was observed for the rapid 

thermal annealed samples of ABA-PE functionalized Ge nanowires.  Once again, it is 

suspected that the elevated temperature causes the allylboronic acid pinacol ester to 

thermally hydrolyze back to the acid and diol, with the acid destroying the nanowires. 

 

 

 
Figure 4.18. SEM image of the ABA-PE functionalized Ge nanowires, after in situ 

thermal annealing at 500°C, followed by dodecanethiol passivation.  Very 
few wires remain, with the majority of the material destroyed. 

 

4.4.4.2 Current-Voltage Characteristics 

Figure 4.19 shows current-voltage characteristics, as well as differential resistance 

data, for the in situ annealed TOPO-functionalized Ge nanowires with dodecanethiol 

passivation shown in Figure 4.17.  Importantly, these nanowires are un-oxidized and fully 



 94 

dispersible due to the fact that the entire process was carried out without exposing the 

material to oxygen, and passivating with dodecanethiol after the anneal.  As can be seen 

from Figure 4.19, the electrical resistance of the n-doped material drops by over an order 

of magnitude.  Again, the ABA-PE functionalized nanowires were not tested since they 

were destroyed by the acid liberated during the anneal process. 

 

 
 
Figure 4.19. Current-voltage characteristics (left) and differential resistance data (right) 

for in situ annealed TOPO functionalized Ge nanowires with 
dodecanethiol passivation, annealed at 500°C.  Data from intrinsic hexene-
passivated Ge nanowires are included for comparison. 

 

4.4.4.3 ICP-AES Analysis 

In an attempt to quantify the amount of phosphorus present in the in situ annealed 

n-doped Ge nanowires, the sample was digested in high purity nitric acid, heated by a hot 

water bath.  The sample was then run through an inductively coupled plasma atomic 

emission spectrometer (ICP-AES) along with germanium and phosphorus standards of 

known concentration (courtesy of Dr. Chia-Chen Chen).  The intensity of the Ge and P 

spectral lines were measured and compared to the calibration curve in order to determine 

the ratio of phosphorus to germanium present in the sample (Figure 4.20).  The 
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phosphorus 213.6 nm spectral line was used for the P calibration curve.  The results 

indicated that P was present in the Ge nanowires at a concentration of 35 ppm.  It is 

important to note that this analysis simply determines the amount of phosphorus present 

in the sample, and does not indicate what fraction of P atoms are electrically active and 

have been successfully incorporated into the Ge lattice.  Nevertheless, assuming full 

dopant activation, a concentration of 35 ppm corresponds to a doping level of 1.54 x 1018 

cm-3. 

 

 
 
Figure 4.20. ICP-AES spectral lines for phosphorus and germanium in the in situ 

annealed n-doped Ge nanowires shown in Figures 4.17 and 4.19.  The 
calibration curve for the P 213.6 nm spectral line is included as an inset.  
The pink square corresponds to the measured phosphorus intensity in the 
sample, corresponding to a P:Ge ratio of 35 ppm, or assuming full dopant 
activation, a doping level of 1.54 x 1018 cm-3. 
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4.5 CONCLUSIONS 

Ge nanowires were synthesized by SFLS growth and functionalized by in situ 

thermal thiolation with mercaptoundecanoic acid.  Ge nanowires coated with 

mercaptoundecanoic acid were then functionalized with PEG using EDC/NHS chemistry.  

ATR-FTIR confirmed that the amine terminus of the PEG was covalently linked to the 

carboxyl terminus of the mercaptoundecanoic acid functionalized nanowires via an amide 

bond, yielding mercaptoundecanoic-amide-polyethylene glycol functionalized Ge 

nanowires.  HRTEM showed a conformal 5 nm thick layer of PEG around each 

nanowire.  The PEGylated Ge nanowires were extraordinarily dispersible in DMSO, 

forming suspensions that were stable for several days at a time.   In addition, the 

PEGylated Ge nanowires completely disperse in aqueous solutions and flocculate rapidly 

at high salt concentrations.  The ability to attach organic macromolecules to the Ge 

nanowires and make the nanowires dispersible in aqueous solution is an important step 

toward designing implantable nanowire scaffolds to modify natural biological structures. 

Attempts at doping Ge nanowires using chemical surface functionalization with 

boron and phosphorus containing molecules had mixed results.  Using a rapid thermal 

anneal (RTA) for the dopant drive-in process showed promising XPS results for 

phosphorus doping from trioctylphosphine oxide; however, the RTA process lead to 

surface oxidation in all cases, and the processability of the nanowire material was lost as 

the passivation layer was burned off.  Attempts at boron doping of Ge with allylboronic 

acid pinacol ester categorically failed, due to thermal hydrolysis of the allylboronic acid 

pinacol ester into its associated acid and diol during the anneal, causing the acid to 

completely destroy the nanowire morphology.  Nevertheless, in situ thermal annealing of 

trioctylphosphine oxide coated Ge nanowires, with subsequent alkanethiol surface 
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passivation, lead to fully dispersible phosphorus-containing Ge nanowires with enhanced 

electrical conductivity. 
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Chapter 5:  Electrostatic Charging and Manipulation of Semiconductor 

Nanowires* 

 

5.1 INTRODUCTION 

Throughout the process of producing large quantities of Si and Ge nanowires1-4 

and manipulating these materials for various applications, we have observed that both Si 

and Ge nanowires can accumulate a significant amount of electrostatic surface charge.  

This static charge can be a nuisance.  On a day with low humidity, nanowires in a vial 

can dance around erratically when any surface with static charge—a spatula, tweezers, a 

gloved hand, or even a bench top—comes near them, making handling extremely 

difficult.  Even nanowires in a solvent can respond dramatically to nearby surfaces that 

have accumulated static charge.  Because the nanowires have an extremely high amount 

of surface area, they can accumulate large quantities of surface charge. 

Static charging can certainly make handling of particulate materials difficult, and 

sometimes dangerous.  For example, charge accumulation can be a problem in food and 

chemical industries that store, process, and transport particulate powders, creating the 

potential for an electrostatic discharge that can cause the powder to explode.5  These 

hazards are not limited to particulate powders, as low-conductivity liquids can also 

accumulate large quantities of static charge while flowing or being mechanically 

agitated.6,7  Static charge can also damage electronic devices if not controlled.  On the 

other hand, static charge can also be harnessed for useful processes, such as electrostatic 

printing.  The xerographic process, for example, combines photography with the ability 

                                                
* Reproduced in part with permission from: Holmberg, V. C.; Patel, R. N.; and Korgel, B. A.  “Electrostatic 
Charging and Manipulation of Semiconductor Nanowires.” J. Mater. Res. 2011, 26(17), 2305–2310.  
Copyright 2011 Materials Research Society. 
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to manipulate the static charge of pigment particles and paper.  Herein, we show how 

dramatic the effects of electrostatic charging can be on semiconductor nanowires, and 

then demonstrate ways of manipulating nanowires using electric fields, enabling the 

deposition of high densities of nanowires onto selective regions of a substrate.  Hysteresis 

in Si nanowire field-effect transistors (FETs) fabricated by the aforementioned deposition 

technique was also investigated. 

 

5.2 EXPERIMENTAL DETAILS 

5.2.1 Nanowire Growth 

Si and Ge nanowires were synthesized by gold nanocrystal-seeded supercritical 

fluid-liquid-solid (SFLS) growth in supercritical toluene using either monophenylsilane 

or diphenylgermane as the reactant, as described elsewhere in detail (Chapter 2).1-4,8  All 

solvents were purchased from Sigma-Aldrich.  The preparation of water-soluble 

PEGylated Ge nanowires is also described elsewhere in detail (Chapter 4).9   

5.2.2 Electrostatic Deposition 

A Zerostat® antistatic gun, purchased from SPI Supplies, was used for static 

charging experiments.  Silicon substrates with gold (Au) interdigitated array (IDA) 

electrodes were provided by EMD Chemicals.  Nanowires were deposited by either 

applying a DC bias to the IDA electrodes using a Kari Suss PM 5 Analyzer attached to a 

probe station or using a pulse generator and amplifier to apply an AC bias to the IDA 

contact pads. 
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5.2.3 FET Testing of Deposited Nanowires 

Si nanowire field-effect transistors (FETs) were prepared by depositing 

monophenylsilane-grown Si nanowires onto Au IDA electrodes using the electrostatic 

deposition process described above.  Source-drain biases of 0.5 V and 1.5 V were applied 

to the FET device using a probe station, and the Si back-gate was swept to determine the 

device performance. 

 

5.3 RESULTS AND DISCUSSION 

5.3.1 Observations of Static Charge on Silicon and Germanium Nanowires 

5.3.1.1 Dry Nanowire Samples 

As mentioned in the introduction, dried nanowire samples respond strongly to 

charged surfaces and applied electrostatic fields, with nanowires in a vial dancing around 

erratically on days with low humidity.  The same is true for dried sheets of nanowires.  

Figure 5.1 shows a dried sheet of Ge nanowires that is being removed from a Teflon 

trough.  In the first image, the right half of the sheet has been peeled off of the substrate 

and is lying folded over on itself.  When a gloved hand is touched to the sides of the 

trough, the free half of the nanowire sheet stands on end (Figure 5.1b).  This happens 

because the nitrile gloves have been charged by rubbing them against a plastic 

(polyethylene) surface.  This charge is then transferred to the Teflon trough, causing the 

nanowires to be repelled due to their own accumulated surface charge.  When the 

investigator removes his gloved hand and the associated static charge, the nanowire sheet 

settles back into the trough. 
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Figure 5.1. (a) A sheet of Ge nanowires lying in a Teflon trough.10  (b) The sheet of Ge 
nanowires being repelled from the surface by static charge transferred to the 
Teflon trough from a charged nitrile glove.  As the investigator presses his 
thumb and middle finger onto the sidewall surfaces of the trough, the sheet 
of nanowires is observed to stand on end. 

 

 When two materials with different work functions come into contact with each 

other, it is possible for electrons to be transferred from the surface of one material to 

another, depending on which material has the higher electron affinity, or equivalently, 

their relative positions on the triboelectric series.11,12  When the two materials are 

separated, this results in a charge imbalance between the two materials, or static charge.  

For example, when a nitrile glove is rubbed against a material with a higher electron 

affinity, such as polystyrene, polyethylene, polyvinylchloride, neoprene, or synthetic 

rubber, the surface of the nitrile develops a net positive charge.12  This excess charge 

creates an electrostatic field which attracts charged objects with opposite polarity, and 

repels those with like charges.  In another example, when scotch tape (polyethylene) is 

adhered to a piece of steel and quickly removed, it acquires a net negative charge due to 

its high electron affinity.12  Unlike the positively charged nitrile glove utilized in Figure 

5.1, when a negatively charged piece of scotch tape is brought in proximity to a group of 

nanowires, the nanowires are strongly attracted, jumping up and adhering to its surface. 
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5.3.1.2 Solvent-Dispersed Nanowires 

Electrostatic charging of Si and Ge nanowires is also observed when they are 

dispersed in a poor solvent.  Figure 5.2 shows Si nanowires settled at the bottom of a vial 

of toluene.  When a charged nitrile glove is touched to the base of the vial, the nanowires 

are repelled by the electrostatic charge and rapidly migrate to the top of the vial.  When 

the source of the external electrostatic charge is removed, the nanowires sink to the 

bottom of the vial.  Similarly, when a vial of nanowires is exposed to the ions generated 

by an antistatic gun, the nanowires are either attracted or repelled, depending on the 

polarity of the ions being generated. 

 

 
 

Figure 5.2. (a) Si nanowires settled at the bottom of a vial of toluene.  (b) The instant a 
positively charged nitrile glove is placed in contact with the bottom of the 
vial, the nanowires scatter.  (c) Si nanowires held at the top of the vial by a 
repulsive electrostatic interaction.  (d)  After the external source of the 
charge is removed, the Si nanowires sink to the bottom of the vial. 

 

5.3.1.3 Field Penetration and Charge Dissipation 

Si and Ge nanowires respond strongly to electrostatic fields applied in vacuum, 

air, and in liquid solvents, as illustrated in Figure 5.3.  In particular, a strong electrostatic 

response was observed from nanowires dispersed in hexane, benzene, and toluene.  Only 

a small amount of motion was observed for nanowires dispersed in anisole, and there was 

no motion from nanowires dispersed in chloroform, ethanol, or dimethyl sulfoxide 
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(DMSO).  Likewise, PEGylated Ge nanowires9 (Chapter 4) dispersed in water showed no 

response to applied electrostatic fields.  Polar solvents are much more effective at 

dissipating charge and shielding electric fields than non-polar solvents.  Electrostatic 

forces are governed by Coulomb’s law, 
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where r  is the separation between charges 1Q  and 2Q , ε  is the dielectric constant of the 

surrounding medium, and 0ε  is the permittivity of free space.  Therefore, the electrostatic 

force on the nanowires is inversely proportional to the dielectric constant of the fluid 

medium.  Table 5.1 provides a list of solvent dielectric constant and typical electrical 

conductivity.  Nanowires dispersed in hexane, benzene, and toluene experience roughly 

half the electrostatic field relative to vacuum due to their low dielectric constants.  

Anisole and chloroform shield roughly 80% of the electrostatic field, while polar solvents 

like ethanol, DMSO, and water attenuate 95-99% of the applied field. 

 

Solvent 
Dielectric 

Constant 

Conductivity 

(pS/m) 

Static 

Relaxation 

Time (s) 

Field Relative 

to Vacuum 

Hexane 1.89 1 17 53% 
Benzene 2.27 4 5 44% 
Toluene 2.38 5 4 42% 
Anisole 4.33 100 0.4 23% 

Chloroform 4.81 3 x 105 1 x 10-4 21% 
Ethanol 24.5 3 x 106 7 x 10-5 4% 
DMSO 46.7 4 x 106 1 x 10-4 2% 
Water 80.1 5 x 108 1 x 10-6 1% 

 

Table 5.1. Solvent dielectric constants, conductivities, static relaxation times, and 
electric field relative to vacuum. 
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 Even if the electrostatic field penetrates the solvent, the solvent can still dissipate 

charge.  For instance, water very effectively dissipates charge.  A charged particle placed 

in water induces the formation of a diffuse layer of oppositely charged ions around the 

particle, forming an electric double layer that electrically screens the particle.  This 

diffuse layer that screens the particle also interacts with the electric field, creating an 

electrophoretic retardation force, which is coupled to the particle via viscous stresses and 

forms the basis for particle electrophoresis.  The ability of a solvent to dissipate and 

screen charge is directly related to its conductivity.  Some solvents dissipate charge 

extremely quickly, while others like hexane and toluene tend to accumulate static 

charge.6,7  The rate of charge dissipation is captured by the static relaxation time, 
 

 
σ
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τ

0
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where, ε  and 0ε  are the dielectric constant of the medium and the permittivity of free 

space, and σ  is the conductivity of the solvent.  Table 5.1 lists the static relaxation time 

calculated for various solvents.  For hexane, τ  is nearly 20 seconds.  Benzene and 

toluene exhibit values of τ  near 5 seconds, and anisole has a τ  value of about 0.5 

seconds.  Chloroform, ethanol, DMSO, and water all dissipate and screen charge within 

microseconds.  Therefore, no electrostatic charging effects are observed in ethanol, 

DMSO, and water due to the fast charge dissipation and screening of the electrostatic 

field in these solvents.  While a good fraction of the electrostatic field penetrates into 

chloroform, its static relaxation time is also very fast, dissipating charge in a few 

microseconds.  Anisole has a fairly long static relaxation time, and does not completely 

shield the electrostatic field, with the remaining solvents having the combination of a 
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very long static relaxation time and low dielectric constant, leading to the observed 

electrostatic effects on the nanowires. 

5.3.2 Manipulating Silicon and Germanium Nanowires Dispersed in Solvents by 

Applying Electrostatic Fields 

5.3.2.1 Charged Substrates 

The electrostatic charge on the nanowires could be utilized as a lever to aid the 

deposition of semiconductor nanowires on surfaces.  Significantly higher surface 

coverage was observed when a substrate was dipped into a dispersion of Si or Ge 

nanowires after the substrate had been charged with an antistatic gun, as compared to an 

uncharged substrate.  It was also observed that when a negative static charge was applied 

to a Si substrate with a patterned Au IDA using an antistatic gun, the nanowires 

accumulated preferentially on one set of metal electrodes, as shown using Si nanowires in 

Figure 5.3. 

 

 
 

Figure 5.3. (a) Schematic of a Au IDA on a Si substrate.  (b) Dark field optical 
microscopy image of a Au IDA on a Si substrate after applying an 
electrostatic charge and dipping the substrate into a dispersion of Si 
nanowires.  Nanowires deposit preferentially onto the negatively charged 
regions of the metal electrodes. 
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Since the electrodes are electrically isolated from each other, and both have 

accumulated charges of the same polarity, there is a repulsive interaction between the 

charges on each electrode surface.  In the finger region of the IDA, the two electronically 

isolated metal pads are in very close proximity.  While negative charge accumulates in 

the finger region of one electrode, repulsive electrostatic forces keeps the negative 

charges repelled off of the finger region of the other electrode.  As a result, the nanowires 

preferentially adhere to the charged set of fingers and leave the other set of fingers bare. 

5.3.2.2 Biased Contact Pads 

Figure 5.4 shows an experiment in which a 10 V DC bias was applied to the 

contact pads of an IDA as a droplet of Si nanowires dispersed in anisole was placed on 

top of the electrode.  As discussed earlier, solvents such as toluene and hexane have 

much longer static relaxation times and allow higher field penetration than anisole (Table 

5.1).  However, hexane and toluene are rather poor solvents for Si and Ge nanowires, and 

the use of anisole results in much better nanowire dispersions.  The field penetration and 

static relaxation time in anisole are sufficient for electrostatic deposition experiments, and 

the enhanced dispersion provides a distinct advantage over other solvent choices.  After a 

few seconds on the electrode, the droplet was wicked away and the applied potential was 

removed.  The experiment was repeated on another set of electrodes with the polarity 

reversed, as shown in Figure 5.4b.  In both cases, the nanowires preferentially deposited 

onto the negatively charged electrode.  Also note that the nanowire coverage on the wafer 

surface is lower in Figure 5.4 than in Figure 5.3 due to the fact that the silicon surface 

was charged in Figure 5.3, while only the electrodes were charged in Figure 5.4. 
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Figure 5.4. (a) Si nanowires deposited onto a Au IDA electrode using a 10 V DC bias.  
(b) Si nanowires deposited using a DC bias of the opposite polarity.  In both 
cases the nanowires accumulate on the negatively-charged electrode. 

 

All of these observations suggest that the nanowires have an excess positive 

surface charge from the environment.  It is likely that the charges on the nanowires are 

also mobile, as Protasenko et al.
13 observed in photoluminescence studies of CdSe 

nanowires.  They found that the photoluminescence was altered significantly by the 

presence of surface charge and observed similar electrophoretic behavior as the Si and Ge 

nanowires, indicating that the nature of the charge on the CdSe nanowires is similar to 

that on the Si and Ge nanowires.13,14  Protasenko et al.
13 also observed both positive and 

negative charging of their CdSe nanowires, depending on the environmental conditions.  

Although only net positive charge was observed for Si and Ge nanowires, it should be 

possible that both positive and negative charge can build up on the nanowire surface, 

depending on the environmental conditions, through contact and electron transfer with 

materials possessing significantly higher or lower electron affinities.  The nature of the 

nanowire surface also appears to be important, as organic ligand-passivated Ge nanowires 
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responded more weakly to external fields than nanowires without passivation.  

Nonetheless, nanowires with organic surface passivation still exhibited significant 

response to external fields, indicating that significant static charge accumulates on the 

nanowire surface, similar to other insulating materials. 

5.3.2.3 AC Field Deposition 

While the selective deposition results shown in Figure 5.4 are insightful, it would 

be much more useful if the nanowires were contacting both electrodes.  To coerce the 

nanowires into bridging the gap between the electrodes, instead of depositing on one 

electrode and leaving the other one bare, an AC bias was applied to the contact pads 

while a droplet of Si nanowires in anisole was placed on the substrate.  After a few 

seconds, the droplet was wicked away, and the electric field was removed.  Biases of 0.1, 

1, and 10 V were applied with frequencies of 10, 100, 1000, and 10,000 Hz.  Figure 5.5 

shows the results of three different deposition conditions carried out at 10 Hz. 
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Figure 5.5. Si nanowires deposited on a Au IDA electrode using an AC bias of (a) 100 
mV, (b) 1 V, and (c) 10 V at a frequency of 10 Hz. 

 

Although the frequency did not appear to affect the deposition, the nanowire 

coverage on the electrodes was significantly influenced by the strength of the AC field.  

Samples prepared with a bias of 100 mV showed little preferential deposition, with the 
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coverage on the electrodes being comparable to that of the surrounding substrate.  An AC 

bias of 1 V resulted in the optimal coverage, with a large quantity of wires bridging the 

gaps of the electrode.  When the bias was increased to 10 V, a thick multilayer of 

nanowires was left on the IDA. 

5.3.2.4 Nanowire Alignment 

The nanowires that deposit onto the surface of the IDA bridge the gap between 

the electrodes with an alignment oriented parallel to the electric field between the probes 

attached to the contact pads.  A small fraction of the wires were also aligned 

perpendicular to the field, as shown in Figure 5.6.  The vast majority of the wires are 

aligned along the diagonal between the contact pads, with a few wires aligned along the 

other diagonal, as indicated by the anisotropy in the Fourier transform of the image and 

the angular distribution of the nanowires. 
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Figure 5.6. (a) Dark field optical microscopy image of Si nanowires deposited onto a 
Au IDA using an AC bias of 1 V with a frequency of 1 kHz.  The majority 
of the nanowires are oriented diagonally between the contact pads.  (b) 
Fourier transform of the central part of the image, illustrating the degree of 
alignment, and the small fraction of nanowires aligned perpendicular to the 
field, along the other diagonal.  (c) Angular intensity distribution of the 
Fourier transform, measured at a radius of 0.25 µm-1, illustrating the angular 
distribution of the nanowires.  The large intensity peaks correspond to 
nanowires aligned parallel to the electric field, while the arrows pointing to 
the smaller peaks correspond to nanowires oriented perpendicular to the 
field. 
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5.3.3 Hysteresis in Deposited Nanowire FETs 

The following is a summary of the hysteresis observed in monophenylsilane-

grown Si nanowire field effect transistors (FETs) fabricated as described above.  All of 

the data that follows was gathered on a characteristic FET fabricated by depositing a 

dispersion of as-made monophenylsilane-grown Si nanowires in anisole onto a Au IDA 

with a 20 µm electrode spacing using the AC field deposition method with a deposition 

voltage of 1.0 V and a frequency of 100 Hz.  Figure 5.7 is an optical microscope image of 

the device.  All devices were tested with a source-drain bias of 0.5 V followed by 1.5 V. 

 

 
 

Figure 5.7. Optical microscope image of an as-made monophenylsilane-grown Si 
nanowire FET device with 20 µm electrode spacing deposited using the AC 
field deposition method with a voltage of 1.0 V and a frequency of 100 Hz. 
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5.3.3.1 Gate Sweep Width 

Figure 5.8 shows the effect of the width of the gate sweep on the amount of 

hysteresis observed in the device.  When the gate is swept from +20 V to -60 V, the 

hysteresis is quite large (50 V).  If the device is only swept from +20 V to -40 V, the 

hysteresis is reduced (30 V).  If the device is swept from +20 V to -20 V, the hysteresis 

drops further to 10 V, and if the gate sweep is swept from +20 V to 0 V, the device 

exhibits very little hysteresis.  Scanning the gate voltage to negative values holds the 

device in the ON state; however, as soon as the sweep direction is switched, the device 

returns to the OFF state roughly 15 V after the sweep direction is reversed. 
 

 
Figure 5.8. FET data illustrating the effect on gate sweep width on device hysteresis.  

The device current is expressed in amperes, and the blue arrows represent 
the sweep direction. 
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5.3.3.2 Gate Polarity  

Interestingly, neither the magnitude nor the sign of the gate voltage seems to 

affect the operation of the device; all that seems to matter is the sweep direction.  Figure 

5.9 shows cases where the gate voltage has a negative polarity the entire time (swept 

between -60 V and -20 V), where the gate voltage has a positive polarity the entire time 

(swept between 0 V and + 20 V), and where the gate voltage is swept between -20 V and 

+20 V.  In all these cases, the result is the same (although the third plot has less hysteresis 

because it has a sweep width of 20 V, whereas the other two plots have a sweep width of 

40 V).  If the sweep direction is from right to left (i.e. <& − <) < 0), the device will begin 

in the OFF state and then switch ON; whereas, if the sweep direction is from left to right 

(i.e. <& − <) > 0) as shown in the first panel, the device will begin in the ON state and 

then switch OFF. 

 

 
 
Figure 5.9. FET data illustrating that whether the device switches from ON to OFF, or 

OFF to ON does not depend on the polarity of the gate, only the sweep 
direction.  The direction of the first (1) and second (2) sweep are indicated 
by the blue arrows. 
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5.3.3.3 Capacitive Effects 

There are very large capacitive effects present in all of the devices.  Figure 5.10 

shows the device being swept from -20 V to 0 V, and then in a second test the device is 

started at 0 V and swept to -20 V.  In the case where the device begins at a gate voltage of 

-20 V, a typical transistor response is observed; however, when the gate begins at a 

voltage of 0 V, there is no gate response on the initial sweep to -20 V.  Nonetheless, 

normal transistor response then returns on all subsequent sweeps.  Likewise, as shown in 

Figure 11, when the device begins at a gate voltage of +20 V, a typical transistor response 

is observed, but when the gate begins at 0 V, there is no gate response on the initial 

sweep to +20 V. 

 

 
 
Figure 5.10. FET data showing gate sweeps beginning at -20 V and sweeping to 0 V, 

and gate sweeps beginning at 0 V and sweeping to -20 V. 
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Figure 5.11. FET data showing gate sweeps beginning at +20 V and sweeping to 0 V, 

and gate sweeps beginning at 0 V and sweeping to +20 V. 

 

 The same behavior is also observed when the gate is swept between -40 V and -20 

V (Figure 5.12), and when the gate is swept between +20 V and + 40 V (Figure 5.13).  

When the gate is swept from -40 V to -20 V, a transistor response is observed on the first 

sweep, but if the gate begins at -20 V and is swept to -40 V, no gate effect is observed on 

the initial sweep.  Likewise, typical behavior is observed when the gate is swept from 

+40 V to +20 V, but no gate effect is observed on the initial sweep when the gate begins 

at +20 V and is swept to +40 V.  As before, normal transistor behavior resumes on all 

subsequent sweeps.  What seems to matter is whether the initial gate bias increases or 

decreases in magnitude.  If the initial gate bias decreases in magnitude as the gate is 

swept (i.e. |<&| > |<)|), then the device will behave as normal.  However, if the initial 

gate bias increases in magnitude as the gate is swept (i.e. |<&| < |<)|), then there will be 

no gate response on the initial forward sweep. 
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Figure 5.12. FET data showing gate sweeps beginning at -40 V and sweeping to -20 V, 

and gate sweeps beginning at -20 V and sweeping to -40 V. 

 

 
Figure 5.13. FET data showing gate sweeps beginning at +40 V and sweeping to +20 

V, and gate sweeps beginning at +20 V and sweeping to +40 V. 
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5.4 CONCLUSIONS 

Like many particulate materials and powders, static charge can make handling 

semiconductor nanowires quite difficult.  Despite the inconveniences, electrostatic 

charging can also be used as a handle to manipulate nanowires.  Semiconductor 

nanowires in vacuum, air, or even dispersed in low dielectric constant, low-conductivity 

solvents, move in response to externally applied electrostatic fields.  By electrostatically 

charging surfaces, nanowires can be preferentially deposited onto selective areas of a 

substrate, with nanowires strongly attracted to negatively charged surfaces.  Likewise, the 

implementation of an AC bias between two electrodes causes an alternating attraction 

between the two surfaces, ultimately resulting in nanowires spanning the electrode gap.  

Tuning the strength of the alternating electric field can also be used to control the 

quantity of nanowires deposited, while the orientation of the field can be used to align the 

nanowires.  Though problematic at times, electrostatic charging proves to be very useful 

in the deposition and manipulation of semiconductor nanowires.  Devices prepared using 

the AC field deposition method showed large capacitive effects and a large amount of 

hysteresis.  Ways to manage hysteresis in Si nanowire FETs will need to be implemented 

if nanowire FETs are to be eventually incorporated into commercial devices. 
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Chapter 6:  Phase Transitions, Melting Dynamics, and Solid-State 

Diffusion in Carbon-Encapsulated Germanium Nanowires* 

 

6.1 INTRODUCTION 

Confined nanoscale geometry greatly influences physical transformations in 

materials, and the electron microscope enables direct visualization of these changes.  In 

this chapter, we examine the evolution of a Ge nanowire attached to a Au nanocrystal as 

it was heated to 900°C.  The application of a carbon shell prevented changes in volume 

and interfacial area during the heating cycle.  Au/Ge eutectic formation was observed to 

occur 15°C below the bulk eutectic temperature.  Capillary pressure pushed the melt into 

the cylindrical neck of the nanowire, and Ge crystallized in the spherical tip of the carbon 

shell.  Solid-state diffusion down the length of the confined Ge nanowire was observed at 

temperatures above 700°C, and Au diffusion was several orders of magnitude slower than 

in a bulk Ge crystal. 

6.1.1 In Situ Electron Microscopy 

Transmission electron microscopy (TEM) can enable the visualization of 

nanoscale systems undergoing physical transformations.  For example, studies of 

nanocrystal and nanowire melting, growth and coalescence have provided new insight 

about how scale and interfaces affect phase behavior.1-5  Dynamic processes, such as 

thermal expansion6 and flow,7,8 have been observed in real-time by TEM, and studies of 

more complicated chemical mixtures, such as two-component systems, have yielded 

insight about phase nucleation and crystallization.8-11  Nonetheless, it remains a challenge 

                                                
* Reproduced in part with permission from: Holmberg, V. C.; Panthani, M. G.; and Korgel, B. A.  “Phase 
Transitions, Melting Dynamics, and Solid-State Diffusion in a Nano Test Tube.” Science 2009, 326, 405–
407.  Copyright 2009 American Association for the Advancement of Science. 
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to manipulate individual nanostructures in a TEM and to probe physical changes while 

varying environmental conditions without destroying the nanostructure. 

6.1.2 Changes in Geometry 

The nanoscale systems in previous studies have been free to change shape, thus 

adding two additional thermodynamic variables – volume and surface area – to the 

experiment.  Ultimately, the nanostructures themselves are destroyed, or at the very least 

changed substantially in size or shape, when a phase change, such as melting, occurs.  In 

this context, we used a volume-restricting carbon shell as a “test tube” to conduct a 

thermodynamic experiment on a nanoscale system.  We deposited a thin, rigid carbon 

layer around the tip of a Ge nanowire with an attached Au nanocrystal in a TEM and 

imaged it as it was heated to 900°C.  With this approach, the eutectic temperature and 

liquidus composition could be measured without a loss of the nanostructure or substantial 

changes in volume throughout the heating cycle. 

 

6.2 EXPERIMENTAL DETAILS 

Ge nanowires synthesized by Au nanocrystal-seeded supercritical fluid-liquid-

solid growth were prepared (Chapter 2) and hydrogermylated with a layer of 1-hexene 

(Chapter 3).12-14  A 30 mL reactant solution of 35 mM diphenylgermane and 0.5 mg of 2 

nm diameter dodecanethiol-coated Au nanocrystals in anhydrous benzene (prepared by 

the Brust method)15 was injected into a 10 mL titanium reactor at 380°C and 6.2 MPa. 

After injecting at a rate of 0.5 mL/min for 40 minutes, the reactor was cooled to 220°C 

and a solution consisting of 4 mL 1-hexene and 8 mL anhydrous benzene, was injected 

into the reactor at 6.2 MPa without exposing the nanowires to air.13,14 The 1-hexene was 
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allowed to react with the Ge surface for 2 hours, undergoing a hydrogermylation reaction 

with the Ge surface that results in a chemisorbed alkyl monolayer.13,14 

For TEM imaging, nanowires were drop cast from a toluene dispersion onto a 

lacey carbon TEM grid and then mounted onto a Gatan 652 Double Tilt Heating Holder 

with rapid heating and cooling capability. The holder was loaded into a FEI Tecnai G2 

F20 X-Twin TEM and images and video were recorded with Camtasia Studio software 

and processed with Windows Movie Maker. After locating a cantilevered nanowire in the 

TEM, the sample stage was heated at 10°C/min using a Gatan 901 SmartSet Hot Stage 

temperature controller. The focus and the x- and y-positions of the electron beam were 

continuously adjusted to correct for sample drift caused by the thermal expansion of the 

TEM grid and stage. 

 

6.3 RESULTS AND DISCUSSION 

6.3.1 Carbon Shell Formation 

The Ge nanowire with attached Au seed shown in Figure 6.1A was imaged as the 

temperature was increased steadily at 10°C/min.  Carbon was deposited on the nanowire 

at a rate of 2 nm/min, reaching a final thickness of 140 nm at 675°C.  Carbon shell and 

filament formation by electron irradiation in the TEM is well known to occur when 

carbon is present, as in this case with Ge nanowires coated with a layer of 1-hexene.4,5,16 
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Figure 6.1. TEM images of a Ge nanowire (75 nm in diameter) with a Au nanocrystal 
(100 nm in diameter) at its tip.  The thin carbon layer [highlighted in yellow 
in (A)] increased in thickness as the nanowire was heated. 

 

6.3.2 Eutectic Melting 

At room temperature, an abrupt interface exists between the Au particle and Ge 

nanowire, and a thin Ge shell also surrounds the Au seed.17  As the temperature 

increased, the Au particle dissolved the Ge shell and expanded slightly.  When the 

temperature reached 346°C, the seed particle melted to form a Au/Ge eutectic mixture 

(Figure 6.2).  There was a volume increase of 45%, consistent with an increased Ge 

solubility from 3 to 28%.  The volume expansion pushed the seed partially into the neck 

of the nanowire.  The slight depression of the eutectic temperature results from the 

limited size of the seed particle and nanowire and is consistent with expectations 

(Appendix B).18-20 
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Figure 6.2. TEM images of the Au seed particle as it melted at 346°C and migrated into 
the stem of the Ge nanowire. 

 

6.3.3 Capillary Pressure 

As the temperature was raised above the eutectic point, the melt shifted into the 

cylindrical neck of the nanowire and solid Ge recrystallized in the spherical tip (Figure 

6.3).  There is a capillary pressure, AB, due to the difference in Laplace pressures, ΔC, in 

the spherical cap and the cylindrical neck of the nanowire: 
   

 AB � ΔCsphere − ΔCcylinder � I J4 )Ksphere; − 4 &Kcylinder;L (6.1) 

I is the surface energy (units of energy per area) of the melt and M is the radius.  For a 

cylindrical capillary, the meniscus is a hemispherical cap with capillary pressure 

2IcosN M⁄ .  The spherical bulb at the tip of the nanowire has a capillary pressure of 2I M⁄ , 

whereas the capillary pressure in the cylinder is I M⁄ , resulting in a pressure drop of 11 
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MPa in the direction of the cylindrical neck (See Table B.1 in Appendix B).  Without a 

confining carbon shell, the spherical melt droplet would simply continue to dissolve Ge 

and increase in size with increasing temperature, as has been seen in previous studies.11 

 

 
 

Figure 6.3. TEM images of the melted Au seed particle as the Au/Ge melt migrated into 
the stem of the nanowire with increased temperature.  Ge recrystallized in 
the spherical end as the Au/Ge melt shifted into the neck of the nanowire. 

 

Ge recrystallization in the spherical bulb occurs by a process called metal-induced 

crystallization,21 which in this case is induced by the capillary pressure in the system.  

Additionally, the Au/Ge melt movement out of the bulb is not steady (Figure 6.4).  Most 

likely, the polycrystallinity of the Ge bulb gives rise to this motion: one Ge grain 
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crystallizes and then stops, until another crystalline grain overcomes the nucleation 

barrier and grows. 

 

 
 

Figure 6.4. Position of the liquid/solid interface plotted against the temperature of the 
system.  There is stepwise discontinuous motion of the liquid/solid interface 
as additional Ge is dissolved and recrystallized. 

 

6.3.4 Liquidus Composition 

6.3.4.1 Carbon-Encapsulated Nanowires 

Above 400°C, the Au/Ge melt expanded even further into the nanowire, as shown 

in Figure 6.5, dissolving additional Ge as the temperature increased.  The Au/Ge melt 

composition OGe was determined by accounting for the amount of Ge dissolved from the 

nanowire into the melt: 
 

 OGe � 4PGemelted	Q	PGerecrystallized;RSGePAuRSAu	V	4PGemelted 	Q	PGerecrystallized;RSGe (6.2) 
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WXGe  and WXAu are the atomic densities of Ge and Au, <Au is the initial Au seed volume, and 

<Gemelted and <Gerecrystallized are the volumes of Ge melted from the stem and recrystallized 

into the bulb, respectively.  Figure 6.6 plots the measured Au/Ge melt composition in 

comparison with the bulk liquidus composition.22  The liquidus composition in the 

nanowire was only slightly more concentrated in Au than the bulk, but this small 

deviation could be a kinetic effect related to the stepwise dissolution of the Ge crystal. 

 

 

 
 

Figure 6.5. TEM images of the Au/Ge melt as it expanded up the shaft of the nanowire 
with increased temperature. 
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Figure 6.6. Au/Ge phase diagram,22 with the observed Au/Ge melt compositions 
overlaid (squares). 

 

6.3.4.2 Unencapsulated Nanowires 

In contrast to the results of the encapsulated Ge nanowires, Sutter et al.
11 found 

that Au/Ge droplets at the end of Ge nanowires became much richer in Ge than in the 

bulk when heated above the eutectic temperature.  In their study, however, the volume of 

the Au/Ge drop was unrestricted and grew as the temperature increased.  The increased 

droplet size reduces the surface curvature and the corresponding energy density of the 

melt and correspondingly causes more Ge to dissolve than the equilibrium concentration 

in the bulk.  For example, imagine a free-standing liquid Au/Ge droplet at a given 

temperature with a Ge concentration equal to the bulk equilibrium value.  This system is 

not in equilibrium because of the surface curvature of the droplet (the Kelvin effect).  The 

droplet can reduce this surface curvature, and corresponding energy density, by growing.  
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If there were large sinks of both Au and Ge available, then the droplet would dissolve 

more Ge and Au to grow in size, while maintaining the bulk equilibrium ratio of Au to 

Ge.  When the liquid droplet is interfaced with a Ge nanowire, there is no additional Au 

available to melt, and therefore the droplet can only grow and reduce its energy density 

by melting additional Ge to increase in size.  This results in a higher Ge concentration 

than the bulk equilibrium value at that temperature.  It should be noted that energy 

density (J/m3) is equivalent to pressure (N/m2).  The surface energy per unit of area I 

(J/m2) does not depend on the dimensions of the system, and the total surface energy 

Y × I actually increases with increasing droplet size.  The important term is ZY Z<⁄ , 

where the energy density (or pressure) is given by the Young-Laplace equation: 
 

 ΔC � I 4 &[� + &[	; � I 4\]\P; (6.3) 

In the encapsulated case, the fixed surface curvature provided by the carbon shell 

prevents such changes in energy density, apart from the initial shifting of the melt from 

the spherical cap to the cylindrical neck of the nanowire. 

 A recent paper from Sutter et al.23 made a comparison between the liquidus 

composition for carbon encapsulated and unencapsulated Au-seed Ge nanowires, again 

confirming that free-standing Au/Ge droplets have a Ge concentration much higher than 

the bulk, and that carbon-encapsulation drastically alters the equilibrium concentration of 

the binary alloy droplets, resulting in a Au/Ge composition closer to that of the bulk than 

its unencapsulated nanoscale counterpart. 
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6.3.5 Solid-State Diffusion 

6.3.5.1 Diffusion of Gold from a Nanocrystal Seed 

At 800oC, a band of material in front of the melt/solid interface became visible 

(Figure 6.7).  The solid solubility of Au in Ge increases rather substantially in this 

temperature range (Figure 6.8), and diffusion lengths become long enough to be 

observed.  Below this range, Au can only diffuse into the Ge nanowire a few nanometers 

past the melt/solid interface before being incorporated into the advancing Au/Ge melt 

shortly thereafter.  For example, after 1 min at 700°C, Au can only diffuse about 2 nm 

into the Ge crystal; at 800°C, the diffusion length is closer to 20 nm.  The leading edge of 

the band advances smoothly, but the melt stops and starts, periodically catching up with 

and consuming portions of the band before more diffusion occurs. 

 



 133 

 
 

Figure 6.7. TEM images showing Au leaving the liquid Au/Ge melt and diffusing up 
the length of the crystalline Ge nanowire (light gray band between the white 
arrows).  Images (A) to (F) are magnified 1.5 times more than images (G) to 
(I). 
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Figure 6.8. Au-rich portion of the Au/Ge phase diagram.22 

 

The images enabled an estimation of the diffusion coefficient, which ranged from 

10-16 cm2/s (at 700°C) to 10-12 cm2/s (at 900°C).  For a particular temperature, the average 

diffusion coefficient was calculated from the diffusion length, ^ � 2√`�.  Figure 6.9 

shows the observed diffusion coefficient (`) as a function of temperature (a): ` �
`bexpc−*] �da⁄ e (where *] is the activation energy and �d is the Boltzmann constant), 

with `b � 10f±)	 cm) s⁄  and *] � 4.3 ± 0.3	eV.  These values are several orders of 

magnitude lower than the values for the diffusion of Au in bulk Ge, which range between 

10-10 cm2/s (700°C) and 10-8 cm2/s (900°C), with corresponding `b � 10Q)	 cm) s⁄  and 

*] � 1.5	eV.24 
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Figure 6.9. The measured solid Au-in-Ge diffusion coefficient (squares) plotted as a 
function of temperature compared to the diffusivity of Au in bulk Ge 
(dashed line). 

 

6.3.5.2 Diffusion of Gold in Bulk Germanium 

Au is apparently diffusing from the nanoscale Au reservoir by a different pathway 

in the confined nanowires than in a bulk crystal of Ge.  Au exists predominantly as a 

substitutional impurity in Ge, but a small fraction of Au atoms (argued to be in the range 

of ~1 in 105 to ~1 in 108 at 700°C) also exist as interstitials, created by interstitial-

substitutional exchange.25-27  These interstitial species are highly mobile, with very large 

diffusivities on the order of 10-6 to 10-5 cm2/s between 600 and 900°C.24  Substitutional 

Au atoms can also diffuse by reconfiguring to form interstitial-vacancy pairs.25-27  The 

pairs can move through the solid as well; when a substitutional Au atom forms an 

interstitial-vacancy pair, an adjacent Ge atom can be accepted by the transient vacancy, 

effectively causing the Au and Ge atoms to switch positions.25-27  In this way, 
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substitutional Au can move throughout the Ge lattice.  Since Au impurities exist in both 

substitutional and interstitial configurations, both species contribute to the overall 

diffusion dynamics of the system.  The effective Au diffusivity depends on the intrinsic 

diffusivity of the free interstitial Au atoms, the intrinsic diffusivity of the substitutional 

Au atoms diffusing as bound interstitial-vacancy pairs, and the relative fractions of 

interstitial and substitutional Au atoms present within the total Au population.25-27 

6.3.5.3 Diffusion from a Nanoscale Reservoir 

In bulk Ge, the diffusion coefficient at 700°C is `Au→Ge � 10Q&b	 cm) s⁄ ,24 

implying that the small fraction of highly mobile Au interstitials contributes significantly 

to the rate of diffusion in bulk samples.  As an example of a bulk system, 1 µg of Au 

dissolved in Ge consists of roughly 3 x 1013 Au atoms.  Virtually all of these atoms will 

be in a substitutional configuration, but assuming an interstitial fraction in the range of 1 

in 105 to 1 in 108 results in an interstitial Au population between 3 x 107 and 3 x 1010.  

Clearly this highly-mobile interstitial population will contribute significantly to the 

diffusion behavior in a bulk system.  In contrast, the small scale of the nanowire system 

virtually eliminates any contribution from isolated Au interstitials.  Only 108 Au atoms 

are present in the entire nanowire, and solubility limits constrain the maximum number of 

Au atoms present in the crystalline Ge stem to 104.  The maximum solid solubility of Au 

in Ge is 8 x 10-5 atomic percent (Figure 6.8), and the section of the nanowire being 

interrogated has ~2 x 108 Ge atoms.  Consequently, the number of Au atoms in the Ge 

crystal is limited to 1.6 x 104.  Because only 1 in every 105 Au atoms exists as an 

interstitial impurity, the limited number of Au atoms in the nanowire ensures that free 

interstitial Au atoms are nearly nonexistent.  Consequently, the bulk diffusion rates are 

not observed.  Instead, the rate of diffusion in the nanowire is controlled by substitutional 
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Au atoms diffusing as Aui–V pairs, resulting in much lower diffusion coefficients, 

comparable to that of Ge self-diffusion, which has values ranging from 10-15 cm2/s at 

700°C to 10-12 cm2/s at 900°C (`b � 13.6	 cm) s⁄ ; *] � 3.1	eV).  Ge self-diffusion is 

also vacancy controlled, but with isolated vacancies acting as acceptors for adjacent Ge 

atoms28 instead of the Aui–V pairs self-generated by the substitutional Au impurities.  It 

is worth noting that the intrinsic vacancy concentration in Ge at 800°C is 1013 cm-3, or 

roughly 10 vacancies for every cubic micrometer of crystal;29 a Ge nanowire 75 nm in 

diameter with a length of 25 µm has only a single vacancy, which is surely not sufficient 

to sustain diffusion to any appreciable extent.  Therefore, on this size scale, the absence 

of a population of isolated interstitial Au impurities or high concentrations of isolated 

vacancies leads to diffusion from the Au seed that is dominated by the substitutional 

diffusion of Aui–V pairs alone. 

 

6.4 CONCLUSIONS 

The interface of a Ge nanowire attached to a Au seed particle was observed by 

TEM as it was heated to 900°C within a volume-restricting carbon shell.  The Au seed 

particle melted when the temperature reached the eutectic point, which was slightly 

depressed relative to the bulk.  The melt then shifted from the spherical cap to the neck of 

the nanowire, and Ge recrystallized in its place.  This movement was the result of a 

capillary pressure within the carbon shell.  At higher temperature, solid-state diffusion of 

Au into the Ge nanowire was observed, revealing that a small, nanoscale reservoir of Au 

is unable to support an equilibrium population of interstitial Au atoms, resulting in only 

slow, substitutional Au diffusion, and diffusion coefficients orders of magnitude lower 

than bulk values.  Stable confinement of the nanoscale Au-Ge system by the carbon shell 
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enabled the observation of a variety of physical transformations without a loss of the 

nanostructure or a change in size and shape, providing a picture of how size and shape 

affect these physical processes. 
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Chapter 7:  Real-Time Observation of Impurity Diffusion in Silicon 

Nanowires* 

 

7.1 INTRODUCTION 

Semiconductor nanowires have a range of potential uses, in electronics, batteries, 

photovoltaics, polymer composites, textiles, and biology to name a few.1-9  For many 

applications, the properties and composition of semiconductor nanowires are modified by 

adding impurities.  For example, segments of semiconducting Si nanowires can be 

transformed to conducting metallic silicide by depositing a metal coating—of a transition 

metal like Ni for example—and heating.2  This is particularly useful for making low 

resistance electrical contact to nanowires for applications like transistors.2,3  In the case of 

Au, which is commonly used as a seed metal for Si nanowire growth, diffusion into the 

nanowire is unwanted as it can deteriorate the electronic and optical properties of the 

material.  Despite the importance of impurity diffusion in semiconductor nanowires, little 

is actually known about it; i.e., how it compares with impurity diffusion in bulk crystals.  

A few recent studies have determined the rate of impurity diffusion in nanowires 

indirectly by measuring impurity profiles after the diffusion process has been 

performed.10,11  These post-mortem experiments, however, yield no real-time information 

about the dynamics of the diffusion process or ensuing morphological changes that may 

occur.  This is particularly problematic for fast diffusing species like transition metals, as 

the observed diffusion rates need to be significantly corrected for changes during sample 

heat up and cool down, thus leading to significant uncertainty.   

                                                
* Reproduced in part with permission from: Holmberg, V. C.; Collier, K. A.; Korgel, B. A.  “Real-Time 
Observation of Impurity Diffusion in Silicon Nanowires.” Nano Lett. 2011, 11(9), 3803–3808.  Copyright 
2011 American Chemical Society. 
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In situ TEM of heated nanowires can enable direct real-time observation of 

impurity diffusion.  It can also facilitate the rapid survey of diffusion of various species 

over a wide temperature range.  In Chapter 6, we discussed solid-state diffusion of Au 

from a seed particle at the tip of a heated germanium (Ge) nanowire.12  In that case, the 

solid-state Au atom diffusivity was 3-4 orders of magnitude slower than the bulk Au 

diffusivity in Ge.12  This chapter is centered on real-time TEM observation of solid-state 

diffusion in Si nanowires of a range of transition metal impurities, including Au, Cu, and 

Ni.  The rate of Au diffusion was found to depend significantly on the amount of Au 

available to diffuse into the nanowire.  Both Cu and Ni rapidly transform the Si 

nanowires to silicide, and the diffusion rates depend on the nature of the silicide phase 

that forms.  Physical encapsulation of the nanowire by a volume-restricting layer of 

carbon was found to slow Cu diffusion by orders of magnitude.  The measured solid-state 

diffusion rates of these impurities are discussed in comparison to bulk values. 

 

7.2 EXPERIMENTAL DETAILS 

The Si nanowires used in the experiments were synthesized by supercritical fluid-

liquid-solid (SFLS) growth13-15 with Au nanocrystal seeds, as described in detail in 

Chapter 2.  Au nanocrystals were synthesized by the Brust method.16  Si nanowires were 

made by preparing a 30 mL reactant solution of 133 mM monophenylsilane and 1.1 mg 

of 2 nm diameter gold nanocrystals in anhydrous toluene, which was injected into a 10 

mL stainless steel reactor at 490°C and 10.3 MPa at a flow rate of 0.5 mL/min for 40 

minutes.  For TEM imaging, nanowires were drop-cast from a chloroform dispersion onto 

the metal side of lacey carbon TEM grids of Cu, Ni, or Au foil (Electron Microscopy 

Sciences), or for Au seed diffusion experiments, onto the carbon side of a tungsten foil 
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lacey-carbon TEM grid (Pacific Grid-Tech) to avoid metal diffusion from the grid 

interfering with Au diffusion.  Imaging was performed in a FEI Tecnai G2 F20 X-Twin 

TEM with a Gatan 652 Double Tilt Heating Holder.  In situ TEM experiments were 

performed by heating the samples while imaging from room temperature to 900°C with a 

Gatan 901 SmartSet Hot Stage temperature controller maintained at a constant 10°C/min 

heating rate.  Video was recorded using Camtasia Studio software and processed with 

Windows Live Movie Maker.  The stage position and focus were continuously adjusted 

to compensate for sample drift due to thermal expansion of the grid. 

 

7.3 RESULTS AND DISCUSSION 

7.3.1 Following Impurity Diffusion in the Electron Microscope 

When Au, Ni or Cu diffuses into a Si nanowire, there is a significant change in 

imaging contrast within the nanowire due to the influx of the transition metal impurities, 

making it easy to follow the diffusion process.  Figure 1 shows a TEM image of a Si 

nanowire with metal impurities diffusing into it.  The diffusion front is clearly defined 

and the difference in contrast can be mapped as a concentration profile.  By following the 

motion of the impurity diffusion front into nanowires at various temperatures, the solid-

state diffusion coefficients of the impurities in the nanowires were determined. 
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Figure 7.1. (a) TEM image showing a metal impurity diffusion front in a Si nanowire. 
(b) Axial contrast profile taken down the centerline of the nanowire shown 
in (a).  Since this image was captured over vacuum, the right half of the 
axial contrast profile represents baseline contrast from the Si nanowire. (c) 
Cross-sectional contrast profiles taken at positions “1” and “2” in (a).  The 
enhanced contrast in the center of the nanowire diameter is consistent with 
diffusion through the volume of the nanowire, as opposed to surface-related 
diffusion. 

 

The solid-state diffusion coefficients of Au, Ni, and Cu were determined by 

tracking the propagation of the impurity front down the length of individual nanowires.  

The rate of Au diffusion into a Si nanowire from a Au seed particle at the tip of a 

nanowire was found to be imperceptibly slow.  Even at the highest temperature of 900oC, 

Au diffusion into the Si nanowire from a Au seed particle was not observed.  As shown in 

Figure 7.2, the liquid Au/Si melt slowly consumed and recrystallized Si from the 

nanowire, but Au did not diffuse into the nanowire.  However, when Si nanowires were 

placed in contact with a Au (or Cu or Ni) foil TEM grid as an “unlimited” impurity metal 

diffusion source, the diffusion rates were very fast—comparable to, or faster than, the 

diffusion rates in bulk crystals. 
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Figure 7.2. TEM images of a Si nanowire with a Au seed on its tip being held at 900°C.  
The images correspond to snapshots taken every 3 minutes. 

 

7.3.1.1 Diffusion in Crystalline Silicon 

Figure 7.3 shows examples of TEM snapshots of Au, Ni and Cu diffusing into Si 

nanowires and Figure 7.4 plots the diffusion coefficients measured for the various 

impurities by tracking the point of low, constant concentration (as in Figure 7.1b) at the 

diffusion front, ^c�e.  Based on Fick’s second law, 
\ij\k � ` \	ij\l	 , the diffusion coefficient 

`, can be calculated from the time-dependent position of the concentration marker:17 
 

  ^c�e � 2√`� (7.1) 
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Figure 7.3. (a) TEM images of an advancing Ni front in a Si nanowire at 700°C. (b) 

TEM images of Au diffusing in a Si nanowire at 800°C and (c) Cu moving 
through a Si nanowire at 800°C.  The bulges observed along the length of 
the nanowire result from volume expansion related to Cu incorporation.  
The interface position is plotted versus �� 	
  in each inset. 
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Figure 7.4. Diffusion coefficients measured for Au (gold, circles), Cu (red, squares) and 

Ni (gray, triangles) in Si nanowires, using metal foil TEM grids as the 
diffusion source.  The open symbol corresponds to a carbon-encapsulated Si 
nanowires exposed to 200 keV electron irradiation for one hour.  For 
reference, the bulk effective diffusion coefficient for Au in crystalline Si is 
plotted (solid line)27 along with the diffusion coefficients for interstitial 
(dotted line) and substitutional Au (dashed line).26  Error bars represent 95% 
confidence limits for the linear regression used to determine the diffusion 
coefficient at each temperature. 

 

7.3.1.2 Silicide Formation 

The measured values of ` for Au correspond to the diffusivity through the 

crystalline Si lattice of the nanowire.  Cu and Ni, however, transform nanowires to a 

metal silicide.  Therefore, the rate of silicide propagation into the nanowire is governed 

by Cu or Ni diffusion through the silicide segment of the nanowire to the silicide/Si 

interface.  In the experiments reported here, the diffusion rate of Cu and Ni through the 

silicide segment is slow and rate controlling compared to the reaction rate at the 
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silicide/Si interface.  This is clear from an analysis of the time dependence of the position 

of the diffusion front.  The amount of time, '�, it takes the silicide layer to move a 

distance, '^, through the nanowire can be modeled using a linear-parabolic growth law, 

where ^ is the position of the interface, ` is the diffusion coefficient governing transport 

of metal through the silicide to the Si interface, and � is a rate constant determining the 

rate of reaction at the interface:18 
 

  '� � 4lm+ &n; '^  (7.2) 

Both ` and � are exponential functions of temperature, following Arrhenius type 

expressions ` � `boQpq,s nt⁄ u and � � �boQpq,v nt⁄ u, respectively, where a is 

temperature and �d is Boltzmann’s constant.  If the rate of silicide formation is limited by 

the reaction rate (such that ` ≫ �), then the propagation rate will be linear with time at a 

given temperature, 
xlxk � �.  Likewise, if silicide formation is limited by diffusion to the 

reaction interface (such that � ≫ `), then the silicide will follow a parabolic growth law, xlxk � ml.  The linear dependence of the Si-silicide interface position versus �& )⁄  in Figure 

7.3 (panels a and c) confirms that the propagation of the Si/silicide interface is limited by 

Cu and Ni diffusion through the silicide segment of the nanowire.  Diffusion-limited 

growth is also typically observed in bulk silicides.19,20 

7.3.2 Copper Diffusion 

In nanowire systems, several nickel silicide phases have been reported, including 

Ni3Si, Ni2Si, Ni31Si12, Ni3Si2, NiSi, and NiSi2,
21-23 whereas copper silicide nanowires 

have not been reported.  As shown in Figure 7.3c, Si nanowires transform violently—in 

fractions of a second—as Cu diffuses rapidly down a nanowire.  Near the metal source, 

Cu advances at velocities greater than 10,000 nm/s and large precipitates are observed to 
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form.  This is due to the nearly 150% volume expansion that occurs as Si is converted to 

Cu3Si.24  To measure the diffusion coefficients, it was necessary to image the Si nanowire 

far from the metal contact with a very high frame rate and low magnification.  The 

diffusion coefficients measured for Cu moving through the silicide nanowire segments 

ranged from 1 x 10-7 to 2 x 10-6 cm2/s between 600 and 800°C, with a pre-exponential 

factor of `b � 10Q&±) cm2/s and an activation energy of *] � 1.2 ± 0.4 eV, agreeing 

well with published values for the diffusion of Cu in bulk Cu3Si.19,20 

7.3.3 Nickel Diffusion 

Compared to Cu, Ni propagates at a slower rate of 10-100 nm/s, depending on the 

temperature and distance from the metal source (Figure 7.3a).  For Ni, small precipitates 

occasionally formed on the nanowire surface as well, as in Figure 7.3a, but there was no 

overall change in nanowire volume. This is consistent with the formation of NiSi2 

(Fm3m), which results in a volume change of only 1.3% as Si converts to NiSi2.
25  Other 

nickel silicide phases have volume expansions ranging from 20% to 115%.25  The 

diffusivities of Ni through the silicide segments were two to three orders of magnitude 

slower than Cu, ranging from 7 x 10-10 to 3 x 10-9 cm2/s between 700 and 800°C, with a 

pre-exponential factor of `b � 10Q&±y cm2/s and an activation energy of *] � 1.7 ± 0.9 

eV. 

7.3.4 Gold Diffusion 

The diffusion of Au into the Si nanowires was also found to be relatively fast 

when the Au foil TEM grid was used as the impurity source (Figure 7.3b).  The Au 

diffusion front advanced at velocities greater than 10,000 nm/s close to the metal source, 

comparable to Cu, with diffusivities ranging from 3 x 10-7 to 1 x 10-6 cm2/s between 800 
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and 900°C.  These values of D are 1–2 orders of magnitude higher than in a bulk crystal, 

in stark contrast to the diffusivity of Au observed from a seed particle.   

Transition metals can diffuse as substitutional impurities by a slow vacancy-

mediated mechanism, hopping between adjacent substitutional sites when encountering a 

nearby vacancy, or as interstitials with extremely high mobilities.17  The Au diffusion 

experiments show that the population balance of substitutional and interstitial 

impurities—and thus, the diffusion rate—depends on the amount of impurity atoms 

supplied to the nanowire.  Some transition metal atoms, like Cu, diffuse through Si 

almost exclusively as interstitials, exhibiting extremely high diffusion coefficients 

ranging from 10-5 to 10-4 cm2/s between 700 and 900°C.17  Other species, such as Au, 

diffuse in both interstitial and substitutional configurations and have substantially lower 

diffusion coefficients.17  In these cases, the impurity atoms undergo interstitial–

substitutional exchange via the dissociative mechanism,17 where a substitutional atom 

(Y|) can dissociate into a vacancy (<) and an interstitial atom (Y}): 
 
  Y| ⇌ Y} + <  (7.3) 

Likewise, a diffusing interstitial atom can recombine with a vacancy and return to a 

substitutional configuration.17  Because impurity atoms fluctuate between fast-moving 

interstitial and slower, vacancy-controlled substitutional configurations as shown in 

Figure 7.5, the diffusion coefficient lies somewhere between these two limits, depending 

on the relative population of interstitial and substitutional impurities.  Figure 7.4 shows 

the diffusion coefficients of Au atoms moving as either interstitial (dotted line) or 

substitutional impurities (dashed line) in Si.26  The effective diffusion coefficient for Au 

in bulk Si (solid line)27 lies between these limits, determined by the relative equilibrium 

populations of interstitial and substitutional impurities, �}�� �|��⁄ .  For Au in Si (and 
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similarly in Ge), �}�� ≪ �|�� , such that the Au atoms primarily populate substitutional 

sites; nevertheless, because interstitial Au atoms diffuse so much faster, their motion 

contributes significantly to the effective diffusion coefficient. 

 

 
 

Figure 7.5. Illustration of interstitial-substitutional exchange via the dissociative 
mechanism.15 Si atoms are shown in grey, impurity atoms in black and a 
vacancy outlined by the dashed circle.  The solid arrows show example 
diffusion pathways. 

 

7.3.4.1 Diffusion from a Nanocrystal Seed 

As discussed in Chapter 6, we recently observed that Au diffusion up the length 

of a Ge nanowire from a Au seed on its tip had a diffusivity that was several orders of 

magnitude lower than the bulk diffusion coefficient.12  In that case, the number of Au 

atoms in the nanocrystal is of similar magnitude as �|�� �}��
  and the Au reservoir is too 

small to establish an equilibrium population of interstitial Au.  As a result, only 

substitutional Au transport is observed.  Si nanowires with Au seeds on their tips were 

also heated in the TEM; however, Au diffusion from the Au seed particle up the length of 
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a Si nanowire was not observed (Figure 7.2).  When the temperature reaches the eutectic 

point, the Au seed dissolves Si from the nanowire and melts to form a liquid Au/Si 

droplet at the tip of the nanowire.  As the temperature increases, the liquid Au/Si droplet 

continues to dissolve and precipitate Si.  However, even after heating to 900°C, no Au 

was observed leaving the liquid melt and diffusing up the Si nanowire (Figure 2).  The 

solid solubility of Au is much higher in Ge than it is in Si at temperatures below 900°C—

the highest temperature that is experimentally accessible in our apparatus.  Figure 7.6 

shows the Si- and Ge-rich portions of the Au-Si and Au-Ge phase diagrams overlaid on 

top of each other.28,29  As can be seen from the diagram, unlike Ge, which reaches 

significant levels of Au solubility by 750°C, the solid-solubility of Au in Si does not start 

reaching similar levels until the temperature is greater than 1000°C.  The solubility and 

diffusion of substitutional Au is highly dependent on the vacancy concentration in Si, 

which is quite low in nanowire systems, due to their exceedingly small volume.  

Nevertheless, it should be possible to observe the diffusion of substitutional Au atoms in 

Si nanowires using higher temperature instrumentation. 
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Figure 7.6. Si- and Ge-rich regions of the Au-Si (solid curve) and Au-Ge (dashed curve) 
phase diagrams.28,29  The solid solubility of Au is much higher in crystalline 
Ge than in Si at low temperature. 

 

7.3.4.2 Diffusion from an Effectively Infinite Gold Source 

In contrast to the imperceptibly slow diffusion rate from the Au seed into the Si 

nanowire, extremely fast diffusion was observed from the Au foil (Figure 7.3c).  The Au 

grid provides an unlimited supply of Au atoms and shifts the population balance of 

substitutional and interstitial impurities.  The much faster diffusivity (1-2 orders of 

magnitude higher than in the bulk (Figure 7.4)) suggests that the nanowire supports a 

higher concentration of interstitials, or a higher  �}�� �|��⁄  ratio.  This could be due to a 

much lower vacancy concentration in the nanowires that would result in fewer 

opportunities for interstitial impurities to return to a substitutional configuration.  The 

high surface area to volume ratio of the nanowire may also help alleviate lattice strain 
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associated with the presence of interstitial impurities, facilitating larger populations of 

interstitial atoms. 

7.3.5 Carbon Encapsulation 

All of the data presented thus far was obtained with an electron beam accelerating 

voltage of 120 kV to minimize the effects of beam damage on the diffusion rates.  Si has 

a displacement energy of 12.9 eV, and knock-on damage can occur with an accelerating 

voltage of 145 kV.30,31  An accelerating voltage of 200 kV is sufficient to knock Si atoms 

out of their lattice sites but is not enough to damage Ge.30,31  The displacement energy for 

Ge is 14.5 eV, which requires an accelerating voltage of 360 kV in order to knock out Ge 

atoms.30  At electron beam energies above the displacement threshold for Si, knock-on 

damage can displace atoms from the lattice,31 thus artificially perturbing the vacancy 

concentration from equilibrium.  Prolonged exposure of a nanowire to an intense 200 kV 

electron beam also causes the decomposition of adventitious carbon to form a 

carbonaceous shell around the nanowire.12  Carbon encapsulation of nanostructures is 

known to inhibit sintering, create extremely high pressure gradients, and dramatically 

alter the equilibrium chemical composition of binary alloys, as discussed in Chapter 

6.12,32-38  Recent in situ TEM experiments on the electrochemical lithiation of 

nanowires39,40 have shown that the presence of a carbon shell greatly enhances charging 

rates in Si nanowires.40  When the electron beam induced carbon deposition on the Si 

nanowires, the diffusion rates were found to be altered significantly.  For example, the 

diffusion coefficient of Cu in Si nanowires encapsulated in a carbon shell under a 200 kV 

electron beam (shown as an open data point in Figure 7.4) was nearly two orders of 

magnitude lower than the diffusion coefficients observed for diffusion through Cu3Si in 

unencapsulated nanowires.  With carbon encapsulation, no volume change was observed 
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as the Cu front progressed down the nanowire (Figure 7.7), starkly contrasting the 

unencapsulated nanowires (Figure 7.3c).  The absence of any volume expansion indicates 

that the Si nanowire transformed to a different silicide phase than Cu3Si, most likely 

CuSi2, which has a similar structure to NiSi2.  Nickel silicidation experiments conducted 

on Si nanowires with thick oxide shells have also shown a preferential conversion to 

NiSi2
 due to the small change in volume required for Ni atoms to occupy the tetrahedral 

interstitial sites of the lattice.23  The change in silicide phase led to drastically different 

diffusion rates of Cu in the Si nanowires.  In some instances, defects in the encapsulating 

shell facilitated the extrusion of large structures from the nanowire surface (Figure 7.8).  

This observation suggests that deliberately creating defects in the encapsulating shell at 

predetermined locations could provide a new method for the controlled growth of 

branched nanostructures. 

 

 
 

Figure 7.7. Cu diffusing through a carbon-encapsulated Si nanowire at 575°C, toward 
its melted Au tip.  The diffusion rate is much slower than in unencapsulated 
nanowires (Figure 7.4), and no volume expansion is observed, unlike 
nanowires without an encapsulating carbon shell.  The scale bar in the lower 
left corner represents 100 nm. 
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Figure 7.8. A large copper silicide structure (bottom right corner) being extruded from 
the surface of a Si nanowire at 715°C, through a defect in its encapsulating 
shell. 

 

7.4 CONCLUSIONS 

In situ TEM has proven to be a useful tool to provide new insight about 

nucleation, growth, and heterostructure formation in nanomaterials, as well as enabling 

the real-time observation of dynamic processes like impurity diffusion.12,39-43  We 

observe that Au diffusing from an unlimited source diffuses 1–2 orders of magnitude 

faster in Si nanowires than in bulk Si, suggesting that Si nanowires support larger 

populations of interstitial impurity atoms than bulk Si.  However, in diffusion systems 

that undergo interstitial-substitutional exchange, the diffusion coefficient can decrease by 

orders of magnitude when the quantity of metal available is limited and the system cannot 

achieve an equilibrium population of interstitial impurity atoms.  In the cases of Cu and 

Ni, their fast diffusion led to very rapid silicide formation; however, physical 

encapsulation of Si nanowires with carbon was found to restrict silicide formation to 

phases with minimal volume change, also dramatically altering the rate of diffusion.  
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There is very little understanding of the dramatic effects that defects and surfaces have on 

diffusion behavior in nanoscale materials, and it is important to consider that diffusion 

rates in nanostructures can be vastly different than their bulk counterparts. 
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Chapter 8:  Optical Properties of Germanium Nanowires* 

 

8.1 INTRODUCTION 

The interaction between electromagnetic radiation and nanostructures with 

dimensions much less than the wavelength of light are of particular interest for the 

development of a variety of new photonic applications.
1,2

  For example, semiconductor 

nanowires have the ability to concentrate light into sub-wavelength volumes;
3,4

 when the 

refractive index of the nanowires is high relative to the surrounding medium, they can act 

as nanoscale optical cavities, creating resonant modes capable of propagating light, which 

has been observed in several examples of prototype nanowire waveguides
5,6

, lasers
6,7

, 

and photodetectors.
3,8

  Ensembles of nanowires have also been shown to have extremely 

low reflectance, with enhanced absorption by light trapping through multiple scattering 

events.
9-11

  These nanowire films are promising for antireflective coatings and 

photovoltaic applications. 

Ge is a particularly important semiconductor for optical and optoelectronic 

applications because it has a relatively low optical dispersion, high index of refraction, 

transparency to infrared radiation, and large absorption coefficient with respect to 

silicon.
12

  Nanowires comprised of Ge have been shown to exhibit many interesting 

electronic,
13

 mechanical,
14

 and electromechanical properties.
15

  Recent work has also 

highlighted Ge nanowires as an interesting material for optical devices and applications.  

For example, arrays of oriented Ge nanowires have been fabricated and their use as a 

photoresistor material was demonstrated.
16

  Cao et al.
3
 also showed that resonant optical 

                                                
* Reproduced in part with permission from: Smith, D. A.; Holmberg, V. C.; Rasch, M. R.; and Korgel, B. 
A.  “Optical Properties of Solvent-Dispersed and Polymer-Embedded Germanium Nanowires.” J. Phys. 

Chem. C 2010, 114(49), 20983–20989.  Copyright 2010 American Chemical Society. 
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modes in Ge nanowires led to unexpected peaks in their optical absorption that varied 

with diameter and orientation.   

In this chapter, we discuss the measured the optical absorbance spectra of well-

dispersed Ge nanowires in a solvent and in a polymer host.  The spectra are similar for 

both the solvent and polymer-dispersed nanowires.  The nanowires exhibit absorption 

coefficients that are significantly higher than bulk Ge near the absorption edge.  

Calculations of the optical properties of the Ge nanowires using the discrete dipole 

approximation (DDA) revealed that enhanced light absorption is a consequence of light 

trapping resulting from the nanoscale dimensions of the nanowires.  The model 

calculations also reveal that the optical properties of the nanowires are quite sensitive to 

their size and orientation relative to polarized light sources.  The optical characteristics of 

electrospun polymethylmethacrylate (PMMA) fiber composites made with Si and Ge 

nanowires are also discussed. 

 

8.2 EXPERIMENTAL DETAILS 

8.2.1 Materials 

Diphenylgermane was purchased from Gelest.  Hydrogen tetrachloroaurate (III) 

trihydrate, tetraoctylammonium bromide, sodium borohydride, toluene, anhydrous 

benzene, 1-dodecanethiol, 1-dodecene, 11-mercaptoundenoic acid, dimethylsulfoxide, N-

hydroxysuccinamide (NHS), and N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

(EDC) hydrochloride were purchased from Sigma-Aldrich.  Jeffamine M-1000 was 

provided by Huntsman Petrochemical Corporation. 
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8.2.2 Germanium Nanowire Synthesis 

Ge nanowires were synthesized by the supercritical fluid-liquid-solid (SFLS) 

method using diphenylgermane as a precursor and colloidal gold (Au) nanocrystal seeds 

as discussed in Chapter 2.
17,18

  Dodecanethiol-capped Au nanocrystals were prepared by 

the Brust method,
19

   using hydrogen tetrachloroaurate (III) trihydrate dissolved in 

deionized water, tetraoctylammonium bromide dissolved in toluene, and sodium 

borohydride as a reducing agent.  For Ge nanowire growth, a solution of 35 mM 

diphenylgermane and 16 mg/L dodecanethiol-capped 2 nm diameter Au nanocrystals in 

anhydrous benzene was prepared in a nitrogen-filled glovebox and injected into a 10 mL 

titanium reactor at 380°C and 6.3 MPa at a flow rate of 0.5 mL/min.  Nanowire growth 

was carried out for 40 min, resulting in approximately 20 mg of nanowires.  After the 

growth step, the sealed reactor was cooled to a lower temperature for surface passivation 

(Chapter 3). 

8.2.3 Germanium Nanowire Surface Passivation 

Ge nanowires were passivated in the reactor by the addition of either 1-dodecene 

(Chapter 3) or 11-mercaptoundecanoic acid (Chapter 4).  The nanowires passivated with 

mercaptoundecanoic acid were further PEGylated after removal from the reactor.  In this 

case, the thiol bonds to the Ge surface to provide an organic monolayer with exposed 

carboxyl functional groups available to dock the PEG-amine molecules.  This procedure 

ultimately results in mercaptoundecanoic-amide-polyethylene glycol functionalized Ge 

nanowires, as discussed in Chapter 4.20 

Dodecene passivation was carried out by cooling the reactor to 220°C, injecting a 

10 mL benzene solution with 33 vol.% 1-dodecene, and incubating for 2 hours.21  The 
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reactor was then cooled to room temperature and the nanowires were extracted from the 

reactor with toluene.   

Mercaptoundecanoic acid passivation was carried out by cooling the reactor to 

80°C and then injecting 10 mL of 10 vol.% 11-mercaptoundecanoic acid in anhydrous 

benzene.20  After 2 hours, the reactor was cooling to room temperature and the nanowires 

were extracted, washed, and re-dispersed in dimethylsulfoxide (DMSO), as described in 

Chapter 4.20   

PEGylation of the mercaptoundecanoic acid passivated nanowires was achieved 

by coupling the terminal carboxylic acid groups with the amine terminus of 1000 

molecular weight poly(oxyethylene)-poly(oxypropylene) amine polymer (Jeffamine M-

1000), forming an amide bond.16  This procedure was carried out using carbodiimide 

coupling chemistry involving N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide 

hydrochloride (EDC hydrochloride) and N-hydroxysuccinamide (NHS).  Details of the 

synthesis can be found in Chapter 4.  Again, the resulting nanowires were precipitated, 

washed, and re-dispersed in DMSO.20 

8.2.4 Nanowire Composite Formation 

8.2.4.1 Polymer Composite Films 

Nanowire/polymer composite films of dodecene-passivated Ge nanowires in 

Kraton SBS triblock copolymer (D1102K) were made by mixing nanowires with polymer 

in toluene at the desired ratios.  After 5 minutes of sonication, the nanowire/polymer 

solution was deposited into a 4 cm diameter stainless steel mold.  The solutions were then 

allowed to evaporate.  The films produced were approximately 100 µm thick. 
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8.2.4.2 Electrospun Composite Fibers 

(Courtesy of Kadhiravan Shanmuganathan) Composite polymethylmethacrylate 

(PMMA) fibers containing 1 wt.% Ge nanowires and 1 wt.% Si nanowires were prepared 

by forming 7 wt.% solutions of PMMA dissolved in dimethylformamide (DMF) and then 

sonicating in Ge or Si wires with a 99:1 PMMA to nanowire mass ratio.  The 

PMMA/nanowire dispersions in DMF were then electrospun at a flow rate of 3 mL/hr 

with a 20 kV bias applied over a distance of 14 cm.  As a control, pure PMMA fibers 

were also electrospun using a slightly higher polymer concentration (8 wt.%) and a 

slightly higher bias (22 kV) to compensate for the decreased viscosity of the solution in 

the absence of the nanowires. 

8.2.5 Materials Characterization 

TEM images were acquired from nanowires deposited on lacey carbon TEM grids 

using a JEOL 2010F field-emission TEM operating at 200 kV.  SEM was performed 

using a Zeiss Supra 40 SEM operating at 5 keV with a working distance of 5 mm. 

Ultraviolet-visible-near infrared (UV-vis-NIR) optical absorbance spectra were 

obtained at room temperature using a Varian Cary 500 UV-vis Spectrophotometer in 

transmission mode.  Composite samples were mounted over a 15 x 18 mm aperture, and 

the absorption coefficient was calculated from the thickness of the polymer film (100 µm) 

or the path length of the cuvette (1 cm) and the volume percent of Ge in the sample.  For 

PEGylated Ge nanowires in DMSO, dilute dispersions were prepared to ensure the 

absorbance value was less than 1.0, with a concentration of 25 µg/mL.  The nanowires 

were dispersed in Kraton with a weight fraction of 0.7%.  The Ge density of 5.323 g/cm3 

was used to convert these values to volume fraction of nanowires in the suspending 

medium. 
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8.3 RESULTS AND DISCUSSION 

8.3.1 Germanium Nanowire Dispersions 

Figure 8.1 shows SEM and TEM images of the Ge nanowires used in this study.  

For optical measurements, nanowires were either dispersed in a solvent or in a 

transparent polymer host.  Solvent dispersions were made using PEGylated nanowires in 

DMSO.  The PEG-coated nanowires formed very stable dispersions in DMSO, as 

discussed in Chapter 4.  Dodecene-treated nanowires were less stable than the PEGylated 

nanowires when dispersed in solvents, but could be dispersed very well in polymer.  The 

combination of their hydrophobic surface passivation along with the high viscosity of the 

polymer solutions enabled the formation of polymer films that were well-dispersed with 

nanowires. 

 

 
 

Figure 8.1. SEM and TEM (inset) images of the Ge nanowires used in the optical 
measurements. 
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8.3.2 Extinction Spectra 

8.3.2.1 Measured Spectra 

Figure 8.2 shows UV-vis-NIR absorbance spectra of polymer films loaded with 

0.3 and 0.7 wt.% dodecene-passivated Ge nanowires, and PEGylated Ge nanowires 

dispersed in DMSO.  The break in the curve between wavelengths of 1660 and 1770 nm 

in Figure 8.2b is due to the very strong optical absorption of DMSO in that region.  The 

absorbance peak at approximately 1950 nm is from PEG.  The series of peaks in Figure 

8.2a beyond 1600 nm correspond to absorbance features related to the SBS polymer.  

Apart from those features associated with the solvent and polymer, the absorbance 

spectra of the nanowires dispersed in either DMSO or Kraton have a qualitatively similar 

appearance, indicating that the host matrix is not significantly affecting the measured 

optical response of the nanowires.  Each sample exhibits an absorption edge at about 

1850 nm, which corresponds to the optical gap of Ge at 0.67 eV, and there is also an 

absorption peak near 600 nm, along with a weak shoulder at slightly higher energy. 
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Figure 8.2. (a) Room temperature absorbance spectra of (a) 100 µm thick Kraton and 
Kraton-Ge nanowire composites with two different Ge nanowire loadings 
and (b) PEGylated Ge nanowires dispersed in DMSO (25µg/mL). Inset in 
(a): photographs of the Kraton-Ge nanowire composites; inset in (b): 
photograph of concentrated dispersions of mercaptoundecanoic acid-treated 
Ge nanowires in DMSO before (left) and after PEGylation (right).  The 
absorbance values recorded were all below 1.0. 
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8.3.2.2 Calculated Spectra 

Both the polymer- and solution-dispersed samples exhibit noticeable differences 

in their optical absorption compared to bulk Ge.  Using a discrete dipole approximation 

(DDA) model, the origin of these features was explored by calculating the expected light 

scattering and optical absorption from a Ge nanowire.  DDA calculations have been used 

to estimate the optical absorption and scattering from nanoparticles with arbitrary shape 

and structure, like core-shell particles, rods, or ensembles, and interstellar dust grains.
22

   

The calculations are performed by approximating the object as an array of point 

dipoles.  This is reasonable, provided that the spacing between dipoles is small compared 

to the wavelength of light.
23,24

  The volume of the nanowire was represented by a 

collection of dipoles with complex polarizability ���, arranged on a cubic grid at positions 

M��.  Each dipole has a polarization C��� given by Equation 8.1: 
 

 C��� � ���*��loc,� (8.1) 

where *��loc,�  is the local electric field at point M��, which arises from both the incident 

electric field and the electric field arising from the other dipoles in the system. 

 Calculations of the optical response were performed by modeling the nanowire 

with a 2 × 2 dipole cross-section, as illustrated in Figure 8.3.  The dipole radius and 

spacing was adjusted to provide the desired nanowire diameter.  A nanowire length of 2 

microns was used in each calculation.  The optical extinction and absorption cross 

sections, �ext and �abs, were then determined from the polarizations of the � dipoles in 

the system.  The scattering cross section was then defined as: 
 
 �scat � �ext − �abs (8.2) 
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For details of the calculation see Smith, et al., J. Phys. Chem. C 2010, 114(49), 20983–

20989. 

 

 
 

Figure 8.3. (Courtesy of Damon Smith) DDA model employed to calculate the optical 
absorption of a Ge nanowire.  The nanowire illustrated in (a) is modeled as 
an array of dipoles with a 2 × 2 dipole cross section, as shown in (b) and 
(c).  For the calculations, the incident light is applied to the collection of 
dipoles with a specific polarization, as shown in (d).  Each dipole emanates 
an electric field, as shown in (e), and the total electric field at a particular 
dipole is a sum of the incident electric field and the field from all other 
dipoles in the nanowire. 

 

8.3.3 Diameter and Polarization Effects 

Figure 8.4 shows DDA calculations of the optical extinction cross sections of Ge 

nanowires that are 2 µm long with diameters varying from 10 to 90 nm.  The spectra are 

highly sensitive to the polarization direction of the incident electric field with respect to 
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the nanowire orientation.  This is consistent with previous experimental observations of 

polarization anisotropy of the optical absorption and emission of semiconductor 

nanowires, resulting from the dramatic difference in nanowire geometry at different 

orientations with respect to the incident electric field, as well as the large difference in 

dielectric constant between the nanowire and host material.
1,8

  When the polarization is 

perpendicular to the length of the nanowire (Figure 8.4a), there is a significant decrease 

in the optical extinction at 500 nm with a peak at about 600 nm when the nanowire 

diameter is smaller than about 50 nm.  This decrease occurs because the index of 

refraction for Ge is significantly lower at 500 nm and results in less efficient light 

trapping and correspondingly lower absorption.  Likewise, the peak at 600 nm is a 

consequence of the maximum in the index of refraction of Ge at that wavelength, which 

results in the most efficient light trapping and the greatest light absorption.  This peak 

appears only when the scattering component (and the nanowire diameter) is sufficiently 

small.  A similar peak was observed by Cao et al. for small diameter single Ge nanowire 

photodetectors,3 which they attributed to leaky-mode resonances.  The drop in the 

extinction spectra at 500 nm becomes less pronounced as the diameter increases because 

scattering in the nanowires is maximized at 500 nm, becoming more intense with 

increasing diameter, and compensating for the decreased absorbance at that wavelength. 
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Figure 8.4. DDA calculations (courtesy of Damon Smith) of the optical extinction cross 
sections of Ge nanowires (2 µm in length) of varying diameter with incident 
light polarization set (a) perpendicular or (b) parallel to the nanowire axis.  
The data have been shifted vertically for clarity. 

 

The calculated absorbance peak is close to the experimentally observed peaks 

shown in Figure 8.2.  Spectra calculated with the incident electric field aligned along the 

length of the nanowire (Figure 8.4b) exhibit more dramatic changes in the shape of the 

absorption spectra for nanowires of varying diameter.  The change in the absorption 

spectra with varying diameter and wavelength occurs because the internal electric field 

within the nanowire is not only proportional to the incident wavelength but also a strong 

function of the geometry of the object.4  The different combinations of these parameters 

result in different resonant modes.  Since the Ge nanowires dispersed in DMSO and 

Kraton have randomly distributed orientations and randomly polarized light, the 
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calculations provide only a qualitative guide to what is observed and all of the specific 

details of the spectra are not expected in the experimental measurements; however, the 

calculations provide an estimate of the expected optical signal.  The alignment of the 

nanowires in composite films could lead to the enhancement of modes specific to a 

particular orientation.
26

 

8.3.4 Absorption and Scattering Contributions 

To best approximate the situation of nanowires dispersed with random 

orientations, DDA calculations were performed with the model nanowire tilted at 45° 

from the ^, �, and � axis relative to the polarization direction of the incident field 

(applied along the ^ direction as illustrated in the inset in Figure 8.5a).  In this 

configuration, the electric field vector is distributed evenly along the three dimensions of 

the nanowire.  Figure 8.5a shows the calculated extinction spectrum for a 2 µm long, 30 

nm diameter Ge nanowire, along with the absorption and scattering components.  The 

peak at 600 nm is not due to scattering, but is associated with light absorption by the 

nanowires.  It is clear from a comparison of the complex index of refraction, � + ��, of 

Ge as a function of wavelength (Figure 8.5b)25 to the absorption component of the 

spectrum in Figure 8.5a that the light absorption within the nanowire is a strong function 

of �: � exhibits a local maximum at 600 nm for Ge, and since waveguiding and total 

internal reflection is a function of the ratio of the indices of refraction of the material and 

the surrounding media, light trapping is greatest at this wavelength.  For this reason, the 

calculated and experimental absorption spectra both exhibit a peak at 600 nm where the 

light-trapping is the strongest.  Similarly, the drop in absorbance observed at 500 nm 

corresponds to the decrease in index of refraction at that wavelength.  The data in Figure 

8.4 illustrate that this drop off in absorbance is most pronounced for nanowires with the 
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smallest diameter.  This is because the scattering cross section of the nanowires increases 

with increasing diameter.  The scattering component of the spectrum in Figure 8.5a 

reaches a maximum at 500 nm and compensates for the drop in absorbance.  Figure 8.4 

shows that the intense scattering from the larger-diameter nanowires has almost 

completely washed-out the drop in absorbance at 500 nm, while the extinction spectra for 

the smaller diameter nanowires are dominated by absorbance. 

 

 
 

Figure 8.5. (a) Scattering, absorption, and extinction cross sections (�scat, �abs, �ext, 
respectively) calculated for a 30 nm diameter germanium nanowire with a 
length of 2 µm.  Inset: Illustration of the nanowire orientation with respect 
to the polarization direction of the incident field as described in the text.  (b) 
Real (�) and imaginary (�) components of the complex index of refraction, � + ��, for Ge as a function of wavelength.25  In (c), each bar represents a 
30 nm diameter, 2 µm long nanowire illuminated with light of the state 
wavelength, showing the calculated electric field intensity along the length 
of the nanowire.  Panels (a) and (c) are courtesy of Damon Smith. 
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 Figure 8.5c displays the electric field intensity distribution calculated along the 

length of the nanowire with incident wavelengths varying between 400 and 800 nm.  

Although the model does not have the necessary resolution for a detailed determination 

of the internal electric field intensity within the nanowire, the field is clearly enhanced in 

the middle of the nanowire.  The relative electric field intensities are highest in the 

middle of the nanowires for wavelengths between 500 and 600 nm, corresponding to the 

local maximum in the experimentally observed extinction spectrum.  This resonant 

behavior observed within the interior of the nanowire is indicative of light trapping, or 

waveguiding, in these nanoscale elements, which is manifested as an increase in 

absorption at these wavelengths.  Again, this finding is consistent with the work of Cao 

and co-workers, who have observed enhanced photoresponse from Ge nanowires.3,27 

 Although the model calculations also give rise to a scattering peak at 500 nm, the 

experimental data did not have a peak at this wavelength.  This shows that, while 

scattering does contribute to the overall spectrum, the optical properties of the dispersed 

nanowires in this study are dominated by enhanced absorption due to light trapping 

within the nanowire interior.  In addition, as the results in Figure 8.4 indicate, the light 

scattering should be significantly affected by the nanowire orientation with respect to 

polarized light.  The randomly oriented collection of nanowires in both the Kraton and 

DMSO samples may smear out a distinct optical feature. 

8.3.5 Comparison to Bulk Germanium 

Figure 8.6a shows the extinction spectra calculated using the DDA model for a 30 

nm diameter Ge nanowire (2 µm long, oriented at 45° from the ^, �, � axis with linearly 

polarized light applied with an x-oriented electric field).  Also included on the same plot 

are the known values for bulk Ge and the experimentally measured spectra of nanowires 
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dispersed in Kraton and DMSO.  The optical gap of the Ge nanowires is consistent with 

bulk Ge at 0.67 eV.  The small deviation for the polymer/nanowire film at energies just 

below the Ge band gap is due to the absorption of the Kraton polymer. 

 

 
 
Figure 8.6. (a) Optical absorption coefficients of bulk Ge,28 PEGylated Ge nanowires 

dispersed in DMSO (25 µg/mL, or 0.00047 vol.%), dodecene-passivated Ge 
nanowires in Kraton (0.7 wt.%, 100 µm thick), and normalized DDA 
calculation for a 30 nm diameter nanowire 2 µm in length, with incident 
light polarization vectors oriented equally along each axis.  (b) Bulk optical 
absorption coefficients, PEGylated Ge nanowire absorption coefficients, and 
DDA calculation shown on a linear scale. 

 

The nanowires exhibit a band gap energy similar to bulk Ge.  However, despite 

the similar band gap, there is a very significant difference in the energy dependence of 

the absorption coefficient of the Ge nanowires and bulk Ge near the band edge at 0.67 

eV. The nanowires exhibit a significantly enhanced absorption coefficient for photon 

energies below about 1.5 eV.  As illustrated in Figure 8.6b, the absorption coefficient of 

the nanowires increases linearly with incident photon energy, which is different than 

what is expected for either a direct or indirect semiconductor.  The DDA model 

calculations showed a similar energy-dependence of the absorption coefficient as the 
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experimental measurements and, therefore, we attribute the enhanced absorption to the 

light trapping effect elucidated by the DDA calculations.   

In addition to the enhanced absorption of individual nanowires, the collective 

light scattering effects from an ensemble of nanowires can lead to increased absorbance.  

The random arrangement causes a lengthening of the path of light rays in the material, 

increasing the interaction with nanowires and further increasing absorption.10,11,29,30  

Therefore, while the model captures the essence of the observed optical absorption data, 

including enhanced absorption and light trapping, the model does not account for the fact 

that the nanowire dispersions consist of many nanowires with random orientations and 

that there may also be collective behavior or multiple scattering effects.  Future work 

entails a more elaborate model of collections of nanowires with appropriate distributions 

of nanowire sizes. 

8.3.6 Electrospun Composite Fibers 

Figure 8.7 shows characteristic SEM images of electrospun PMMA fibers with 

Ge nanowires embedded, Si nanowires embedded, and pure PMMA fibers as a control.  

The Ge and Si nanowire composite fibers were very thin, with diameters of a few 

hundred nanometers or less, whereas the pure PMMA fibers were roughly one 

micrometer in diameter.  This diameter discrepancy is due to difference in viscosity of 

the solutions with and without the nanowires present.  Significant melt instabilities were 

observed in the Si nanowire composite sample. 
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Figure 8.7. SEM images of electrospun Ge nanowire composite PMMA fibers (upper 
left), Si nanowire composite PMMA fibers (upper right), and pure PMMA 
fibers (bottom). 

 

Figure 8.8 shows the optical properties of the composite nanowire fibers.  The 

peaks in the spectra from 1100 nm to 2500 nm are due to the PMMA polymer, as shown 

in the pure PMMA fiber trace.  The Ge nanowire composite fibers show the same 

absorption features as discussed earlier, with absorption increasing at the band edge, and 

a peak in the absorption at 600 nm.  The optical properties of the Si nanowire composite 

fibers are shown for comparison. 
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Figure 8.8. Optical properties of the electrospun Ge nanowire composite (purple), Si 

nanowire composite (tan), and pure PMMA fibers (blue) shown in Figure 
8.7. 

 

 The measurements in Figure 8.8 were collected from a randomly oriented web of 

fibers; however, if the polymer fibers can be successfully aligned, it may be possible to 

study the anisotropic optical properties of both Ge and Si nanowires as a function of 

polarization and orientation. 
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8.4 CONCLUSIONS 

Ge nanowires dispersed in polymer and in a solvent were used to measure the 

optical properties of Ge nanowires.  The absorbance spectra of the nanowires were 

markedly different from bulk Ge.  Extinction spectra were calculated using the DDA to 

understand in more detail why the absorbance exhibits a peak at around 600 nm and why 

light absorption is stronger than bulk Ge near the absorption edge.  The calculations 

showed that the extinction spectra depend significantly on the dimensions of the 

nanowires and their relative orientation with respect to the incident electric field 

polarization and displayed qualitative agreement with the experimentally measured 

spectra.  The absorption peak at 600 nm and the anomalous wavelength dependence of 

the extinction spectra near the absorption edge arise from light trapping, or waveguiding, 

due to the nanowire geometry and the local maximum in the index of refraction of Ge 

near 600 nm.  The observed spectra are consistent with other recent studies of Ge 

nanowire optical response.3.27  The results demonstrate the potential to engineer the 

absorption and light trapping behavior of semiconductor nanowire devices and films by 

tuning their size-, shape-, and orientation-dependent optical interactions. 
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Chapter 9:  Young’s Modulus and Mechanical Quality Factor of 

Germanium Nanowire Resonators* 

 

9.1 INTRODUCTION 

Atomic bonding, point defects, and extended defects like dislocations and grain 

boundaries determine the mechanical properties of crystalline materials.  External 

surfaces do not play a role.  In contrast, nanomaterials have a significant fraction of 

atoms on the surface, which have a different bonding environment than atoms within the 

bulk solid and therefore the mechanical properties become highly sensitive to surface 

reconstructions and surface species like adsorbed molecules and coatings.1-5  The 

extended defect densities that underlie many mechanical properties of materials (like 

yield stress and plasticity in particular) are also different since the limited volume of the 

nanostructure cannot sustain typical defect densities found in bulk materials.  This leads 

to qualitative different properties, such as tolerance of much greater elastic strain.6  

Semiconductor nanowires are expected to have particularly interesting mechanical 

properties:7 they are radially confined, long cylindrical crystals with nearly infinite 

periodicity in one dimension and thus have low extended defect densities and have very 

high surface area-to-volume ratios that depend on diameter.8-14  Their unique mechanical 

properties also make them interesting candidates for constructing ultrahigh frequency and 

low power nanoelectromechanical resonators for a variety of different applications.15 

                                                
* Reproduced in part with permission from: Smith, D. A.; Holmberg, V. C.; Lee, D. C.; and Korgel, B. A.  
“Young’s Modulus and Size-Dependent Mechanical Quality Factor of Nanoelectromechanical Germanium 
Nanowire Resonators.” J. Phys. Chem. C 2008, 112(29), 10725–10729.  Copyright 2008 American 
Chemical Society. 
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There have been many reported mechanical property measurements of nanowires, 

but with widely varying results.  For example, the size-dependence of the elastic modulus 

of nanowires in similar size ranges have been shown to increase (single and multiwall 

carbon nanotubes1,16,17 and Ag, Pb, and ZnO nanowires18,19), decrease (Cr, Si, and GaN 

nanowires20-22) and remain constant (for multiwall carbon nanotubes and Au and Ge 

nanowires23-25) with decreasing diameter.  Nanowires must be fabricated with varying 

diameter without changes in crystal quality or surface chemistry and then must be 

integrated into test platforms.  The wide variability in mechanical property measurements 

shows that the structural quality—and thus the mechanical properties—of the nanowires 

and nanotubes is highly sensitive to the synthesis process.  Several methods have been 

utilized to measure mechanical properties of nanostructures, including atomic force 

microscopy (AFM) to obtained force-displacement measurements from three-point bend 

tests1,17,18,22-28 and mechanical- or electric field-induced oscillations of suspended 

beams.16,19-21,29-33  Other methods include tensile testing between two AFM cantilevers or 

MEMS platforms, and nanoindentation.34  These methods each have advantages and 

disadvantages with respect to one another and some of the variation in mechanical 

property measurements is the result of the wide range of experimental methods used and 

not necessarily from the material quality.  Nevertheless, the contrasting and sometimes 

conflicting reports of nanoscale mechanical properties points to the need for increased 

study in this area. 

In this study, Ge nanowire cantilevers were induced to vibrate by applying a 

sinusoidal voltage.  The natural resonance frequency and the vibrational amplitude were 

measured and then used with elastic beam theory to estimate Young’s modulus, *.  The 

mechanical quality factor �, was also calculated.  * was found to be independent of 

diameter and � decreased with decreasing diameter. 
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9.2 EXPERIMENTAL DETAILS 

9.2.1 Germanium Nanowire Cantilever Fabrication 

Ge nanowires were synthesized by gold nanocrystal-seeded supercritical fluid-

liquid-solid (SFLS) growth in benzene followed by isoprene surface passivation 

(Chapters 2 and 3).11,12,35,36  Nanowires were dispersed in chloroform and then deposited 

onto a lacey carbon TEM grid by drying a droplet of the nanowire suspension.  The TEM 

grid was mounted on an SEM stage and placed in a FEI Strata DB235 dual beam 

scanning electron microscope/focused ion beam (SEM/FIB) system equipped with a 

Zyvex S100 nanomanipulator.  Ge nanowires were found that extended partially over the 

copper grid and partially over the lacey carbon.  The lacey carbon underneath the 

nanowire was then physically removed using the electrochemically-etched tungsten 

nanoprobes of the Zyvex S100 nanomanipulator.  Platinum was deposited by electron 

beam-induced deposition (EBID) at the junction between the copper substrate and the Ge 

nanowire to eliminate slippage of the nanowire during oscillation. 

9.2.2 Mechanical Measurements 

(Courtesy of Damon Smith) The nanowire cantilevers were excited into 

oscillation by applying an AC voltage between two tungsten nanoprobes of the Zyvex 

S100 nanomanipulator attached to a Solartron 1260A frequency response analyzer (FRA) 

connected to the probes through a breakout panel outside of the SEM/FIB vacuum 

chamber.  One probe was contacted to the copper grid and the second was held within a 

micrometer of the nanowire tip.  Measurements were carried out by applying a sinusoidal 

voltage sweep with amplitude of 100 mV.  The AC frequency was scanned from 1 kHz 

and 32 MHz, initially with a 500 Hz resolution until the nanowire was observed to 
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oscillate.  The frequency range and resolution were then repeatedly adjusted until the full 

frequency-dependent amplitude could be observed and approximately 15 to 25 images of 

the oscillating nanowire were obtained by SEM.  The vibrational amplitude was 

determined visually using Scion image processing software.  The cantilever length was 

determined from SEM images acquired at several different tilt angles (-15° to 52°).  The 

nanowire diameters were determined by transmission electron microscopy (TEM) on a 

JEOL 2010F TEM (at a 200kV accelerating voltage). 

 

9.3 RESULTS AND DISCUSSION 

9.3.1 Young’s Modulus 

Figure 9.1 shows SEM and TEM images of the Ge nanowires used to construct 

the cantilevers.  The nanowires are crystalline diamond cubic Ge coated with a covalently 

bound monolayer of hydrocarbon that prevents surface oxidation.11,12,35,36  The 

predominant growth direction of the nanowires is <110> with a small (~10% proportion 

of nanowires with <111> and <211> growth directions.12  The Ge nanowires have very 

few extended defects,8 and correspondingly the nanowires can sustain large amounts of 

flexural strain without fracture.  Figure 9.2 shows an example of enhanced elasticity of a 

Ge nanowire being flexed by two scanning tunneling microscopy (STM) tips.  The Ge 

nanowire cantilevers were constructed using nanowires ranging from 50 to 140 nm in 

diameter.  It should be noted that although nanowires with diameters smaller than 50 nm 

were obtained in the synthesis, these nanowires were unable to withstand the force of 

pulling away the underlying carbon film, causing them to break before they could be 

measured. 
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Figure 9.1. (a,b) SEM and (c) TEM images of isoprene-passivated Ge nanowires 
produced by Au nanocrystal-seeded SFLS growth. 

 

 

 
 

Figure 9.2. SEM image of a Ge nanowire flexed between two STM tips. 
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 In order to determine the fundamental resonance frequency of each nanowire 

cantilever, an AC field was applied between an STM tip positioned close to the free end 

of the nanowire cantilever and an STM tip positioned at the clamped end of the nanowire.  

The frequency of the AC field applied between the two STM tips was scanned, and the 

cantilever began to oscillate as it neared its fundamental resonance frequency (See Smith, 

et al. J. Phys. Chem. C 2008, 112(29), 10725–10729 for details).  The vibrational 

amplitude of the cantilever as a function of applied frequency was then determined from 

SEM images taken of the oscillating nanowire. 

 Figure 9.3 shows a sample data set for an 88 nm diameter Ge nanowire.  The 

vibrational amplitude varies with frequency and peaks at the natural resonance frequency 

�&.  In the range of oscillation amplitudes measured in this study, �& is independent of the 

AC voltage since the amplitudes are more than an order of magnitude less than the 

cantilever length and therefore satisfies the requirements for application of the Euler-

Bernoulli equation.33,37 

 

 
 

Figure 9.3. Oscillation amplitude determined from SEM images versus frequency 
measured for an 88 nm diameter Ge nanowire (data points).38  For this 
nanowire, � � 542 ± 16 and � � 181.6	kHz. 
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 Figure 9.4a shows the natural resonance frequency �& measured for 14 Ge 

nanowire cantilevers plotted as a function of the nanowire diameter divided by its length 

squared.  For a clamped, free beam (i.e., the Euler-Bernoulli model), �& depends on the 

Young’s modulus * of the nanowire, the beam’s diameter ', length (, cross-sectional 

area moment of inertia �, and mass per unit length �:37 

 

 �& � ��	)�� p���� (9.1) 

The subscript “1” refers to the first resonance mode (i.e., the first eigenmode) of the 

cantilever, for which �& � 1.875.  For a cylindrical beam, � � Wc� 4⁄ e'), where W is 

the density of Ge, and � � �'y 64⁄ , which yields the expression:37 
 

 �& � ���	���pR� × x�	 (9.2) 
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Figure 9.4. (a) Measured values of �& plotted versus the nanowire dimensions, ' ()⁄ .38  
A best fit of Equation 9.2 to the data (solid line) yields an average value of * � 106	GPa with 95% confidence limits of ±19 GPa.38  (b) The Young’s 
modulus, *, plotted as a function of nanowire diameter.38  The shaded 
region represents the range of values of * for bulk Ge reported in the 
literature. 

 

 A plot of �& versus ' ()⁄  in Figure 9.4a gives a straight line, indicating that * does 

not vary significantly with nanowire diameter in this size range.  Fitting Equation 9.2 to 

the data in Figure 9.4a gives an average value of * � 106	GPa with 95% confidence 

limits of ±19 GPa.  These values correspond to the Young’s modulus of Ge down the 

length of the nanowire, which is predominantly in the <110> direction for these 
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nanowires.11  This is within the range of reported values of bulk Ge (* � 103 −
105	GPa) in the literature.39-41  Figure 9.4b shows * calculated individually for each 

nanowire using the relation: 
 

 * � 64W 4���x ;) 4 ���;y (9.3) 

Ngo, et al.
25 recently reported three-point loading measurements using an atomic force 

microscope (AFM) tip to flex individual suspended Ge nanowires (in the same size 

range) and also observed diameter-independent values of * close to the bulk value of Ge. 

9.3.2 Mechanical Quality Factor 

The mechanical quality factors of the nanowire cantilevers, � � �& Δ�&⁄ ,42 are 

plotted in Figure 9.5a, where Δ�& is the full-width-at-half-maximum (fwhm) of the 

resonance peak.  � decreases systematically with decreasing nanowire diameter.  The 

plot of � versus the cantilever surface area-to-volume ratio (Figure 9.5b) shows the trent 

of decreasing � with increasing surface area-to-volume ratio, which is well-known for 

cantilevers fabricated with submicrometer diameters, as Carr et al.
32 and others15,43-45 

have reported in the literature.  The precise reason that � decreases with decreasing 

diameter of cantilevers in this size range remains a topic of study but it is clear that the 

energy dissipation related to the surfaces of the crystal is important. 
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Figure 9.5. (a) � measured for 14 Ge nanowires of different diameter.38  The dashed 
line is a linear extrapolation of the data, provided as a guide to the eye.  (b) � plotted versus the surface-to-volume ratio of the nanowires assuming a 
cylindrical geometry.38 

 

 The Ge nanowire resonators studied here confirm that � decreases with 

decreasing diameter for cantilevers of equal length and that this size dependence is a 

fundamental trend of nanometer-scale resonators.  This fact does not bode well for the 

construction of ultra-high � nanomechanical resonators.  However, the absolute limit on 

� is a much more complicated issue that deserves more discussion. 
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 � relates inversely to the energy dissipated from the oscillating nanowire.43  

Energy can be lost via multiple pathways �, including the support, atmospheric damping, 

thermoelastic losses, Ohmic losses, and surface losses, each dissipating a certain amount 

of energy Δ�} , per cycle of vibration:43,44,46,47
 

 

 �Q& ∝ ∑ Δ�}}  (9.4) 

 In the case of the nanowire cantilevers studied here, the support losses from these 

high aspect ratio cantilevers are not expected to dominate dissipation.43,44  �Q& plotted 

versus cantilever aspet ratio in Figure 9.6 confirms this expectation, as there is no 

correlation between � and the aspect ratio; however, the shorter cantilevers that are ~10 

µm long or less are perhaps exhibiting slightly higher losses from the support than the 

longer cantilevers.46  “Atmospheric” damping due to the adsorption of molecules from 

the surroundings should be negligible because the measurements were conducted in 

vacuum.  Thermoelastic losses (sometimes called “internal friction”) should be negligible 

since the characteristic time for thermal diffusion across the diameter of these thin 

nanowires greatly exceeds the resonance frequency (� ') ≫ 2��&⁄ , where � is the Ge 

thermal diffusion coefficient), and the oscillating nanowire retains thermal 

equilibrium.47.48  Therefore, the dominant pathway for energy dissipation must relate to 

the surfaces. 
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Figure 9.6. 1 �⁄  versus length of the nanowire cantilevers.38 

 

 � depends strongly on the surface chemistry and surface structure of the 

cantilever material and can be significantly altered by the presence of surface defects and 

adsorbed species and surface layers.43,44,49  For example, Yang, Ono and Esashi50 showed 

that UHV annealing of Si cantilevers for 30 seconds at 1000°C increased � in their 

devices by an order of magnitude.  Wang, et al.
51 showed that methyl-terminated 

micrometer-diameter Si cantilevers had � values that were 50% greater than cantilevers 

coated by dodecene.  And Feng, et al.
46 reported recently extremely high � values of 

13,000 for “pristine” 80 nm diameter Si nanowire cantilevers.  The Ge nanowires studied 

here are coated by isoprene during their synthesis to provide a surface passivation layer 

that prevents oxidation.35,36  The covalently bound surface passivation layer has also been 

shown to greatly reduce surface states/defects that lead to very low field effect mobilities 

and hysteresis in nanowire transistor structures.35,36,52  Nonetheless, the � values 

measured here are 2 orders of magnitude lower than those of the “pristine” Si nanowires 

of similar size studied by Feng, et al.
46  Since the crystal quality and surface faceting53 of 

those Si nanowires and the Ge nanowires studied here are not expected to be significantly 
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different, it is uncertain as to what gives rise to the distinctly different low � values for 

the Ge nanowires in this study and the very high � values of the Si nanowires studied by 

Feng, et al.
46  Certainly, the Si and Ge surfaces are quite different, as Si forms a god 

oxide with few surface defects, whereas Ge does not.  Additional systematic studies of 

the influence of surface chemistry on nanomechanical resonator properties are needed to 

fully understand the energy dissipation pathways and how to eliminate these from 

nanomechanical resonators to obtain ultra-high � values. 

 

9.4 CONCLUSIONS 

The fundamental resonance frequency and mechanical quality factor were 

measured for Ge nanowire cantilevers with diameters varying from 50 to 140 nm.  The 

Young’s modulus was found to be independent of diameter and � decreased with 

decreasing diameter.  The nanowires of differing diameter studied here exhibit no 

observable difference in crystal quality or surface chemistry.  Thus, the mechanical 

properties related to the Ge–Ge bonding in the core of the wire, such as *, do not differ 

from that of the bulk material when the diameters are in this size range of larger than ~10 

nm in diameter, but properties that are very sensitive to the surface, such as the energy 

dissipation of an oscillating nanowire cantilever (i.e., 1 �⁄ ), change significantly with the 

increasing fraction of exposed crystal surface with decreasing nanowire diameter. 

High � values are desired for force-sensing applications and therefore surface 

losses that decrease � with decreasing nanoscale cantilever diameters may be a 

significant limiting factor in the miniaturization of suspended beam resonators.15,32,43-45  

The Ge nanowires studied here clearly indicate that smaller diameter decreases �, and 

that this is undoubtedly a fundamental trend of nanometer-scale resonators.  The absolute 
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value of �, however, depends strongly on the surface chemistry and surface structure of 

the cantilever material and wide variations in � have been observed, such as the recent 

ultra-high � values of 13,000 measured by Feng, et al.
46 for “pristine” 80 nm diameter Si 

nanowire cantilevers that are 2 orders of magnitude higher than the � values of the Ge 

nanowires studied here.  Clearly, the underlying surface chemistry and surface structure 

are crucial to how energy dissipates from oscillating nanoelectromechanical resonators 

and this is currently a research topic that requires much greater study and understanding.    
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Chapter 10:  Bending Strength of Germanium Nanowires* 

 

10.1 INTRODUCTION 

Germanium is a brittle material.1  Only at high temperature, greater than 350°C, 

does it exhibit any measurable ductility.2  This is because plastic deformation requires the 

nucleation and movement of dislocations, which is largely blocked by the directional, 

covalent bonding between Ge atoms (the Peierls force).  Therefore, unless the 

temperature is very high, a bulk crystal of Ge fractures when deformed just past its yield 

point.3  Ge crystals also tend to be relatively fragile because they have nearly unavoidable 

defects and stresses that serve as sources for crack formation and propagation.  Typical 

room temperature fracture strengths are only between 40 to 95 MPa, which is orders of 

magnitude less than the ideal strength expected for a perfect Ge crystal of 14 – 20 GPa.4,5  

Nanowires are different.  Their limited size and high surface area to volume ratio leads to 

reduced concentrations of defects and stresses, and fracture strengths nearing those of 

ideal perfect crystals have been observed.2,6-11  Nanowires do not sustain dislocations in 

the same way as bulk crystals, and plastic deformation mechanisms are different.  For 

example, plastic deformation has even been observed in Si nanowires at room 

temperature.12,13  In this chapter, we show that Ge nanowires exhibit ideal strengths, as 

well as room temperature plasticity under certain bending conditions, enabled by an 

unusual mechanism of lattice amorphization.14 

  Many mechanical property measurements of individual nanowires exist in the 

literature,15,16 but there is still a need for accurate quantitative data, especially considering 

                                                
* Reproduced in part with permission from: Smith, D. A.; Holmberg, V. C.; and Korgel, B. A.  “Flexible 
Germanium Nanowires: Ideal Strength, Room Temperature Plasticity, and Bendable Semiconductor 
Fabric.” ACS Nano 2010, 4(4), 2356–2362.  Copyright 2010 American Chemical Society. 
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that different synthetic routes can produce nanowires (of the same material) with varying 

properties depending on subtle aspects of the materials, like crystallographic growth 

direction, defects, and surface chemistry.  In this chapter, we are particularly interested in 

the mechanical properties of SFLS-grown Ge nanowires under significant mechanical 

load.  Commonly used mechanical tests, like bend tests in an atomic force microscope 

(AFM)10,15,17,18 and tests of nanowire cantilevers under electric field-induced 

resonance,19,20 work well for examining the elastic properties of the nanowires, but are 

difficult to use for determining properties like the limit of flexibility and bending 

strength.  Therefore, we used robotic nanomanipulation in an SEM to test individual 

nanowires under high flexural strain with simultaneous imaging to determine the 

maximum strain and fracture strengths of the nanowires. 

 

10.2 EXPERIMENTAL DETAILS 

Ge nanowires were synthesized by the gold nanocrystal-seeded supercritical fluid-

liquid-solid (SFLS) growth process with isoprene surface passivation as discussed in 

Chapters 2 and 3.7-9,21   

(Courtesy of Damon Smith) Mechanical measurements were performed using a 

Zyvex S100 nanomanipulation system inside of a FEI Strata 235 dual beam SEM/FIB 

system.  Tungsten probes were made by electrochemically etching tungsten wire 

(Goodfellow, 0.25 mm, 99.95% purity) in 2 M KOH at a bias of 4 V.  The 

nanomanipulator was used to bend nanowires until fracture or to a high strain position.  

Video of specimen manipulation was obtained by splitting the monitor signal and 

capturing the split signal on a separate computer using a VGA2USB VGA capture device 
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from Epiphan Systems Inc.  The video was recorded at a frame rate faster than the SEM 

scan rate of 3 frames per second. 

 

10.3 RESULTS AND DISCUSSION 

10.3.1 Bending Strength 

Figure 10.1 shows TEM and SEM images of the nanowires used in the study: 

nanowire diameters ranged from 23 to 97 nm, with crystalline diamond cubic Ge cores.  

For mechanical testing, Ge nanowires were drop-cast from a chloroform dispersion onto 

TEM grids coated with a silicon nitride membrane arrayed with 2 µm diameter holes 

(DuraSiN).  An individual nanowire spanning a hole in the membrane was then located in 

the SEM.  A nanomanipulator probe was then used to break the suspended nanowire on 

one end, close to the membrane.  Using two tungsten probes, the nanowire was then bent 

parallel to the focal plane to determine the bending radius.  Figure 10.2 shows an 

example of a typical manipulation of a Ge nanowire being bent in this system. 
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Figure 10.1. (a) SEM and (b) HRTEM images of Ge nanowires used for the mechanical 
property tests. 

 

 



 202 

 
 

Figure 10.2. (a,b) SEM and (c,d) TEM images of a manipulated Ge nanowire.  In 
panels a and b, the nanowire is being manipulated with two tungsten 
nanomanipulator probes.  The bent nanowire in panel a is shown in panel 
b after it has fractured.  Inset: Schematic of a bent nanowire.  TEM images 
of the fractured Ge nanowire were acquired (c) near the substrate (inset: 
FFT of image) and (d) at the fractured surface. 

 

The flexural strain of the nanowires was then determined from the radius of 

curvature ., resolved from captured video images.  The strain �l, at a distance ^ from the 

neutral axis is related to . as �l � ^ .⁄ , and the maximum flexural strain at the point of 

fracture �max,	u  occurs at the nanowire surface on the outside of the bend (illustrated in the 

inset of Figure 10.2a).  �max,	u , therefore, relates to the nanowire diameter ', and the 

radius of curvature . as: 
 

 �max,	u � x)[ (10.1) 

The stress �l in the nanowire at a distance ^ from the neutral axis is proportional to the 

strain, �l � *�l, where * is the Young’s modulus.  Bending leads to simultaneous 
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tensile and compressive stresses; however, for Ge, the compressive strength is expected 

to be an order of magnitude larger than the tensile strength,22 and the surface undergoing 

tensile strain is the expected point of failure.  Therefore, the maximum tensile stress at 

fracture corresponds to the bending strength �bs, which is approximated by: 
 

 �bs � *�max,	u � * x)[ (10.2) 

The maximum radius of curvature and flexural strain prior to fracture was 

measured for nanowires with <110> growth direction with diameters ranging from 23 to 

97 nm.  The measurements were conducted at strain rates typical for quasi-static strength 

tests of approximately 10-3 s-1.  Figure 10.3 shows the maximum radius of curvature and 

corresponding flexural strain for the nanowires.  The flexural strain increased 

systematically with decreasing nanowire diameter from 4% to 17%, and the maximum 

strain observed in the nanowires was much greater than the 0.04 – 0.06% measured for 

bulk Ge.5 
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Figure 10.3. Maximum (a) radius of curvature and (b) flexural strain measured for Ge 
nanowires of varying diameter. 

 

The trend of increasing bending strength with decreasing diameter is clear.  

Taking * � 106 ± 19	GPa, as previously measured for SFLS-grown Ge nanowires 

(Chapter 9),19 bending strengths estimated using Equation 10.2 ranged from 4 ± 1 GPa 

for the largest diameter nanowire up to 18 ± 4 GPa for the smallest diameters.  The 

bending strengths of the nanowires in this size range fall in the range of the approximate 
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maximum strength of a perfect crystalline solid of * 2�⁄  (shaded region in Figure 10.4),4 

and the ideal strength of 14 GPa (tensile load) predicted by Roundy and Cohen23 for a 

perfect Ge crystal.  The bending strength is 2 – 3 orders of magnitude greater than bulk 

Ge.  Similar results of size-dependent fracture strengths have also been observed for Si 

nanowires.24-26  The increase in flexibility and strength with decreased diameter follows 

from the absence of extended defects in these crystals.2 

 

 
 

Figure 10.4. Bending strength measured for Ge nanowires of varying diameter.  The 
gray shaded region corresponds to the predicted fracture strength for a 
perfect Ge crystal.4,5 

 

10.3.2 Room Temperature Plastic Deformation 

Ge nanowires bent to a position of very high strain and released prior to fracture 

were found to exhibit plastic deformation (Figure 10.5).  When a nanowire was released, 

it snapped back quickly, but retained some of its bend (Figure 10.5d).  The crystal 

structure of the nanowire at the position of the bend was examined by TEM to determine 
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the mechanism involved in plastic deformation of the nanowires.  Figure 10.6 shows 

TEM images of such bent nanowires.  At the point of maximum compressive and tensile 

strain, the nanowire becomes amorphous.  This observation of amorphization prior to 

fracture is consistent with the layer of amorphous material that was observed on fractured 

surfaces, as shown in Figure 10.2d. 

 

 
 

Figure 10.5. Sequence of SEM images of a Ge nanowire being manipulated with two 
tungsten nanomanipulator probes.  From panels a to b, the nanowire was 
cut with one of the probes and then bent to a high strain position.  In panel 
c, the nanowire has been released by the probe.  Panel d shows the plastic 
deformation of the nanowire. 
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Figure 10.6. (a) SEM image of a cantilevered Ge nanowire bent to a high strain 
position and pinned to the SiN substrate by van der Waals forces.  (b,c) 
HRTEM images of the region of highest strain, showing the beginnings of 
crack formation.  The delineation between the diamond-cubic and 
amorphous phases is clearly shown (dotted line) in HRTEM image d. 

 

At the onset of fracture, crack initiation appeared to occur in the amorphous 

region of the nanowire, at the outer strained surface.  Experimental and computational 

studies have shown a transition from crystalline to amorphous structure in strained Si 

nanowires through an increase in disorder brought about by a large increase in the 

population of dislocations.13,27  Indentation studies of crystalline Ge have also shown 

sudden phase transformations to amorphous Ge (a-Ge) at high loads.28  The authors of 

that study speculated that the transformation could occur by the formation of a high-

pressure metallic phase followed by quenching to a-Ge as the pressure is released.  

Considering the large compressive stresses experienced in these specimens, both 

mechanisms are plausible.  The detailed mechanism of the mechanically induced 

amorphization process requires further study. 
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10.4 CONCLUSIONS 

The maximum radius of curvature and flexural strain of individual Ge nanowires 

with diameters between 23 and 97 nm were measured by bending to the point of fracture 

with tungsten probes.  The Ge nanowires are extremely flexible, allowing bending down 

to a 67 nm radius of curvature for the smallest diameter.  Ge nanowires were found to 

tolerate exceptionally high strains up to 17%, well in excess of the values of bulk Ge. The 

maximum radius of curvature and maximum strain increased with decreasing nanowire 

diameter, as expected from a decrease in defects in the reduced volume of the material.  

The bending strengths of Ge nanowires were determined and found to equal the 

theoretical fracture strengths of a defect-free, perfect crystalline solid as their diameters 

were reduced.  Room temperature plasticity was also observed at extremely high strains.  

Plastically deformed Ge nanowires exhibited amorphization at the point of maximum 

strain.  This study demonstrates the remarkable flexibility and strength of Ge nanowires, 

illustrating their potential as building blocks for future applications. 
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Chapter 11:  Semiconductor Nanowire Fabric* 

 

11.1 INTRODUCTION 

Over the past few decades, scientists and engineers have made significant 

advances in developing the controlled synthesis, application, and integration of 

nanostructured materials.  Since the appearance of the first paper on fullerenes, published 

in 1985 by Smalley and coworkers,1 people have been actively working on integrating 

nanostructures into composite materials and devices.  In 1995, ten years after the 

discovery of fullerenes, a paper discussing the production of carbon nanotube films was 

published in Science.2  Over the next decade, people worked to increase the quality and 

quantity of carbon nanotubes they could produce, while other researchers also made 

strides to increase the aspect ratio of the carbon nanotubes they were growing.  By 2004, 

individual single-walled carbon nanotubes as long as 4 cm had been demonstrated,3 with 

carbon nanotube lengths reaching 18.5 cm five years later.4  As the material quality and 

production techniques matured, people began developing conductive carbon nanotube 

films5 and “buckypaper” made from coaxial carbon nanotubes.6  As aspect ratios 

increased, researchers learned how to spin and weave carbon nanotubes into even longer 

fibers and yarns,7-9 leading to applications such as large incandescent light emitting 

sheets,10 electrically actuated superelastic bands,11 and loudspeakers made from carbon 

nanotube sheets.12  These examples are fascinating because they consist of bulk, 

macroscopic materials comprised entirely out of individual nanostructures; however, it 

took roughly a decade for the material system to reach a point where these applications 

                                                
* Reproduced in part with permission from: Smith, D. A.; Holmberg, V. C.; and Korgel, B. A.  “Flexible 
Germanium Nanowires: Ideal Strength, Room Temperature Plasticity, and Bendable Semiconductor 
Fabric.”  ACS Nano 2010, 4(4), 2356–2362.  Copyright 2010 American Chemical Society. 



 212 

were possible.  All of these developments were enabled by two main factors: the ability 

to synthesize large quantities of carbon nanotubes, and the fact that carbon nanotubes 

have high mechanical strengths and aspect ratios large enough to form self-supporting 

structures. 

Semiconductor nanowires are another class of one-dimensional nanomaterial that 

has been developed.  Historically grown in “forest” form by VLS growth in chemical 

vapor deposition systems, semiconductor nanowires have remained difficult to synthesize 

in large quantities until recently, and their aspect ratios have not come close to 

approaching those of carbon nanotubes.  As a result, developments analogous to those 

made in the carbon nanotube field have not occurred in the semiconductor nanowire 

materials system.  In fact, to date, virtually no work has been done on the formation of 

free-standing networks of one-dimensional nanostructures other than carbon nanotubes.  

Despite this shortcoming, recent developments have allowed very long, high aspect ratio 

semiconductor nanowires to be produced in very large quantities, and the semiconductor 

nanowire field has reached the point where a variety of exciting bulk applications have 

become possible. 

As discussed in Chapter 10, Ge nanowires were found to exhibit ideal strengths, 

and both Si and Ge nanowires are highly flexible.  Si and Ge nanowires represent a type 

of mechanically flexible ceramic, and as we also show here, the ability to make 

significant quantities of nanowires provides the opportunity to create a new class of 

materials: bendable fabric of crystalline inorganic semiconductors. 

Table 11.1 shows a list of selected materials and their room temperature 

mechanical properties of elastic modulus, tensile strength, failure strain, and strength-to-

weight ratio.  There has been a tremendous amount of attention on single- and multi-wall 

carbon nanotubes as structural reinforcements because of their incredibly high strength-
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to-weight ratio.  Semiconductor nanowires should also exhibit very high strength-to-

weight ratios—on par with Kevlar.  Furthermore, nanowires can be dispersed relatively 

easily in various solvents by coating their surfaces with ligands.13-15 

 

 

 

Material 

Elastic Modulus 
(GPa) 

Tensile 
Strength 

(GPa) 

Failure Strain 
(%) 

Strength-to-
Weight Ratio 

(kN·m/kg) 

Kevlar 49a 125 3.5 2.3 24.3 

Nomexa 10 0.5 22 3.6 

E-Glassa 75 3.5 4 13.6 

Aluminum Oxidea 350-380 1.7 - 4.6 

Carbon Fiber T-300a 235 3.2 1.4 18.2 

Carbon Fiber M60Ja 585 3.8 0.7 19.6 

Stainless Steel (18-8)a 198 1.0-1.4 - 1.8 

Tungstena 360 5.5 - 0.28 

SWCNT/MWCNTb ~1000 11-63 5-12 85-485 

Si nanowirec 187 12 7 51.5 

Ge nanowire 106d 18e 17e 33.8e 

 

Table 11.1. Mechanical properties (measured) of selected fibers, nanotubes, and 
nanowires.  aFrom reference 16.  bFrom reference 17.  cFrom reference 18.  
dFrom reference 19.  eThis study (Chapter 10).20 

 

As discussed in Chapter 2, the solvent-based, VLS-like, supercritical fluid-liquid-

solid (SFLS) process enables the production of very large amounts of nanowires.21-25  For 

example, more than 1 gram of Ge nanowires can be produced in a single reaction in a 250 

mL vessel.  This approach provides large enough quantities of material, with high enough 

aspect ratios, that new applications of semiconductor nanowires, like fibers and fabrics, 
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can be explored.  Semiconductor materials that are typically brittle are flexible and strong 

in nanowire form, and sheets of semiconductor nanowire fabric should exhibit a unique 

combination of electronic, optical, and mechanical properties that will be useful for a 

variety of future applications.     

 

11.2 EXPERIMENTAL DETAILS 

11.2.1 Materials and Methods 

Macroscopic quantities of Si and Ge nanowires were synthesized by the Au-

seeded supercritical fluid-liquid-solid (SFLS) growth process described in detail in 

Chapter 2.  Surface passivation and functionalization of Ge nanowires was carried out as 

described in Chapters 3 and 4.  Porous alumina filters were purchased from Whatman 

Anodisc (13 mm diameter, 200 nm pores).  Teflon troughs of various dimensions were 

machined from blocks of Teflon and fitted with detachable metal frames for ease of 

fabric removal. 

11.2.2 Fabric Formation 

11.2.2.1 Vacuum-Filtration Method 

The vacuum-filtration method is based off the procedure used by de Heer et al.
2 in 

their 1995 Science paper on the production of carbon nanotube films.  In this method, a 

13 mm diameter disc of alumina with 200 nm pores is placed in a glass conical funnel 

and attached to a filter flask that is hooked up to a vacuum line, as shown in Figure 11.1.  

A dilute solution of ~0.5 mg/mL nanowires in toluene is gradually added to the funnel, 

and toluene is slowly drawn through the filter as a mat of nanowires forms on the surface 

of the alumina disc.  The disc is removed from the funnel, and the fabric is then air-dried 

and peeled from the filter.  The thickness of the nanowire fabric can be tuned simply by 
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changing the nanowire loading on the filter.  For a 13 mm disc of fabric, 1 mg of Ge 

nanowires will produce fabric that is approximately 15 to 20 µm thick.  This method is 

good for producing small samples of fabric quickly; however, there is a limitation to the 

size and the thickness of the fabric that can be produced due to the fact that the filtering 

process slows significantly as the fabric thickness increases. 

 

 
Figure 11.1. Experimental setup for the vacuum-filtration method used to produce 

small 13 mm discs of nanowire fabric on an alumina filter with 200 nm 
pores. 

 



 216 

11.2.2.2 Teflon Trough Method 

Due to the size and scale limitations of the vacuum filtration technique, the Teflon 

trough method is used for the creation of larger fabric sheets.  The Teflon trough method 

is similar to the procedure used by Yuan et al.
26 in their paper describing the formation of 

sheets of potassium manganese oxide nanowires.  In this method, dispersions of 

nanowires in toluene are placed in a Teflon trough and allowed to evaporate, as shown in 

Figure 11.2.  As in the vacuum filtration method, the sheets of nanowire fabric are 

carefully removed from the substrate after the fabric has dried.  Although the Teflon 

trough method enables the creation of larger and thicker sheets of nanowire fabric, the 

technique requires larger quantities of nanowires, and is more time consuming since it is 

limited by the evaporation rate of the solvent, rather than a filtration rate.  Sheets of Si 

nanowire fabric as large as 100 cm2 have been prepared by this method using only 200–

300 mg of nanowires, as seen in Figure 11.3. 
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Figure 11.2. Teflon trough with and without raised metal frame.  Layer of 
monophenylsilane-grown Si nanowires before and after drying. 

 

 

 
 

Figure 11.3. Image of Si nanowire fabric being removed from the Teflon surface, with 
the raised metal frame detached for ease of removal (left).  Free-standing, 
100 cm2 sheet of monophenylsilane-grown Si nanowire fabric (right). 
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11.3 RESULTS AND DISCUSSION 

11.3.1 Fabric Morphology 

The large quantity of nanowires produced by the SFLS method and their high 

flexibility allows for the fabrication of nonwoven ceramic fabric, or paper, of 

semiconductor nanowires.  Figures 11.4 and 11.5 show photographs and SEM images of 

Ge nanowire fabric fabricated by the vacuum-filtration method.  The thickness of the 

fabric can be varied by changing the nanowire loading on the filter.  For instance, 7.5 µm 

thick fabric (Figure 11.5a) required approximately 0.5 mg of Ge nanowires and 25 µm 

thick Ge paper (Figure 11.5b) used approximately 1.25 mg.  On the basis of the mass and 

dimensions of the nanowire paper, the density is approximately 10% of the density of 

bulk Ge, containing roughly 10% Ge nanowires and 90% void space by volume.  Silicon 

nanowire fabric has a similar packing density.  Despite the low density of the material, 

each square centimeter of nanowire fabric contains several billion high aspect ratio 

nanowires. 
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Figure 11.4. (a) Ge nanowire fabric drying on an alumina membrane filter.  (b) Ge 
nanowire fabric after being removed from the filter and being cut into 
sections with scissors.  The disc of nanowire fabric is 13 mm in diameter. 
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Figure 11.5. SEM images of the edges of (a) thin and (b) thick Ge nanowire fabric. 

 

The bottom and top surfaces of the nanowire fabric have slightly different 

textures.  As the SEM images in Figure 11.6 show, the side of the fabric that initially 

interfaces with the filter is much smoother than the top surface.  On the top surface, there 

is the appearance of some nanowire bundling, which becomes more pronounced for 

thicker fabric samples.  As the fabric becomes thicker, the filtering process slows 

considerably and nanowires become more susceptible to bundling and aggregation as 

they are pulled from the solvent onto the fabric surface.  This surface roughness can be 

reduced by using nanowires with better dispersibility. 
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Figure 11.6. SEM images of sections of Ge nanowire fabric. 

 

 Figure 11.7 shows images of Si and Ge nanowire fabric produced by drying a 

dispersion of nanowires on a Teflon trough.  Free-standing nanowire fabric is obtained by 

peeling the resulting structure off of the Teflon substrate.  The fabric is comprised of a 

compressed mat of pure nanowires, as shown in the SEM image in Figure 11.7a. 
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Figure 11.7. (a) SEM image of Ge nanowire fabric.  Sheets of (b) Si and (c) Ge 
nanowire fabric produced by the Teflon trough method.27 

 

11.3.2 Physical Characteristics 

Once the nanowire fabric has been removed from the substrate, it can remain free-

standing, or it can be conformally attached to nearly any surface.  By simply wetting the 

desired substrate and placing the nanowire fabric in contact with surface, a spontaneous 

conformal wrapping process ensues, driven by capillary forces at the interface.  This 

phenomenon makes it possible to “wallpaper” almost any object with a layer of nanowire 

fabric. 
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The fabric is highly flexible, and can even be creased and folded into a Ge 

nanowire paper airplane, as illustrated in Figure 11.8.  Figure 11.9 shows SEM images of 

a creased sheet of Ge nanowire fabric.  As can be seen from the images, the nanowires 

themselves do not permanently bend to form the crease; rather, the nanowires on either 

side of the crease disentangle with one another.  Since there is no driving force for the 

nanowires to re-entangle, the crease is maintained and holds its shape, similar to that of 

regular paper made from cellulose fibers. 

 

 
 

Figure 11.8. Sheet of monophenylsilane-grown Si nanowire fabric (upper left).  Disc of 
Ge nanowire fabric (upper right) used to form Ge nanowire paper airplane 
(bottom). 
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Figure 11.9. SEM images of a creased sheet of Ge nanowire fabric at different 
magnifications. 

 

 Nanowire fabric is also superhydrophobic.  Figure 11.10 shows a droplet of water 

sitting on a sheet of trisilane-grown Si nanowire fabric.  As can be seen from the image, 

the water droplet has a contact angle of roughly 150°.  Conversely, when contacted with 

an organic solvent, the nanowire fabric is capable of absorbing up to 20 times its weight 

due to the high porosity and strong capillary forces within the fabric.  Likewise, when the 

nanowire surfaces are modified to be hydrophilic, as in the case of the nanowire fabric 

made from PEGylated Ge nanowires (Chapter 4) shown in Figure 11.11, no water contact 

angle is measureable, as the droplet is simply absorbed into the fabric like a sponge. 
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Figure 11.10. Droplet of water sitting on a sheet of trisilane-grown Si nanowire fabric. 

 

 
 

Figure 11.11. SEM image of a sheet of PEGylated Ge nanowire fabric. 

 



 226 

 All of the previous examples of nanowire fabric were flexible and robust due to 

the mechanical strength, and high aspect ratio of the nanowire material.  However, if the 

nanowires used to make the fabric are too short, or have poor mechanical properties, the 

resulting material is brittle and will flake into small pieces.  Figure 11.12 shows SEM 

images of a flake of fabric comprised of CuInSe2 nanowires.  The CuInSe2 nanowires 

used to make the fabric were much shorter (on the order of 5 µm in length) and less 

physically robust.  As a result, the CuInSe2 nanowire fabric resulted in a rigid, dense, and 

brittle piece of material, rather than the examples of flexible fabric made from high 

aspect ratio Si and Ge nanowires. 

 

 

Figure 11.12. SEM images of CuInSe2 nanowire fabric.28 
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11.3.3 Electrical Characteristics 

Nanowire fabric made from Si and Ge is typically quite resistive due to the fact 

that charge carriers have to hop from wire to wire throughout the fabric.  Typical 

resistivities for both Si and Ge nanowire fabric are on the order of 10 MΩ·m.  Figure 

11.13 shows a sheet of Ge nanowire fabric on top of a Au IDA electrode, along with 

current-voltage curves collected in the dark, and in the light under AM 1.5 G conditions.  

Despite the high resistivity of the nanowire fabric, it can still act as an adequate 

photodetector, producing over 3 times as much current in the light as in the dark. 

 

 
 

Figure 11.13. Sheet of Ge nanowire fabric placed between two Au IDA electrodes (top).  
Current-voltage characteristics (bottom left) of the nanowire fabric in the 
dark (black), and in the light (grey) under 1 sun (AM 1.5 G) of 
illumination.  The current flowing through the device during alternating 5 
minute cycles of light and dark is also shown (bottom right). 
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11.4 CONCLUSIONS 

Studies of the mechanical properties of Si and Ge nanowires (Chapters 9 and 10) 

have shown that semiconductor nanowires are extraordinarily strong and flexible.  The 

Ge nanowires studied here (Chapters 9 and 10) exhibit strength-to-weight ratios as high 

as 33.8 kN·m/kg, with Si nanowires having strength-to-weight ratios as high as 51.5 

kN·m/kg, well above the values for many commonly used fiber reinforcements (see 

Table 11.1).  As has been seen with the carbon nanotube field, high-strength, one-

dimensional materials with length scales spanning several orders of magnitude are ideal 

for bridging the properties of nanoscale materials with the macroscale.  While carbon 

nanotubes can impart mechanical strength and electrical conductivity to composite 

materials, composites made with semiconductor nanowires not only have the potential to 

gain mechanical strength, but also acquire unique optical properties and functionality due 

to the band structure of the semiconductor.  In addition to use in polymer and fiber 

composites, Si and Ge nanowires have enough mechanical strength and sufficient aspect 

ratios that they can be used as fibers to form free-standing, flexible, semiconductor fabric 

made entirely out of single-crystalline semiconductor nanowires.  A sheet of 

semiconductor fabric with an area of 100 cm2 can be made from 200–300 mg of 

nanowires, and the fabrication of highly flexible ceramic fabrics of Ge and Si nanowires 

was demonstrated.  This macroscopic material made entirely of single-crystalline 

semiconductor nanowires should create interest for a variety of applications, capturing 

many of the interesting properties afforded by semiconductor nanostructures in a 

macroscopic material.   
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Chapter 12:  Optical Properties of Semiconductor Nanowire Fabric 

 

12.1 INTRODUCTION 

Recently, vertically aligned oriented arrays of semiconductor nanowires have 

gained significant interest due to their optical properties.1-7  These two-dimensional 

arrays exhibit significant light-trapping and enhanced absorption.  Subwavelength-

resonance, and waveguiding effects have been shown to lead to strong broadband 

absorption in semiconductor nanowire arrays.2  Ensembles of nanowires have also been 

shown to have extremely low reflectance, with enhanced absorption by light trapping 

through multiple scattering events.
1-5

  These nanowire films are promising for 

antireflective coatings and photovoltaic applications.  Significant effort has been placed 

on finding ways to take these two-dimensional arrays and remove them from their 

substrate in order to create free-standing nanowire arrays, usually embedded in 

polymer.6,7   

Semiconductor nanowire fabric is an interesting candidate for these types of 

materials because it also consists of a highly scattering ensemble of nanowires that can 

have strong light-trapping effects, with enhanced broadband absorption.  Nanowire fabric 

has the added advantage that it is a mechanically robust, self-supported, free-standing 

semiconductor material that does not require a polymer matrix. 

As shown schematically in Figure 12.1, the interactions between light and a 

highly scattering material like nanowire fabric can be quite complex.  As a result, a 

detailed analysis must be applied to account for the complicated nature of the interactions 

(Appendix C).  Optical measurements of the material also need to account for light which 

is scattered in all directions.  The implementation of an integrating sphere allows for the 
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full accounting of all of the incident photons that pass through, interact with, and scatter 

off of the material. 

 

 

 
Figure 12.1. Schematic diagram illustrating the complexity of the interactions between 

light and a strongly scattering material like nanowire fabric. 

 

12.2 EXPERIMENTAL DETAILS 

12.2.1 Materials and Methods 

Ge nanowires were synthesized from diphenylgermane using the Au nanocrystal-

seeded SFLS growth process described in detail in Chapter 2.  Monophenylsilane-grown 

and trisilane-grown Si nanowires (courtesy of Aaron Chockla) were also prepared as 

described in Chapter 2.  The nanowires were then dispersed in toluene, sonicated, and 

formed into 1.5 cm x 2.5 cm sheets of fabric using the Teflon trough method, as 

described in Chapter 12. 

Sheets of monophenylsilane (MPS)-grown Si nanowire fabric were also prepared 

from Si nanowires that had the amorphous polyphenylsilane shell chemically removed 
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(courtesy of Timothy Bogart).  In order to remove the shell material, MPS-grown 

nanowires were dispersed in chloroform and stirred into an emulsion with aqua regia (3:1 

volume ratio of HCl:HNO3) for 3.5 hours.  The nanowires were then collected, washed, 

and re-dispersed into chloroform.  A 1:1:1 volume solution of HF:H2O:EtOH was then 

added and stirred into an emulsion for 15 minutes.  After stirring, the bare MPS-grown 

nanowires were collected and formed into fabric. 

Sheets of Au-removed, trisilane-grown Si nanowire fabric were also prepared 

(courtesy of Timothy Bogart).  In order to remove the Au used to catalyze the trisilane Si 

nanowire growth process, trisilane-grown Si nanowires were dispersed in chloroform and 

stirred into an emulsion with a 1:1:1 volume solution of HF:H2O:EtOH for 30 minutes.  

After stirring, the nanowires were collected, washed, and re-dispersed in chloroform.  A 

solution of aqua regia (3:1 volume ratio of HCl:HNO3) was then added and stirred into an 

emulsion for 1.5 hours.  The nanowires were then collected and re-dispersed in ethanol, 

and the process was repeated two more times using ethanol as the solvent. 

12.2.2 The Integrating Sphere 

Figure 12.2 shows a top view of the Labsphere DRA-CA-5500 integrating sphere, 

which was attached to a Cary 500 UV-vis-NIR spectrophotometer, and used to measure 

the optical properties of the nanowire fabric.  The actual integrating sphere is highlighted 

by the green circle in the figure, and is coated with a highly diffuse reflective material 

that reflects over 95% of the incident light over a spectral range of 250 to 2500 nm.  The 

sample beam is reflected off mirrors M1 through M3 and passes into the entrance port of 

the integrating sphere.  Likewise, a reference beam is reflected off mirrors M4 and M5 

and also passes into the chamber.  A photodetector is located in the bottom of the sphere, 

and baffles located within the sphere prevent direct reflections onto the photodetector. 
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Figure 12.2. Top view of the Labsphere DRA-CA-5500 integrating sphere used to 

measure the optical properties of the nanowire fabric.  The actual 
integrating sphere is highlighted by the green circle, while the rest of the 
diagram shows the associated optics. 

 

 For a given measurement, light at a specific wavelength is passed through the 

entrance port of the sphere and interacts with the sample.  The resultant intensity in the 

sphere is measured by the photodetector, and then a reference beam with the same 

wavelength is passed into the sphere without directly interacting with the sample, and the 

reference intensity is also recorded.  The ratio of the intensities then determines how 

much light was attenuated by the sample.  These alternating measurements are made 

automatically for each wavelength as the sample is scanned.   

In order to measure the total reflectance of a sample, the sample is placed in the 

sample reflectance port on the back side of the sphere.  For these measurements, the 

sample beam is focused onto the back side of the integrating sphere, making sure the 

beam spot is completely encompassed by the sample surface.  This measurement detects 
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all of the diffusely and specularly reflected light from the sample.  In order to determine 

the fraction of reflected light that is diffusely reflected, a light trap is inserted into the 

sphere, which optically traps the specularly reflected beam.  The combination of these 

two measurements determines the total reflectance of the sample, as well as the 

breakdown between specular and diffuse contributions.  For nanowire fabric samples, the 

reflectance was entirely diffuse. 

To measure the total (diffuse + direct) transmittance of a sample, the sample is 

placed such that it spans the entrance port of the sample beam on the front side of the 

integrating sphere.  The focal point of the sample beam is then moved to the front surface 

of the sphere.  This measurement detects all of the light that passes through the sample.  

In order to determine the fraction of transmitted light that is diffusely transmitted, a 

normal transmittance measurement on a regular spectrophotometer can be used to 

measure the directly transmitted beam.  The difference between the total transmittance 

measured by the integrating sphere, and the directly transmitted beam determines the 

fraction of the light that is diffusely transmitted. 

As a check, the amount of light absorbed by the sample is also determined.  In 

order to do this, the sample is suspended in the center of the integrating sphere through 

the upper port using a clip-style mount, and the sample beam is focused in the center of 

the sphere, such that the beam is encompassed entirely by the suspended sample.  In this 

configuration, the integrating sphere simultaneously collects all of the transmitted and 

reflected light (known as a transflectance measurement), with the remainder being the 

fraction of light absorbed by the sample (the absorptance).   

The combination of these five measurements allows for the full accounting of all 

the photons incident on the sample (diffuse reflectance + specular reflectance + diffuse 

transmittance + direct transmittance + absorptance = 1).  For each measurement 
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configuration it was necessary to move the focal point of the sample beam (back surface 

of the sphere for reflectance measurements; front surface of the sphere for transmittance 

measurements; center of the sphere for absorptance (transflectance) measurements) by 

changing the position of mirror M3.  For each of the five measurements, a new zero and 

baseline were collected to account for changes in the measurement configuration. 

12.2.3 Optical Measurements 

In order to measure the optical properties of the nanowire fabric samples, it was 

necessary to make the fabric taut and immobilized, such that the configuration of the 

sample did not shift during the measurement.  As such, each sheet of nanowire fabric was 

placed in a semi-rigid frame made from card stock, aluminum foil, and double-sided tape. 

Frames were formed by cutting 3.0 cm x 3.4 cm rectangles out of card stock, 

which were covered on one side by double-sided tape.  The adhesive-covered side of the 

card stock was then adhered to the polished side of a sheet of aluminum foil, leaving 

plenty of excess aluminum foil around the perimeter of the frame.  A razor blade was 

then used to cut a 1.4 cm x 2.4 cm window through the center of the frame.  The excess 

aluminum foil was then cut and folded over the top side of the frame, such that all 

surfaces of the frame are covered in highly reflective aluminum foil.  This aluminum foil 

layer serves to decrease the likelihood that secondary reflections will be absorbed by the 

frame.  The folded flaps of aluminum foil were then unfolded, and small pieces of 

double-sided tape were placed on opposing sides of the window edges.  The frame was 

then lowered (adhesive side down) and adhered onto one of the pre-cut sheets of 

nanowire fabric, and the aluminum foil flaps were folded back down to hold the entire 

structure in place.  Figure 12.3 shows photographs of free-standing sheets of framed 
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trisilane (TS)-grown Si nanowire fabric, monophenylsilane (MPS)-grown Si nanowire 

fabric, and diphenylgermane (DPG)-grown Ge nanowire fabric. 

 

 
 

Figure 12.3. From right to left: framed sheets of free-standing Si nanowire fabric 
grown from trisilane (left), Si nanowire fabric grown from 
monophenylsilane (center), and Ge nanowire fabric grown from 
diphenylgermane (right). 

 

12.3 RESULTS AND DISCUSSION 

As shown in Figure 12.4, the light that impinges upon a sample can either be 

directly transmitted through the sample (blue), transmitted through the sample and 

scattered off-angle – diffusely transmitted – (light blue), specularly reflected (orange), 

scattered and reflected off-angle – diffusely reflected – (pink), or it can be absorbed by 

the sample (black).  These colors will be used to represent the different fractions of the 

light transmitted, reflected, and absorbed in the following sections.  Also, nanowire fabric 

is a diffuse reflector, so no specular component is shown in any of the subsequent plots. 
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Figure 12.4. Illustration showing light being directly transmitted (blue), diffusely 
transmitted (light blue), specularly reflected (orange), diffusely reflected 
(pink), and absorbed (black) by a sample. 

 

12.3.1 Germanium Nanowire Fabric 

Figure 12.5 shows the optical characterization for the sheet of Ge nanowire fabric 

shown in Figure 12.3.  The fabric has a brown appearance in color.  As can be seen from 

Figure 12.5, the fabric absorptance begins to increase above the band edge for Ge, and 

above 1.0 eV, between 75 and 90% of the incident light is absorbed by the fabric.  Even 

though the fabric is made of a thin ~50 µm thick sheet of indirect semiconductor, the 

fabric is completely opaque to all incident light above 0.8 eV, and lets less than 20% of 

the incident NIR light between 1550 nm and 2500 nm pass through the sample. 
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Figure 12.5. Optical characterization of free-standing Ge nanowire fabric. 

 

12.3.2 Monophenylsilane-Grown Silicon Nanowire Fabric 

12.3.2.1 As-Made Fabric 

Figure 12.6 shows the optical characterization for the sheet of as-made MPS-

grown Si nanowire fabric shown in Figure 12.3.  The fabric has a light yellow appearance 

in color.  Absorption peaks from the amorphous polyphenylsilane shell that coats the 

nanowires can be seen on the baseline in Figure 12.6 above 1600 nm.  Absorptance also 

starts to increase above the band edge for Si; however, significant levels of absorption are 

only achieved at energies greater than 2.5 eV.  Nevertheless, the nanowire fabric is 

completely opaque at energies above 1.5 eV, with only a small (less than 25%) fraction 

of the light at lower energy passing through the fabric.  At most wavelengths, nearly 65% 

of the impinging light is diffusely reflected off the fabric surface. 
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Figure 12.6. Optical characterization of free-standing Si nanowire fabric synthesized 
from as-made MPS-grown Si nanowires. 

 

12.3.2.2 Shell Scattering Effects 

In order to investigate the effect of the amorphous polyphenylsilane shell on the 

optical properties of MPS-grown Si nanowire fabric, an aliquot of the nanowires used in 

Figure 12.6 was collected, and the shell was etched off of the surface of the nanowires 

prior to fabric formation.  Figure 12.7 shows the optical characterization of MPS-grown 

Si nanowire fabric that has the polyphenylsilane shell removed from the surface.  

Interestingly, in the absence of the shell, some of the NIR light is directly transmitted 

through the nanowire material without scattering.  Likewise, the reflectance of the 

nanowire fabric is also reduced.  Effectively, removal of the shell reduces the amount of 

scattering in all directions, both forward and backward, allowing more light to pass 
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directly through the sample without scattering.  The majority of the distinct shell 

absorption peaks on the baseline in Figure 12.6 are absent in Figure 12.7 due to the 

removal of the amorphous shell material.  The baseline absorptance in the NIR is also 

reduced, and the shape of the Si absorptance feature is more distinct, with absorption 

increasing above the band edge (1.1 eV) and the direct gamma-gamma optical transition 

at 365 nm (3.4 eV) also visible. 

 

 
 

Figure 12.7. Optical characterization of free-standing Si nanowire fabric synthesized 
from MPS-grown Si nanowires with the amorphous polyphenylsilane shell 
removed. 

 

 Figure 12.8 shows a comparison between the absorptance characteristics of MPS-

grown Si nanowire fabric with and without the shell material.  Removal of the 

polyphenylsilane shell reduces the overall absorption in the NIR, and eliminates some of 
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the absorption in the UV, making the direct gamma-gamma transition at 365 nm visible.  

The spectra are very similar in the visible region, as can be seen in the visual comparison 

(Figure 12.9) between MPS-grown Si nanowire fabric with and without the amorphous 

polyphenylsilane shell coating the nanowires.  The nanowires with the shell removed are 

only slightly lighter in color than the nanowires with the shell present. 

 

 
 

Figure 12.8. Absorptance spectra for MPS-grown Si nanowire fabric with (tan) and 
without (grey) an amorphous polyphenylsilane shell. 
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Figure 12.9. Photographs of MPS-grown Si nanowire fabric with (left) and without 
(right) an amorphous polyphenylsilane shell. 

 

12.3.3 Trisilane-Grown Silicon Nanowire Fabric 

12.3.2.1 As-Made Fabric 

Figure 12.10 shows the optical characterization for the sheet of as-made trisilane-

grown Si nanowire fabric shown in Figure 12.3.  Almost no light passes through the 

fabric across all wavelengths from 250 to 2500 nm.  There is also broad absorptance 

(greater than 70%) of the light across all wavelengths, in stark contrast to the other 

samples of Si nanowire fabric that were tested.  The anomalous optical characteristics of 

the as-made trisilane-grown Si nanowire fabric appear more like a metal than a 

semiconductor.  No band edge is apparent in the spectra, with only a slight decrease in 

the absorptance at around 800 nm.  In fact, the spectra are most similar to what one 

would expect from a fabric made of Au fibers, with only the direct gamma-gamma 

absorption band of Si coming through at 365 nm. 
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Figure 12.10. Optical characterization of free-standing Si nanowire fabric synthesized 
from as-made trisilane-grown Si nanowires. 

 

12.3.2.2 Gold Removal 

Figure 12.10 indicates that the optical characteristics of as-made trisilane-grown 

Si nanowire fabric are significantly influenced by the presence of Au.  This is not 

necessarily surprising considering the extremely high Au concentrations that are required 

to prevent trisilane from simply homogeneously nucleating and forming amorphous Si 

particles as it decomposes.  Recall from Chapter 2 that trisilane nanowire growth requires 

Au nanocrystal concentrations of 25,000 mg/L along with a 1800 mM trisilane 

concentration.  These values are orders of magnitude higher than the 40 mg/L Au 

concentration and 135 mM monophenylsilane concentration used to form MPS-grown Si 

nanowires.  The amount of Au in the native trisilane-grown Si nanowires is so high, that 

Au peaks are even visible in X-ray diffraction scans of the material (Figure 12.11). 
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Figure 12.11. X-ray diffraction pattern (courtesy of Aaron Chockla) of native as-made 
trisilane-grown Si nanowires.  Si reflections are labeled in black, while Au 
reflections are labeled with red stars. 

 

 In order to determine the effect of the Au present in the native trisilane nanowire 

material, an aliquot of the nanowires used in Figure 12.10 was collected, and the Au was 

chemically etched from the sample.  Figure 12.12 shows the optical characterization of 

trisilane-grown Si nanowire fabric after the removal of Au from the sample.  As can be 

seen from the figure, the spectra look nothing like the native as-made trisilane-grown Si 

nanowires (Figure 12.10).  Instead the spectra look more like what one would expect for 

Si, with absorbance increasing above the Si band edge at 1125 nm.  Notably, much less 

light is transmitted through this sample than the bare MPS-grown Si nanowire fabric 

shown in Figure 12.7.  This is likely due to the fact that trisilane-grown Si nanowires 

have diameters twice as large as MPS-grown Si nanowires (Chapter 2), making it more 

difficult for light to propagate through the sample without being absorbed or back-

scattered. 
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Figure 12.12. Optical characterization of free-standing Si nanowire fabric synthesized 
from trisilane-grown Si nanowires with the Au chemically removed from 
the sample. 

 

 Figure 12.13 shows a visual comparison between trisilane-grown Si nanowire 

fabric with and without the presence of Au.  The as-made nanowires with Au present are 

much darker in color than the nanowires with the Au removed, which look qualitatively 

similar to the MPS-grown nanowires shown in Figure 12.9.  Figure 12.14 shows a 

comparison between the absorptance characteristics of trisilane-grown Si nanowire fabric 

with and without the presence of Au.  For as-made trisilane-grown Si nanowire fabric, 50 

to 70% of the absorptance in the NIR is due to Au. 
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Figure 12.13. Photographs of trisilane-grown Si nanowire fabric with (left) and without 
(right) the presence of Au. 

 

 
 

Figure 12.14. Absorptance spectra for trisilane-grown Si nanowire fabric with (red) and 
without (brown) the presence of Au. 

 

12.3.4 Kubelka-Munk Analysis 

In order to determine the ratio of the absorption coefficient (�) to the scattering 

coefficient (�) for each type of fabric, a Kubelka-Munk analysis was performed 
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(Appendix C).  Figure 12.15 shows a Kubelka-Munk plot for the Ge nanowire fabric also 

shown in Figures 12.3 and 12.5.  The increase in absorption at the band edge is readily 

apparent, reaching a maximum at 475 nm.   The imaginary portion of the dielectric 

constant � (often called the extinction coefficient) for Ge is maximized near this 

wavelength, resulting in high levels of absorption.  Compounding this effect is the fact 

that Ge nanowires have a very high scattering cross section at 500 nm (Chapter 8).  Light 

that enters the fabric at this wavelength is scattered over and over again, dramatically 

increasing the path length of the light and the number of interactions with the nanowires, 

greatly enhancing the chance of absorption.  This scattering effect dominates the spectra 

for the nanowire fabric, with the internal light-trapping, or waveguiding, effect observed 

at 600 nm in dispersed Ge nanowires (Chapter 8) exhibited as a slight shoulder in the 

Kubelka-Munk plot. 

 

 
 

Figure 12.15. Kubelka-Munk plot for SFLS-grown Ge nanowire fabric. 
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 Figure 12.16 shows Kubelka-Munk plots for each of the different varieties of Si 

nanowire fabric discussed above.  The additional UV absorption of the amorphous 

polyphenylsilane shell is clearly apparent from a comparison between the Kubelka-Munk 

plots of MPS-grown Si nanowire fabric with and without a shell.  Likewise, the 

additional absorption from the excess Au present in the as-made trisilane-grown Si 

nanowire fabric is also readily apparent.  The as-made trisilane Si nanowire fabric 

continues to absorb out into the NIR, but all of the other Si nanowire samples drop to 

baseline and begin to absorb above the band edge at 1125 nm.  Nevertheless, none of the 

samples absorb significantly until 500 nm.  This is markedly different than the Kubelka-

Munk plot for Ge (Figure 12.15), which shows significant absorption all the way out to 

1500 nm. 

 
 

Figure 12.16. Kubelka-Munk plots for monophenylsilane-grown Si nanowire fabric with 
(tan) and without (grey) an amorphous polyphenylsilane shell, along with 
Kubelka-Munk plots for trisilane-grown Si nanowire fabric with (red) and 
without (brown) the presence of Au. 
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The Kubelka-Munk plots for the bare trisilane-grown Si nanowire fabric with the 

Au removed, and the bare monophenylsilane-grown Si nanowire fabric with the shell 

removed show qualitatively similar features.  The only difference is that trisilane-grown 

Si nanowire fabric exhibits a slightly higher � �⁄  ratio than monophenylsilane-grown Si 

nanowire fabric.  Since the Kubelka-Munk analysis determines the � �⁄  ratio for cross-

sectional slices of nanowire fabric (Appendix C), this difference is likely due to the fact 

that trisilane-grown Si nanowires have diameters twice as large as monophenylsilane-

grown Si nanowires (Chapter 2).  Consequently, a given slice of trisilane-grown Si 

nanowire fabric will have a slightly larger cross-sectional area of Si than a slice of 

monophenylsilane-grown Si nanowire fabric, and therefore, a slightly higher value of �. 

 

12.4 CONCLUSIONS 

The optical properties of free-standing semiconductor nanowire fabric made from 

Ge and Si nanowires were investigated.  These materials were found to be highly 

scattering.  Very thin, free-standing ~50 µm thick sheets of made from indirect 

semiconductors with 90% void space allowed only extremely small amounts of light to 

pass through below the band edge of the material, with no light penetrating above the 

band edge.  The transmitted NIR light was less than 20% for Ge nanowire fabric, and less 

than 10% for nanowire fabric made from trisilane-grown Si nanowires.  In contrast, a Si 

wafer generally allows over 40% of the incoming NIR light to pass through, with the 

majority of the rest reflected off the wafer surface.  Removal of the amorphous 

polyphenylsilane shell from monophenylsilane-grown Si nanowires decreased the overall 

scattering in the fabric, reducing the reflectance of the material, and allowing more light 

to pass directly through the fabric without being scattered.  As-made trisilane-grown Si 
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nanowire fabric was shown to have optical properties dominated by the large quantities 

of Au used in the trisilane synthesis process.  The large amount of scattering that occurs 

within the nanowire fabric causes light that enters to be scattered over and over again, 

and in some cases, waveguiding effects concentrated light within the volume of the 

nanowire, effectively trapping the incoming radiation.  The combination of these effects 

dramatically increases the path length of the light and the number of interactions with the 

nanowires, greatly enhancing the chance of absorption. 
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Chapter 13:  Conclusions and Future Directions 

 

13.1 CONCLUSIONS 

13.1.1 Nanowire Growth 

The SFLS growth process is an excellent platform for producing macroscopic, 

gram-scale quantities of high-quality semiconductor nanowires in only a matter of hours.  

Nanowires produced by this method have extraordinarily high aspect ratios for single 

crystals of semiconductor, as well as extremely large surface area to volume ratios.  For 

Si nanowire growth, reactive carbon-free precursors like trisilane result in high growth 

rates and clean surfaces; however, trisilane processes require special equipment and 

extreme care due to the pyrophoricity of trisilane, as well as extremely high 

concentrations of seed particles.  Producing Si nanowires from monophenylsilane is 

much safer than trisilane processes, but the amorphous polyphenylsilane shell that coats 

the surface of the nanowires must be controlled before significant progress can be made 

with the material.  The large surface area to volume ratio of nanowires can create 

problems with electronic surface states and oxidation; however, it should be pointed out 

that this large amount of surface area can also be taken advantage of for applications like 

chemical sensing and biological applications. 

13.1.2 Passivation and Functionalization 

Ge nanowires passivated with alkyl and alkanethiol layers were shown to be 

resistant to reasonably harsh oxidizing conditions.  In almost all cases, passivated Ge 

nanowires did not exhibit observable oxidation when exposed to boiling water or sulfuric 

acid.  This is due in part to the hydrophobicity of the protective monolayer that prevents 

water penetration through the passivation layer.  Stronger oxidizing agents, like hydrogen 
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peroxide and sulfuric acid dissolved in dioxane did corrode the nanowires.  Alkyl and 

thiol bonded monolayers exhibited nearly equivalent stability, with the exception of the 

case of peroxide exposure, in which case Ge–C bonded monolayers were slightly more 

resistant to oxidative attack than Ge–S bonded monolayers.  Thermal oxidation studies 

also showed similar stability, with alkanethiol passivated Ge nanowires oxidizing at only 

slightly lower temperature than hydrogermylated nanowires.  These results confirm that 

alkyl and alkanethiol passivation layers provide an adequate oxidation barrier for most 

applications, and that direct in situ thermal hydrogermylation and thiolation provide 

simple and attractive ways of achieving chemically stable Ge surfaces. 

Thermal oxidation studies of Si nanowires indicate that the amorphous 

polyphenylsilane shell that coats monophenylsilane-grown Si nanowires acts as an 

oxidation barrier that helps to protect the Si nanowire core.  Thermogravimetric analysis 

of the material also indicated that monophenylsilane-grown Si nanowires consist of 1/3 

shell material by mass, and that the amorphous polyphenylsilane shell material is 

comprised of 2/3 aromatic hydrocarbon and 1/3 oligomeric Si by mass. 

A platform for the PEGylation of Ge nanowires was also developed.  Ge 

nanowires were functionalized by in situ thermal thiolation with mercaptoundecanoic 

acid, and then EDC/NHS chemistry was used to attach amine-terminated PEG to the 

carboxylic acid terminated nanowire surface.  ATR-FTIR confirmed that the amine 

terminus of the PEG was covalently linked to the carboxyl terminus of the 

mercaptoundecanoic acid functionalized nanowires via an amide bond, yielding 

mercaptoundecanoic-amide-polyethylene glycol functionalized Ge nanowires.  HRTEM 

showed a conformal 5 nm thick layer of PEG around each nanowire.  The PEGylated Ge 

nanowires were extraordinarily dispersible in DMSO, forming suspensions that were 
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stable for several days at a time.   In addition, the PEGylated Ge nanowires completely 

disperse in aqueous solutions and flocculate rapidly at high salt concentrations.   

Attempts at doping Ge nanowires using chemical surface functionalization with 

boron and phosphorus containing molecules had mixed results.  Rapid thermal annealing 

was shown to lead to surface oxidation, and to destroy the processability of the nanowire 

material by burning off the passivation layer.  Attempts at boron doping of Ge with 

allylboronic acid pinacol ester categorically failed, due to thermal hydrolysis of the 

allylboronic acid pinacol ester into its associated acid and diol during the anneal, causing 

the acid to completely destroy the nanowire morphology.  In situ thermal annealing of 

trioctylphosphine oxide coated Ge nanowires, with subsequent alkanethiol surface 

passivation showed the most promise, leading to fully dispersible phosphorus-containing 

Ge nanowires with enhanced electrical conductivity.  Nevertheless, significant progress 

in the area of doping is extremely important to the development of the semiconductor 

nanowire materials investigated here.  

13.1.3 Charging and Manipulation 

Electrostatic charging was shown to be a handle that could be used to manipulate 

semiconductor nanowires.  Semiconductor nanowires in vacuum, air, or even dispersed in 

low dielectric constant, low-conductivity solvents, were shown to move in response to 

externally applied electrostatic fields.  By electrostatically charging surfaces, nanowires 

could be preferentially deposited onto selective areas of a substrate, with nanowires 

strongly attracted to negatively charged surfaces.  The implementation of an AC bias 

between two electrodes causes an alternating attraction between the two surfaces, 

ultimately resulting in nanowires spanning the electrode gap.  Tuning the strength of the 

alternating electric field can also be used to control the quantity of nanowires deposited, 
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while the orientation of the field can be used to align the nanowires.  Though problematic 

at times, electrostatic charging proves to be very useful in the deposition and 

manipulation of semiconductor nanowires.  Devices prepared using the AC field 

deposition method showed large capacitive effects and a large amount of hysteresis.  

Ways to manage hysteresis in Si nanowire FETs will need to be implemented if nanowire 

FETs are to be eventually incorporated into commercial devices. 

13.1.4 Phase Transitions and Diffusion 

In situ TEM has proven to be a useful tool to provide new insight about 

nucleation, growth, and heterostructure formation in nanomaterials, as well as enabling 

the real-time observation of dynamic processes like impurity diffusion.  The interface of a 

Ge nanowire attached to a Au seed particle was observed in the TEM as it was heated to 

900°C within a volume-restricting carbon shell.  The Au seed particle melted when the 

temperature reached the eutectic point, which was slightly depressed relative to the bulk.  

The melt then shifted from the spherical cap to the neck of the nanowire, and Ge 

recrystallized in its place due to the development of a capillary pressure within the carbon 

shell.  At higher temperature, solid-state diffusion of Au into the Ge nanowire was 

observed.  Lower than expected diffusion coefficients were observed, revealing that a 

small, nanoscale reservoir of Au is unable to support an equilibrium population of 

interstitial Au atoms, resulting in only slow, substitutional Au diffusion, and diffusion 

coefficients orders of magnitude lower than bulk values.  Stable confinement of the 

nanoscale Au-Ge system by the carbon shell enabled the observation of a variety of 

physical transformations without a loss of the nanostructure or a change in size and 

shape, which provided a picture of how size and shape affect each of these physical 

processes. 
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While investigating diffusion in Si nanowires, it was observed that Au diffusing 

from an unlimited source diffused 1–2 orders of magnitude faster in Si nanowires than in 

bulk Si, suggesting that Si nanowires are able to support larger populations of interstitial 

impurity atoms than bulk Si.  However, the diffusion coefficient can decrease by orders 

of magnitude in diffusion systems that undergo interstitial-substitutional exchange when 

the quantity of metal available is limited and the system cannot achieve an equilibrium 

population of interstitial impurity atoms.  In the cases of Cu and Ni, their fast diffusion 

led to very rapid silicide formation; however, physical encapsulation of Si nanowires 

with carbon was found to restrict silicide formation to phases with minimal volume 

change, also dramatically altering the rate of diffusion.  Defects and surfaces have 

dramatic effects on diffusion behavior in nanoscale materials, and it is important to 

consider that diffusion rates in nanostructures can be vastly different than their bulk 

counterparts. 

13.1.5 Optical Properties 

Ge nanowires dispersed in polymer and in a solvent were used to measure the 

optical properties of Ge nanowires.  The absorbance spectra of the nanowires were 

markedly different from bulk Ge.  Extinction spectra were calculated using the DDA to 

understand in more detail why the absorbance exhibits a peak at around 600 nm and why 

light absorption is stronger than bulk Ge near the absorption edge.  The calculations 

showed that the extinction spectra depend significantly on the dimensions of the 

nanowires and their relative orientation with respect to the incident electric field 

polarization and displayed qualitative agreement with the experimentally measured 

spectra.  The absorption peak at 600 nm and the anomalous wavelength dependence of 

the extinction spectra near the absorption edge arise from light trapping, or waveguiding, 
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due to the nanowire geometry and the local maximum in the index of refraction of Ge 

near 600 nm, consistent with other recent studies of Ge nanowire optical response. 

13.1.6 Mechanical Properties 

The fundamental resonance frequency and mechanical quality factor were 

measured for Ge nanowire cantilevers with diameters varying between 50 and 140 nm.  

The Young’s modulus for the Ge nanowire cantilevers was found to be independent of 

diameter, whereas the mechanical quality factor decreased with decreasing diameter.  The 

mechanical properties related to Ge–Ge bonding in the core of the nanowire, such as the 

Young’s modulus, do not differ from that of the bulk material for diameters larger than 

~10 nm.  However, properties that are very sensitive to the surface, such as the energy 

dissipation of an oscillating nanowire cantilever, change significantly with decreasing 

nanowire diameter. 

The maximum radius of curvature and flexural strain of individual Ge nanowires 

were measured by bending the wires to the point of fracture with tungsten probes.  The 

Ge nanowires were found to be extremely flexible, allowing bending all the way to a 67 

nm radius of curvature for the smallest diameters investigated.  Ge nanowires were found 

to tolerate exceptionally high strains up to 17%, well in excess of the values of bulk Ge. 

The maximum radius of curvature and maximum strain increased with decreasing 

nanowire diameter, as expected from a decrease in defects in the reduced volume of the 

material.  The bending strengths of the Ge nanowires were determined to be equal to the 

theoretical fracture strengths of a defect-free, perfect crystalline solid.  Room temperature 

plasticity was also observed at extremely high strains.  Plastically deformed Ge 

nanowires exhibited amorphization at the point of maximum strain.  These observations 



 258 

demonstrate the remarkable flexibility and strength of Ge nanowires, illustrating their 

potential as building blocks for future applications. 

13.1.7 Nanowire Fabric 

Studies of the mechanical properties of Si and Ge nanowires have shown that 

semiconductor nanowires are extraordinarily strong and flexible.  Ge nanowires exhibit 

strength-to-weight ratios higher than both Kevlar and carbon fiber, with Si nanowires 

possessing strength-to-weight ratios more than double that of Kevlar and carbon fiber due 

to their low density relative to Ge.  One-dimensional materials with length scales 

spanning several orders of magnitude are ideal for bridging the properties of nanoscale 

materials with the macroscale.  Composites made with semiconductor nanowires not only 

have the potential to gain mechanical strength, but also acquire unique optical properties 

and functionality due to the band structure of the semiconductor.  In addition to use in 

polymer and fiber composites, Si and Ge nanowires have enough mechanical strength 

and sufficient aspect ratios that they can be used as fibers to form free-standing, flexible, 

semiconductor fabric made entirely out of single-crystalline semiconductor nanowires.  

Sheets of semiconductor fabric with an area of 100 cm2 can be made from 200–300 mg of 

nanowire material.  This macroscopic material made entirely of single-crystalline 

semiconductor nanowires should create interest for a variety of applications, capturing 

many of the interesting properties afforded by semiconductor nanostructures in a 

macroscopic material. 

Free-standing sheets of semiconductor nanowire fabric made from Ge and Si 

nanowires were found to have interesting optical properties and to be highly scattering.  

Very thin ~50 µm thick sheets of Si and Ge nanowire fabric (indirect semiconductors) 

with 90% void space were found to be opaque across nearly all wavelengths ranging from 
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the ultraviolet to the near infrared.  Only extremely small amounts of light below the 

band edge of the semiconductor were able to pass through the fabric, with no light 

penetrating above the band edge.  The transmitted NIR light was less than 20% for Ge 

nanowire fabric, and less than 10% for nanowire fabric made from trisilane-grown Si 

nanowires.  In contrast, a Si wafer generally allows over 40% of the incoming NIR light 

to pass through, with the majority of the rest reflected off the wafer surface.  Removal of 

the amorphous polyphenylsilane shell from monophenylsilane-grown Si nanowires was 

found to decrease the overall scattering in the fabric, reducing the reflectance of the 

material, and allowing more light to pass directly through the fabric without being 

scattered.  As-made trisilane-grown Si nanowire fabric was shown to have optical 

properties dominated by the large quantities of Au used in the trisilane synthesis process.  

Removal of the Au resulted in optical properties similar to that of other varieties of Si 

nanowire fabric.  The large amount of scattering that occurs within the nanowire fabric 

causes light that enters to be scattered over and over again, and in some cases, 

waveguiding effects concentrated light within the volume of the nanowire, effectively 

trapping the incoming radiation.  The combination of these effects dramatically increases 

the path length of the light and the number of interactions with the nanowires, greatly 

enhancing absorption. 

 

13.2 FUTURE DIRECTIONS 

In the future, the SFLS growth process has the potential to be scaled up to reactor 

systems that have the capability of producing nanowires on a kilogram scale.  These 

materials have potential for bulk integration into electronic devices as thin film 

transistors, or in composite materials, textiles, and other devices.  The robust mechanical 
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properties of semiconductor nanowires also make them an interesting candidates for 

structural and composite applications. 

In all cases, careful control of the surface properties of these materials will be 

very important.  Care will need to be taken in order to successfully manage oxidation 

processes on nanowire surfaces, and the surface will need to be utilized as a handle for 

helping the nanostructure actively interact with the outside environment.  The carboxylic 

acid functionalization of nanowire surfaces, coupled with EDC/NHS chemistry is a 

general platform which could be used to covalently tether a wide variety of organic 

macromolecules to nanowire surfaces, which is an important first step for applications 

that require specific surface chemistries, such as bone and tissue scaffolds, as well as 

other biological and chemical sensing applications. 

There is very little understanding of the dramatic effects that defects and surfaces 

have on diffusion behavior in nanowires and other nanoscale materials, and there is 

significant opportunity to investigate dynamic thermodynamic properties of these 

systems using in situ TEM.  There are whole categories of unexplored materials systems 

where real time electron microscopy experiments, such as observing diffusion dynamics 

in nanostructures, may lead to new discoveries.  As microscopy techniques become more 

advanced, the number of experiments that can be carried out within the electron 

microscope will increase dramatically.  Future in situ stages that allow temperature 

control and sample manipulation, as well as electrical, mechanical, and spectroscopic 

sensing simultaneously, or in various combinations will enable many different dynamic 

experiments on single or multiple nanostructures, all recorded in real time. 

There is also significant potential to engineer the absorption and light trapping 

behavior of semiconductor nanowire devices and films by tuning their size-, shape-, and 

orientation-dependent optical interactions.  This may be carried out in carefully 
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controlled arrays of nanowires, or potentially in a material such as semiconductor 

nanowire fabric.  One of the most promising applications of semiconductor nanowire 

fabric is in lithium ion batteries.  The large interfacial area of the nanowires is especially 

attractive for battery anodes, allowing solid-state processes like lithium insertion to 

happen very efficiently, with the nanowire geometry helping to accommodate very large 

volume expansions due to lithium incorporation.1   

In the future, free-standing fabrics of semiconductor nanowires may find several 

other possible applications.  For example, Si nanowires have received a lot of attention 

for thermoelectric applications due to their low thermal conductivity.  Efficient 

thermoelectric materials require low thermal conductivities while maintaining sufficient 

electrical conductivity, and much effort has been placed on independently tuning these 

parameters independently.2  Since phonons are scattered at interfaces and surfaces, 

structures with increased surface area to volume ratios generally have lower thermal 

conductivity.  As a result, nanowire fabric consisting of a random network of Si 

nanowires is also likely to have very interesting thermal properties.  While maintaining 

high levels of electrical conductivity for thermoelectric applications may prove to be a 

challenge, nanowire fabric could be useful for thermal management applications as a 

highly-insulating layer with unique optical properties. 

Another promising avenue for the bulk application of semiconductor nanowires is 

their use in photoelectrochemical cells for water splitting, or other fuel generation.  This 

application takes advantage of both the electronic band structure of the semiconductor, 

and the chemical activity of the extremely large quantity of surface afforded by the 

nanowires.  Photoelectrochemical cells made from nanowire arrays have already been 

demonstrated,3 and the large surface area and extremely high porosity of semiconductor 

nanowire fabric make it an interesting candidate for such applications. 
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Appendices 

 

Appendix A: Elemental Impurities in SFLS-Grown Germanium 

Nanowires 

 

A.1 EXPERIMENTAL DETAILS 

In order to analyze the elemental composition of the Ge nanowires used in these 

studies, a characteristic sample of Ge nanowires was digested in high purity nitric acid, 

heated by a hot water bath, and then run through an inductively coupled plasma mass 

spectrometer (ICP-MS) along with standards of known concentration (courtesy of Haley 

Finley-Jones).   

 

A.2 ELEMENTAL ANALYSIS 

Figure A.1 shows the elemental analysis of a characteristic sample of SFLS-

grown Ge nanowires.  The material is comprised mainly of Ge isotopes, with the next 

highest signal coming from the Au contained in the nanowire seed particles.  Figures A.2 

through A.6 show the breakdown of the trace elements present in the sample.  Black bars 

represent the background signal, and red bars represent the signal above background for 

the nanowire sample.  Figures A.2 through A.6 are all shown on the same scale 

(magnified 60X relative to Figure A.1).  There is a large signal from magnesium (Figure 

A.2) and titanium (Figure A.3), trace signals from manganese, copper, zinc, strontium, 

yttrium, zirconium, indium, and tin (Figures A.3 and A.4), little to no lanthanide elements 

present (Figure A.5), and trace amounts of tungsten and bismuth, with a large lead signal 

(Figure A.6). 
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Figure A.1. ICP-MS results for a characteristic sample of SFLS-grown Ge nanowires. 

 

 
Figure A.2. ICP-MS results for the light elements (Z < 45) present in SFLS-grown Ge 

nanowires. Red bars represent the signal above background (black). 
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Figure A.3. ICP-MS results for fourth period transition metals present in SFLS-grown 

Ge nanowires. Red bars represent the signal above background (black). 

 

 
Figure A.4. ICP-MS results for the fifth period elements present in SFLS-grown Ge 

nanowires. Red bars represent the signal above background (black). 
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Figure A.5. ICP-MS results for the lanthanide elements present in SFLS-grown Ge 

nanowires. Red bars represent the signal above background (black). 

 

 
Figure A.6. ICP-MS results for the heavy elements (Z > 175) present in SFLS-grown Ge 

nanowires. Red bars represent the signal above background (black). 
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A.3 CONCLUSIONS 

The vast majority of the signal comes from Ge, as expected, followed by Au.  

There is a strong titanium (Ti) signal present in the sample, likely due to the fact that the 

nanowires are synthesized in a titanium reactor.  The other trace metals present in the 

sample also likely originate from the reactor surface.  There is also a very strong 

magnesium (Mg) signal in the sample, with an upper-limit concentration of 4 parts per 

thousand.  Lead is present in the 30–170 part per million range.  The signals from the 

remaining elements (Mn, Cu, Zn, Sr, Y, Zr, In, Sn, W, Bi) are too small to quantify. 
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Appendix B: Estimation of the Size-Dependent Eutectic Point 

 

B.1 THE GIBBS-THOMSON EFFECT 

Interfaces and surface curvature can have a very strong effect on equilibrium in 

materials with a high surface area to volume ratio.  The surface energy of the material can 

drastically alter the chemical potential of a material with a highly curved interface.  This 

leads to significant melting point depression in systems such as nanocrystals and 

nanowires.  The Gibbs-Thomson effect describes melting point depression in the case of 

constant pressure, while the Kelvin equation describes melting point depression in the 

case of constant temperature.  In the following section, an expression for the melting 

point depression of a confined binary alloy in a physically-encapsulated nanowire is 

derived.  

 

B.2 CHEMICAL POTENTIAL FOR A FLAT INTERFACE 

Gibbs energy is a function of temperature a, pressure C, surface area Y, and the 

number of moles of each species �} in the system: 
 
 '  � −�'a + <'C + I'Y + ∑ ¡}} '�}  (B.1) 

At constant a, C, and ��¢} , 
 

 4\£\¤¥;u,¦,¤§¨¥ � I 4 \]\¤¥;u,¦,¤§¨¥ + ¡}  (B.2) 

For a system with a flat interface, cZY Z�}⁄ e|u,¦,¤§¨¥ � 0, such that 

 

 4\£\¤¥;u,¦,¤§¨¥
�©ªk ≡ ¡},�©ªk  (B.3) 

which is the usual definition of chemical potential for a bulk system. 
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B.3 CHEMICAL POTENTIAL FOR A CURVED INTERFACE 

For a system with a curved interface, the surface area depends on its volume and cZY Z�}⁄ e|u,¦,¤§¨¥ ≠ 0.  Expanding cZY Z�}⁄ e gives 

 

 
\]\¤¥ � 4 \P\¤¥; 4\]\P; � &RS¥ 4\]\P; (B.4) 

Where WX}  is the molar density.  For a spherical droplet, 

 

 4\]\P;|®�K� � \¯y�K	°\4�±�K±; � ��KxKy�K	xK � )K (B.5) 

and for a cylindrical geometry, 

 

 4\]\P;B²©}¤x�K � \c)�K©e\c�K	©e � )�©xK)�K©xK � &K (B.6) 

From Equations B.2 and B.3, it is clear that the chemical potential of the ith component 

in a system with a curved interface is related to the chemical potential of a similar system 

with a flat interface: 

 

 ¡},B³K´�x ≡ µRS¥ 4\]\P; + ¡},�©ªk (B.7) 

Then, the chemical potentials of systems with spherical (Equation B.8) and cylindrical 

(Equation B.9) curved interfaces are: 

 

 ¡},|®�K� ≡ )µRS¥K + ¡},�©ªk  (B.8) 

and 

 ¡},B²©}¤x�K ≡ µRS¥K + ¡},�©ªk  (B.9) 
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B.4 THE EUTECTIC POINT 

At the eutectic temperature for a curved interface aB³K´�x�³k�Bk}B , the chemical 

potentials of the liquid and solid phases are equal: 
 

 ¡},B³K´�x| � ¡},B³K´�x©  (B.10) 

It is important to note that because the system has a curved interface, ¡},�©ªk| ≠ ¡},�©ªk©  at 

aB³K´�x�³k�Bk}B .  The interface curvature can influence the eutectic temperature.  To determine 

the size-dependent eutectic temperature, it is convenient to derive expressions for ¡},�©ªk  
in terms of temperature and pressure.  Taking the total derivative, 
 

 ¡},�©ªk � ¡},�©ªk¶ + 4\·¥,¸¹º»\u ;¦ 'a + 4\·¥,¸¹º»\¦ ;u 'C (B.11) 

From the Maxwell relations ¯Z¡},�©ªk Za⁄ °¼¦ � −� and ¯Z¡},�©ªk ZC⁄ °¼u � <, 

 
 ¡},�©ªk � ¡},�©ªk¶ − �'a + <'C (B.12) 

 

B.5 CHEMICAL POTENTIAL BALANCES 

Combining Equations B.7 and B.12 and inserting into Equation B.10 gives 
 

 
µjRSj 4\]\P; + ¡},�©ªk¶ − �|'a + <|'C � µ¹RS¹ 4\]\P; + ¡},�©ªk¶ − �©'a + <©'C (B.13) 

Choosing the reference potential, ¡},�©ªk¶ , to be the chemical potential of the system with a 

flat interface at the bulk eutectic temperature (where ¡},�©ªk| � ¡},�©ªk© ), the reference 

potentials cancel and 
 

 
µjRSj 4\]\P; − �|'a + <|'C � µ¹RS¹ 4\]\P; − �©'a + <©'C (B.14) 



 271 

Using the relations derived in Equations B.5 and B.6, Equation B.14 can be used to write 

balances for the chemical potential of Au in a confined spherical geometry (the gold 

seed), and of Ge in a confined cylindrical geometry (the stem of the wire): 
 

 
)µq½jRSq½j Kj¾¿ÀÁÀ − �]³| 'a + <]³| 'C � )µ¹RS¹Kj¾¿ÀÁÀ − �©'a + <©'C (B.15) 

 

 
µÂÀjRSÂÀj KÃÄ¹¥ÅÆÀÁ − �£�| 'a + <£�| 'C � µ¹RS¹KÃÄ¹¥ÅÆÀÁ − �©'a + <©'C (B.16) 

Weighting Equation B.15 by a factor of c1 − O£�e and Equation B.16 by a factor of O£� , 

where O£�  is the Ge eutectic composition (in units of mole fraction), and adding the two 

equations together, yields the following expression: 
 c1 − O£�e � )µq½jRSq½j Kj¾¿ÀÁÀ − �]³| 'a + <]³| 'C� + O£� � µÂÀjRSÂÀj KÃÄ¹¥ÅÆÀÁ − �£�| 'a + <£�| 'C� �
c1 − O£�e 4 )µ¹RS¹Kj¾¿ÀÁÀ − �©'a + <©'C; + O£� 4 µ¹RS¹KÃÄ¹¥ÅÆÀÁ − �©'a + <©'C; (B.17) 

Rearranging and grouping terms then gives 
 Ç�© − O£��£�| − c1 − O£�e�]³| È'a − Ç<© − O£�<£�| − c1 − O£�e<]³| È'C �
− ÉO£� � µÂÀjRSÂÀj KÃÄ¹¥ÅÆÀÁ − µ¹RS¹KÃÄ¹¥ÅÆÀÁ� + c1 − O£�e � )µq½jRSq½j Kj¾¿ÀÁÀ − )µ¹RS¹Kj¾¿ÀÁÀ�Ê (B.18) 

 

B.6 ENTROPY BALANCE AND VOLUME CHANGE 

Since the carbon shell fixes the volume of the system, and since there is virtually 

no volume change upon Au/Ge eutectic melting, Ç<© − O£�<£�| − c1 − O£�e<]³| È ≈ 0.  

Equation B.18 then simplifies to 
 Ç�© − O£��£�| − c1 − O£�e�]³| È'a � 

− ÉO£� � µÂÀjRSÂÀj KÃÄ¹¥ÅÆÀÁ − µ¹RS¹KÃÄ¹¥ÅÆÀÁ� + c1 − O£�e � )µq½jRSq½j Kj¾¿ÀÁÀ − )µ¹RS¹Kj¾¿ÀÁÀ�Ê (B.19) 
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An entropy balance between the initial and final states gives 
 

 Ç�©È� − ÇO£��£�| + c1 − O£�e�]³| È} � ∆Íeutecticu  (B.20) 

Where the heat of eutectic melting is comprised of the latent heats of fusion for Au and 

Ge and the heat of mixing for Au and Ge at the eutectic point: 

 
 ∆Îeutectic � O£�∆Î�,£� + c1 − O£�e∆Î�,]³ + ∆Î�}l,]³£�  (B.21) 

 

B.7 DEPRESSION OF THE EUTECTIC TEMPERATURE 

Substituting Equation B.20 into Equation B.19 and integrating, an expression is 

found for the depression of the eutectic temperature of a physically confined nanowire 

with an attached seed particle: 
 ueutecticubulk	eutectic � exp Ï Q&∆Íeutectic É ÐÂÀKÃÄ¹¥ÅÆÀÁ �µÂÀjRSÂÀj − µq½ÂÀ¹

RSq½ÂÀ¹ � + )c&QÐÂÀeKj¾¿ÀÁÀ �µq½jRSq½j − µq½ÂÀ¹
RSq½ÂÀ¹ �ÊÑ (B.22) 

Plugging the parameters in Table B.1 into Equations B.21 and B.22 yields ∆Îeutectic �13.28	 kJ mol⁄  and a eutectic temperature of aeutectic � 346°C. 

 

 I [J/m2]1-3 WX [kmol/m3] ∆Î�  [kJ/mol]  ' [nm] ∆C [MPa]* 

Au(s) 1.7 98.0 12.55 sphere 100 33 

Ge(s) 1.3 73.3 36.94 cylinder 75 22 

AuGe(l) 0.82 91.0 -6.1† abulk	eutectic � 634K and O£� � 0.28 

 

Table B.1. Thermodynamic parameters used to calculate the Laplace pressures ΔC in 
the spherical tip and cylindrical neck of the nanowire, and the eutectic 
temperature of the confined alloy.  * Laplace pressure of the liquid alloy 
droplet (equal to 2I M⁄  for a sphere and I M⁄  for a cylinder).  † Enthalpy of 
mixing.4 
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Appendix C: Kubelka-Munk Analysis 

 

C.1 THE BEER-LAMBERT LAW 

When light is passed through a sample that does not scatter (or reflect) light, it 

enters with some intensity �b and exits with intensity �.  The ratio � �b⁄  is defined as the 

transmittance, a, of the sample.  The absorbance Ö of the sample is then defined by the 

Beer-Lambert law: 
 

 Ö � −log&b a (C.1) 

The absorbance of the sample can be used to determine the absorption cross 

section � of the material, if the path length of the light ℓ is known, via Ö � �ℓ.  The 

absorption cross section can also be related to the imaginary part of the index of 

refraction, �, via 
 

 � � y�nØÙ ÚÛc&be (C.2) 

where Üb is the wavelength of the impinging light in vacuum and lnc10e is a conversion 

factor from base 10 to base o.   

The absorptance Y of the sample is defined by the following equation: 
 
 Y + a � 1 (C.3) 

Absorptance should not be confused with absorbance.  An absorbance value of 1.0 means 

that 90% of the incident light was absorbed by the sample, and that 10% of the light was 

transmitted, i.e. Ö � 1.0, Y � 0.9, and a � 0.1.  For a sample that does not scatter, 

absorbance Ö and absorptance Y are simply related by 
 
 Y � 1 − 10QÖ  (C.4) 
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C.2 KUBELKA-MUNK THEORY 

For a system that scatters light, the Beer-Lambert law no longer holds.  Incident 

light has the potential to scatter (or reflect) off the surface of the material, as well as be 

absorbed or transmitted through the sample.  Therefore, for samples that scatter light, 

Equation C.3 becomes: 
 
 Y + a + . � 1 (C.5) 

where . is the reflectance of the material. 

 This scattering not only occurs on the surface of the material, but can also occur 

within the material itself.  This further complicates matters because an incident photon 

that has made it part way through the sample may scatter multiple times and make 

multiple passes through the material, increasing the likelihood of absorption.  Therefore, 

the path length of the light is no longer known, and the simple Beer-Lambert relations 

shown in Equations C.1 and C.4 no longer apply. 

 Despite the complicated nature of the problem, the Kubelka-Munk analysis1,2 can 

be used to determine the ratio of the absorption cross section � to the scattering cross 

section � for a thin cross-sectional slice of material '^.  Put another way, � is the 

limiting fraction of incoming light absorbed per unit thickness, for a very thin slice of 

material, as thickness tends to zero.  Likewise, � is the limiting fraction of incoming light 

scattered backwards per unit thickness, for a very thin slice of material, as thickness tends 

to zero. 

 Figure C.1 depicts a detailed balance of the light intensity in a material of 

thickness - placed on a substrate, or back reflector, of known reflectance ./.  In this 

case, the measured reflectance . of the sample is defined as . � � �b⁄ .  The origin is 
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placed at the surface of the back reflector, with the ^ ordinate directed from the back 

surface of the sample towards the front surface. 

 

 
 

Figure C.1. Detailed intensity balance on a piece of material (white) of thickness - 
placed on a back reflector (blue) of known reflectance  ./. 

 

Taking a thin slice of material '^ a distance ^ from the back reflector, and doing 

a differential balance on the intensity of light impinging on the slice from the transmitted 

direction �u, along with a differential balance on the intensity of light impinging on the 

slice from the reflected direction �[, results in the following set of equations:1,2 

 
 '�u � −c� + �e�u'c−^e + �[�'c−^e (C.6) 

 '�[ � −c� + �e�['^ + �u�'^ (C.7) 

Moving in the −^ direction, the differential transmitted intensity '�u is attenuated by 

absorption � and scattering � events, while being reinforced by light coming from the 
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reflected direction that scatters back into the transmitted direction.  Likewise, moving in 

the +^ direction, the differential reflected intensity '�[  is attenuated by absorption and 

scattering events, while being reinforced by light coming from the transmitted direction 

that scatters back into the reflected direction. 

 Dividing Equation C.6 by �u and Equation C.7 by �[ results in the following when 

the two equations are added together: 
 

 
x}Ý}Ý − x}Þ}Þ � −2c� + �e'^ + � 4}Þ}Ý + }Ý}Þ; '^ (C.8) 

Rearranging the left side of Equation C.8 
 

 
x}Ý}Ý − x}Þ}Þ � −2c� + �e'^ + � 4}Þ}Ý + }Ý}Þ; '^ (C.9) 

and defining M ≡ �[ �u⁄  and inserting into Eqution C.9 results in the following equation: 

 

 
xKK � �� 4&K + M; − 2c� + �e� '^ (C.10) 

Separating variables and setting the integration limits as defined in in Figure C.1, 

 

 ß &K�4�ÁVK;Q)4àáV&;�
[[â 'M � ß �ãb '^ (C.11) 

Integrating Equation C.11 results in the following expression for reflectance: 

 

 . � &Q[â∙ä4àáV&;Q�àá4àáV);∙B¶k®åæ∙ã�àá4àáV);çè
4àáV&;Q[âV�àá4àáV);∙B¶k®åæ∙ã�àá4àáV);ç  (C.12) 

 If the thickness of the sample is unknown, the optical properties of the material 

may still be determined by placing the sample on two different back reflectors of known 

reflectance, ./& and ./), and measuring the resulting reflectance, .& and .).  This 

assumes that the sample is not optically thick, and that some fraction of the incident light 

is able to make it through the sample, and then pass back out the front of the material 
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after bouncing off the back reflector.  In this case, Equation C.12 can be solved for 

thickness -: 

 

 - � &
)∙æ�àá4àáV); é� ê

¯[âV[°4àáV&;V¯[âQ[°�àá4àáV);Q[â ∙[Q&
¯[âV[°4àáV&;Q¯[âQ[°�àá4àáV);Q[â ∙[Q&ë (C.13) 

After making the two separate measurements on the two different back reflectors, and 

plugging the values of ./&, ./), .&, and .) into Equation C.13, the resulting pair of 

equations can be used to eliminate X (since the sample is made of the same material and 

has the same thickness in both cases) and solve for � �⁄ : 

 

 
ìæ � c[�Q[	e¯[â�[â	V&°Q¯[â�Q[â	°c[�[	V&eQ)¯[�∙[â	Q[	∙[â�°)¯[�∙[â	Q[	∙[â�°  (C.14) 

 If the sample is optically thick, and no light makes it to the back reflector, .& � .) � ., and Equation C.14 is simplified to the following expression: 

 

 
ìæ � c&Q[e	)[  (C.15) 

 

C.3 REFERENCES 
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