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Silicon (Si) and germanium (Ge) have emerged as next-generation anode materials for Li-ion 

batteries due to their high theoretical capacities (Si:3579mAh/g, Ge:1384mAh/g) and are 

promising replacements for lower-capacity, graphite-based anodes (372mAh/g). However, one 

significant challenge of their practical implementation is the large volume change associated 

with the insertion and extraction of lithium ions, which results in mechanical pulverization and 

capacity fade. Nanostructuring active material morphology has been demonstrated as a strategy 

to compensate for volume change and improve capacity and cycle life in lithium ion batteries.  

   Although Si has the highest theoretical capacity among elemental lithium ion battery negative 

electrodes and maintains distinct advantages as an electrode material, silicon’s rate capability is 



 

hindered by its lower ionic diffusivity and electronic conductivity in comparison to Ge. However, 

Ge is much more expensive, which could limit its widespread use in anodes for lithium ion 

batteries. In an effort to capitalize on the benefits of both materials, there has been recent interest 

in developing an anode that combines the excellent rate capability of Ge with the high capacity 

and lower cost of Si. Recent efforts have demonstrated the ability to synthesize alloyed Si1-xGex 

nanowires (NWs) via a solution-based mechanism, using a thin film of tin to seed nanowire 

growth. 

In order to improve the scalability of this process, here we report the supercritical fluid-

based synthesis of Sn nanocrystal-seeded alloyed Si1-xGex NWs. By balancing reaction 

parameters such as precursor reactivity, the semiconductor precursor to metal seed ratio, Si:Ge 

precursor ratio, and reaction temperature, we demonstrate the ability to synthesize alloyed Si1-

xGex NWs through a colloidal, supercritical fluid-based process for the first time. 
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Chapter 1. INTRODUCTION  

1.1 NANOMATERIALS FOR LITHIUM ION BATTERIES 

Lithium-ion Batteries (LIBs) have attracted considerable attention in recent years due to 

their potential impact in many diverse applications such as electric vehicles (EVs), laptops, and 

mobile phones. In particular, silicon (Si) and germanium (Ge) have emerged as promising 

alternative anode materials to replace graphite, which only has a theoretical capacity of 

372mAh/g). Si and Ge have much higher theoretical capacities (Si:3579mAh/g, 

Ge:1384mAh/g),1,2 but there are still many challenges for the practical implementation of these 

new anode materials.  

One significant challenge of the alloying materials in LIBs is the large volume change 

associated with the insertion and extraction of lithium ions, which results in mechanical 

pulverization due to the strain and stress.3–6 For example, Si undergoes large variations in 

volume during the lithiation and delithiation processes (>300%), which contributes to capacity 

fade in a number of ways.7 The drastic volume changes cause strain, which results in electrode 

fracture and even delamination of the electrode from the current collector. In addition, during 

cycling, decomposition of the organic electrolyte occurs at the electrode-electrolyte interface to 

form the solid electrolyte interphase (SEI) layer, which plays a key role in battery function. The 

SEI layer should be thin robust; ideally, it is ionically conductive and electronically insulating. 

However, the large volume change associated with alloying electrode materials such as Si and 

Ge, makes it challenging to form a robust SEI layer. The initial SEI layer may crack as the Si or 

Ge expands and contracts repeatedly throughout cycling. When fresh Si surface is exposed, the 

electrolyte decomposes at the electrode surface to form a new SEI layer, resulting in further 
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deleterious side reactions that trap the mobile ion.7 This process happens iteratively and can 

result in a thicker SEI layer throughout cycling, ultimately causing capacity fade.  

A wide range of strategies have been developed to address these issues, including 

nanostructuring the electrode active material in order to reduce the strain that results in electrode 

fracture. Various morphologies, including thin films, nanoparticles, nanotubes, and coral-like 

structures, have been investigated for alloying electrode materials such as Si and Ge.4,8–10 

Notably, Chan, et al. proposed using Si nanowires (Si NWs) as anodes in LIBs.11 The nanowire 

morphology has since been shown to accommodate the large volume changes associated with 

lithiation and delithiation.3,12 In particular, Chan, et al. demonstrated that Si NW battery anodes 

could retain a discharge capacity at around 3200mAh/g after 10 cycles with minimal capacity 

fade. Si NWs can radially accommodate the strain associated with lithiation and maintain their 

morphology, compared to Si thin films or microparticles, which fracture during cycling.13–15 

Even though Ge has a lower theoretical lithiation capacity than Si, it still has over three 

times the theoretical capacity than graphite. In addition, Ge has unique properties that make it a 

promising material for lithium-ion battery applications that require high power density. In 

particular, Ge has a high electrical conductivity (1000X) and high ion conductivity of Li (400X), 

which results in a much better rate capability compared to Si.16–21 Ge nanowire-based electrodes 

have exhibited good capacity retention and high rate capability, which has been attributed to the 

electrochemically-activated formation of a porous network to facilitate ion and electron 

transport.21 
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1.2 STRATEGIES TO PRODUCE NANOWIRES 

The vapor-liquid-solid mechanism remains one of the most common approaches to 

fabricate semiconductor nanowires.22–26 It was initially demonstrated by Wagner and Ellis27, who 

grew single-crystal Si wires by using gold as a seed to lower the energy barrier to crystallization.  

In VLS growth of Si wires, a thin film of gold (Au) is typically evaporated onto a 

substrate, which is placed in a chemical vapor deposition chamber. As the chamber temperature 

increases and as the Si precursor is introduced in the vapor phase, the gold film dewets to form 

Au-Si alloy droplets. As the flow of the Si precursor continues into the chamber, the 

concentration of Si atoms increases in the alloy droplet. Eventually, the alloy droplets become 

supersaturated with Si, causing Si to precipitate and crystallize at the droplets surface, facilitating 

anisotropic growth of crystalline Si.27 

A variety of vapor-based synthetic methods on the VLS mechanism have been developed 

for semiconductor nanowire growth, including chemical deposition techniques (chemical vapor 

deposition and molecular beam epitaxy)28–33 and physical deposition techniques (laser 

ablation)34–37. VLS has many advantages, such as the ability to produce high-quality, well-

aligned nanowire as well as the ability to have well-defined control of the nanowire 

composition.38 In addition, studies about how vapor-based reaction conditions affect nanowire 

growth direction, phase, and composition have been especially important for understanding 

fundamental mechanisms of semiconductor nanowire growth processes.39–41 However, VLS-

based nanowire growth typically requires vacuum-based equipment, is performed in a batch 

reaction, and is typically limited to producing micrograms of material, all of which make it 

difficult to scale vapor-based nanowire growth processes in a cost-effective manner.  
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Another strategy, Solution-Liquid-Solid (SLS) nanowire growth, was developed in 

1995.42 It is similar to the VLS approach, but it introduces the semiconductor precursor in 

solution, rather than in the vapor phase. In VLS, the metal seed source is limited to the area of 

the substrate, which means that nanowire growth is limited to batch growth on the area of the 

substrate. In SLS nanowire growth, metal nanocrystal seeds are dispersed in solution, which 

enables nanowire growth throughout the entire volume of the solution-phase reaction, thereby 

improving scalability. SLS also has somewhat improved control over surface passivation and can 

produce nanowires with diameters below 10 nm.43 

The metal seed selection for SLS-based nanowire growth is also important in terms of the 

melting point and semiconductor solubility. While SLS methods have been successful in 

synthesizing a wide range of nanowire compositions and phases with narrow diameter 

distributions, SLS-based nanowire growth still has some limitations.44 The chemistries available 

to SLS-based nanowire growth are limited by solvent boiling points, which is typically around a 

maximum of 400°C, meaning that only low-melting-point metal nanoparticles can be used as 

catalysts. Ga, In, Sn and Bi have been widely used in SLS growth of semiconductor materials 

under certain conditions.45–50 Although Au seeds are widely used in VLS and Au nanoparticles 

are easy to synthesize on the benchtop, the high-melting point of gold and the high eutectic 

temperature of Au with semiconductor materials, have limited its use in SLS-based nanowire 

growth. Besides, Au is not electrochemically active; in fact, Au dopants in semiconductor 

nanowires actually create deep traps that are detrimental to the electrical properties of the 

nanowires, which has a negative impact on battery performance.51 Therefore, when choosing a 

metallic seed, the incorporation of dopant atoms from the metal seed into the semiconductor 

nanowires should be considered as well. Another noteworthy point is the semiconductor atom 



 5 

solubility in the metal seed. During the nanowire growth process, the low solubilities of the 

semiconductor component in the alloyed droplet may facilitate faster supersaturation. 

Supercritical Fluid-Liquid-Solid (SFLS) is another solution-based nanowire growth 

method, in which the semiconductor precursor is introduced in the supercritical fluid phase. In 

SFLS, the maximum temperature for reactions is not limited by the boiling point of the solvent, 

thereby expanding the range of chemistries possible in this high pressure, high temperature 

system. In addition, supercritical fluid-based nanowire growth typically operates in continuous 

flow and produces much higher yields of nanowires, thereby improving the potential for 

scalability. The supercritical reactor consists of a 10 mL high-pressure cylindrical titanium vessel 

and two valves at both inlet and outlet. A reactor filled with nitrogen is placed inside a heating 

block. A thermocouple placed between the reactor and heating block, which is connected to a 

temperature controller, allows users to control the heating rate of the system. The inlet of the 

reactor was connected to a 6-way valve and the outlet is connected to a micrometering valve, 

which can manually control the pressure of the system. A high-pressure liquid chromatography 

(HPLC) pump is used to pressurize the system by pushing water into a tall cylinder, which is 

filled with anhydrous toluene and connected to inline of the 6-way valve. There is a pressure 

sensor between the tall cylinder and the 6-way valve monitoring the pressure and a rupture discs 

to protect the whole system from over-pressuring. The Korgel group first demonstrated the 

synthesis of Si nanowires via supercritical fluid-based growth in 2000.48 Si nanowires were 

grown from 2.5 nm diameter Au nanocrystals in supercritical hexane at 500°C with 

diphenylsilane as the Si precursor. The resulting nanowires had lengths up to several 

micrometers and diameters with a narrow size distribution.48 Since then, a variety of nanowire 

compositions have been grown via supercritical fluid-based methods, such as Ge, GaAs, GaP, 

InP, InAs, and CdSe.50,52–54 Si and Ge nanowires synthesized via supercritical fluid methods have 
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also been successfully employed as the active material in lithium ion battery anodes and have 

exhibited a good performance.55–57 In fact, supercritical fluid-grown Si nanowires have been used 

to create nonwoven fabrics, which can then be used as binder-free anodes for lithium ion 

batteries.58 

1.3 ALLOYED SILICON-GERMANIUM NANOMATERIALS  

Although Si has the highest theoretical capacity for lithium ion batteries and maintains 

distinct advantages as an electrode material, it also has a lower ionic diffusivity and electronic 

conductivity which results in worse rate capability when compared to Ge. However, Ge is much 

more expensive, which could limit its widespread use in anodes for lithium ion batteries. In an 

effort to capitalize on the benefits of both materials, there has been recent interest in developing 

an anode that combines the excellent rate capability of Ge with the high capacity and lower cost 

of Si.  

One strategy is to incorporate these two materials into one electrode material. Several 

groups have synthesized various alloyed silicon-germanium material systems and tested the 

capacity and rate capability.10,59–64 For example, Si1-xGex thin films synthesized by glancing 

angle deposition exhibited tunable gravimetric capacity and rate capability by adjusting the Si: 

Ge composition ratio.10 Stokes, et al. developed an approach to fabricate a Si-Ge branched NW 

heterostructure.64 As an electrode, the Si-Ge branched NW heterostructure demonstrated high 

capacity and good capacity retention. In general, as the Ge concentration increases in alloyed Si: 

Ge materials, the electrodes show much better capacity retention at faster cycling rates.  

Recently, Si1-xGex alloyed NWs were grown via the SLS mechanism, using tin as the 

metal seed. Moreover, the Si: Ge atomic ratio was tunable by varying the ratio of Si and Ge 

precursors in solution.63 The resulting alloyed Si1-xGex NWs exhibited a tunable rate capability 
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and gravimetric capacity as a function of the Si: Ge ratio. Although this particular process 

introduced the semiconductor precursors in the solution phase, it used a thin film of evaporated 

tin onto a substrate as the source of tin in order to grow nanowires directly from the substrate.63 

Seed selection is a critical aspect of Si1-xGex nanowire synthesis. By strategically selecting a 

metal seed that is both electrochemically active and also forms a ternary alloy with Si and Ge, 

the metal seed not only facilitates alloyed nanowire growth, but it also contributes to the 

gravimetric capacity. Several metallic seeds have been introduced in the past for synthesizing 

semiconductor nanowires such as Au, Ni, Al, Cu, Bi, In, Fe.47,49,65,66 By using tin as the seed, 

which has a theoretical capacity of 992 mAh/g,56,63 the seed actually contributes to the 

performance of the electrode, rather than being detrimental to the battery performance. While 

growing Si1-xGex NW directly from the current collector permits fast electron transport, nanowire 

growth from a substrate also limits the total mass loading of active and reduces the potential 

scalability of the synthesis.  

Translating this substrate-based SLS synthesis of Si1-xGex NWs to supercritical fluid-

based method, could improve its scalability. Here, we report recent developments of the 

supercritical fluid-based synthesis of Sn-seeded Si1-xGex alloyed NWs. To our knowledge, this is 

the first demonstration of supercritical fluid-based techniques to produce alloyed Group IV 

semiconductor nanowires. 
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Chapter 2. EXPERIMENT DETAILS 

2.1 MATERIALS AND REAGENTS 

Lithium bis(trimethylsilyl)amide (LiN(SiMe3)2, 97%, Aldrich), oleic acid (degassed, 

90%, Aldrich), tin (II) chloride (SnCl2, anhydrous, ≥99.99%, trace metals basis, Aldrich), 

tetrachloroethylene (TCE, ≥99%, Aldrich), lithium triethylborohydride (also known as 

superhydride, Li(Et3BH), 1.0 M solution in tetrahydrofuran, Aldrich), oleylamine (90%, 

Aldrich), chloroform (HPLC grade, 99.9%, Fisher), ethanol (100%, Fisher), toluene (≥99.5%, 

Fisher), monophenylsilane (PS, >95%, Gelest), triphenylgermane (TPG, >97%, Gelest), 

anhydrous toluene (99.8%, Gelest) were used as received. 

 

2.2  NANOMATERIAL SYNTHESIS 

2.2.1 Sn Nanocrystal synthesis 

A nitrogen glove box was used to store and handle all air- and moisture-sensitive 

chemicals. All syntheses were carried out under nitrogen atmosphere using standard Schlenk line 

techniques. 

The synthesis of Sn NCs was performed using the method of Kravchyk et al.67 In a 

typical synthesis of 9-nm Sn NCs, 16 mL oleylamine was loaded in a three-neck round bottom 

flask. The flask was purged of air for five minutes on the Schlenk line while stirring at 1000 

RPM. The mixture underwent a cycling process between vacuum and nitrogen three times. The 

solution was heated up to 140℃ and dried under vacuum for 1.5 hours under constant stirring at 

1000 RPM. Afterward, oleylamine was cooled down to 50℃, and 0.5 mmol SnCl2 was added to 

the flask followed by another drying under vacuum for 0.5 h at 140℃. Meanwhile, 3.6 mmol 
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LiN(SiMe3)2 was dissolved in 2 mL toluene in the glove box and loaded into a syringe. 

Additionally, 0.6 mL of the superhydride solution was loaded into a syringe. Then the 

SnCl2/oleylamine mixture was heated up to 180℃ under nitrogen, and LiN(SiMe3)2/toluene 

solution was injected into the flask. In 10 s, 0.6 mL of the superhydride solution was injected 

into the flask. The color of the solution should immediately turn dark brown. The reaction 

proceeded for one hour, and the flask was removed from the heating mantle. When the 

temperature reached 120-150℃, 10 mL of anhydrous toluene was added to the reaction solution, 

and then the flask was rapidly cooled down to room temperature by submersion in an ice-water 

bath. After cooling, the flask was transferred into a glove box, which is where all nanocrystal 

washing was performed. The nanocrystals were precipitated by adding 40 mL of ethanol, 

followed by centrifugation at 8000 RPM for 4 minutes. The supernatant was discarded, and the 

nanocrystals were redispersed in tetrachloroethylene (5 mL) and oleic acid (1 mL) in order to 

replace the weakly bound oleylamine. 10 mL of ethanol were added, and the Sn NCs were 

precipitated by centrifugation again. The supernatant was discarded and the, Sn NCs were 

redispersed in a nonpolar solvent such as toluene and stored in a glovebox. 

 

2.2.2 Si(1-x)Gex nanowires synthesis 

In a typical Si1-xGex NW synthesis, a 10 mL solution of anhydrous toluene containing 

0.27 mg/mL Sn nanocrystals, 90 mM phenylsilane and, 5.4 mM triphenylgermane were loaded 

into a syringe in a nitrogen-filled glove box. Meanwhile, a nitrogen-filled titanium tubular 

reactor was transferred into a nitrogen atmosphere, sealed, placed in a heating box and then 

heated to 490℃. Anhydrous toluene was continuously flowed into the reactor at a rate at 0.5 

mL/min until a pressure of 900 psig was reached. After that, the inlet valve of the reactor was 
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closed, resulting in a pressurized reactor. The solution in the syringe was loaded into a 10 mL 

injection coil. Then the 6-way valve was switched to flow anhydrous toluene into the coil 

containing the precursors, pressurizing the injection loop 900 psig. The reactor inlet valve was 

opened and the precursors in the injection loop were introduced into the reactor at a flow rate of 

0.5 mL/min for 20 min. During the reaction process, the outlet valve was left open and the 

micrometering valve was controlled manually to maintain a steady-state pressure at 900 psig in 

the reactor.  

After 20 minutes, both the outlet and inlet valves were closed, and the reactor was 

removed from the heating block and cooled to room temperature. Then the reactor was opened at 

ambient conditions and the nanowires were collected. The nanowires were precipitated by 

centrifugation at 8,000 rpm for 5 min. The supernatant was discarded. The nanowires were 

redispersed in 10 mL of chloroform. 10 mL of toluene and 5 mL of ethanol were added prior to 

centrifugation to crash the nanowires down again. After repeating the washing procedure three 

times, the nanowires were stored in 20 mL toluene for later use. 

 

2.3 CHARACTERIZATION METHODS 

2.3.1 Scanning Electron Microscopy (SEM) 

SEM samples were prepared by dropping 15 μL of dilute nanowires dispersed in toluene 

onto aluminum foil. Samples were imaged using a Sirion XL30 scanning electron microscopy. 

Energy-dispersive X-ray spectroscopy (EDS) was carried out using a scanning electron 

microscope (XL30) equipped with an X-ray energy-dispersive spectroscopy detector in order to 

analyze the composition of Si1-xGex nanowires dropped onto an aluminum foil. 
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2.3.2 Transmission Electron Microscopy (TEM) 

Sn nanocrystals were prepared for TEM by dropping 10 μL of the Sn nanocrystal 

dispersion onto an ultrathin carbon TEM grid placed on top of a piece of filter paper. TEM 

images were acquired with a FEI Tecnai G2 F20 Supertwin TEM, operating at 200 kV. Fast 

Fourier Transforms (FFTs) of high-resolution TEM images were generated by Digital 

Micrograph Software. 

2.3.3 X-Ray Diffraction (XRD) 

XRD sample preparation of Sn nanocrystals was performed by dropping 5 μL increments 

of the Sn nanocrystal dispersion onto a silicon substrate until 75 μL were dried in one spot. XRD 

samples of Si1-xGex nanowires were prepared by depositing 10 μL of the Si1-xGex nanowire 

dispersion onto aluminum foil iteratively and allowing the droplet to dry five times. XRD were 

collected with a Bruker D8 Discover equipped with an IμS 2-D XRD detector system and were 

analyzed with EVA software. 

2.3.4 Raman Spectroscopy 

Si1-xGex nanowires were prepared for Raman spectroscopy by dropping 10 μL of the 

nanowire dispersion onto a glass slide five times in the same spot, allowing the droplet to dry 

before depositing a new droplet. Raman spectra were collected using a Thermo Scientific DXR2 

Raman microscope, with an excitation wavelength of 523nm at a power of 1mW for one minute. 
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Chapter 3. RESULTS AND DISCUSSION 

3.1 SUPERCRITICAL FLUID-BASED SYNTHESIS OF SI1-XGEX NANOWIRES 

To synthesize Si1-xGex nanowires via supercritical fluid-based methods, a mixture 

consisting of tin nanocrystals, monophenylsilane, and triphenylgermane was injected at a 

consistent flow rate into a reactor at high-pressure (900 psig) and high-temperatures (460-

500℃). Figure 1a and Figure 1b show TEM of the colloidal tin nanocrystals used as seeds to 

synthesize alloyed Si1-xGex nanowires; their size distribution had a standard deviation less than 

30% about mean diameter at about 20 nm. Figure 1c is XRD data of the nanocrystals, confirming 

that they are composed of tin. 

 

 

Figure 1.(a) Low-resolution TEM and (b) high-resolution TEM of tin nanocrystals used as 

seeds for the supercritical fluid-based growth of Si1-xGex nanowires. (c) XRD of tin nanocrystals 

(Sn PDF: 00-004-0673). (Figure courtesy of Elena Pandres). 
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Figure 2. (a) Low magnification SEM of tin-seeded Si1-xGex nanowires. (b) high 

magnification SEM image of the area outlined in the red dashed box in (a). 

 
Figure 2 shows SEM images of the resulting tin-seeded nanowires. The product of the 

synthesis contained a few straight nanowires, but the majority of the nanowires were tortuous, 

which often occurs when precursor kinetics and diffusion do not match the rate of crystallization 

of the nanowire.68,69 In addition, large isotropic particles were present in this sample, which 

likely results from mismatched precursor decomposition kinetics and nanowire growth kinetics. 

The resulting nanowires are curly with diameters ranging from about 20 to 200 nm. Si1-xGex 

nanowires lengths can reach well over 10 µm.  

3.2 EVIDENCE OF SI1-XGEX ALLOYING IN NANOWIRES 

The presence of silicon and germanium alloying, rather than a mixture of pure silicon and 

pure germanium, was confirmed by both XRD (Figure 3) and Raman Scattering (Figure 4). 

Figure 3 shows XRD spectra of Si1-xGex nanowires, highlighting (111) reflection. 

According to the powder files of Ge and Si, the expected (111) reflection should be located at 

27.28° and 28.42°. The peak position was located at 27.8°, corresponding to a d-spacing of 3.2 Å, 

which is between the one of Si (3.14 Å) and Ge (3.26 Å), indicating successful Si1-xGex alloying. 
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Figure 3. X-ray diffraction of the (111) reflection of Si1-xGex nanowires. The (111) reflection 

of germanium and silicon from the powder diffraction files are presented as green and blue lines, 

respectively. Germanium PDF 00-004-0545, silicon PDF 00-005-0565. (Figure courtesy of Elena 

Pandres) 

 

Three obvious bands are present in both Raman spectra (Figure 4a and Figure 4b). and 

correspond with the Ge-Ge band, Ge-Si band, and the Si-Si band. For alloyed Si1-xGex, a 

downshift was expected for both Ge-Ge bands and Si-Si bands due to the lattice strain associated 

with alloying, compared with pure Si (~305 cm-1) and Ge (~520 cm-1). Both theory and 

experimental data have demonstrated that the Si-Si band is most sensitive to the Ge 

concentration and downshifts linearly with increasing Ge composition.70,71 Therefore, the Si1-

xGex alloy composition can be calculated from the shift of the Si-Si peak.71 Si1-xGex alloyed 

nanowires synthesized from 90 mM monophenylsilane and 5.4 mM triphenylgermane with 0.20 

mg/mL tin nanocrystals at 460°C (Figure 4a, Figure 7b) had a Si-Si band position of ~478 cm-1, 

corresponding with a nanowire composition of Si0.42Ge0.58. Raman spectra of another Si1-xGex 

nanowire synthesis (112 mM monophenylsilane, 6.75 mM triphenylgermane, 0.40 mg/mL Sn 

nanocrystals, 460°C) had a Si-Si band at 487 cm-1 (Figure 4b), corresponding with a nanowire 
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composition of Si0.55Ge0.45. The different Si:Ge ratios of the two nanowire samples demonstrates 

the potential of further developing a highly tunable Si1-xGex nanowire synthesis through 

supercritical fluid-based methods by adjusting the reaction conditions. 

 

 

Figure 4. Raman spectra of Si1-xGex nanowire from two different syntheses. (a) Si1-xGex 

nanowire obtained at 460℃ from [PS: TPG] = 90 mM: 5.4 mM with 0.20 mg/mL tin 

nanocrystals. (b) Si1-xGex nanowires synthesized at 460℃ from [PS: TPG] = 112 mM: 6.75 mM 

with 0.40 mg/mL tin nanocrystals. Three prominent peaks were observed, representing the Ge-

Ge band (305 cm-1), Ge-Si band (400 cm-1), and Si-Si band (520 cm-1), respectively. 
 

To investigate the elemental distribution throughout the sample, SEM-EDS was 

performed (Figure 5). The qualitative map of Ge (Figure 5c) and Si (Figure 5d) suggest a 

uniform Si1-xGex alloy composition throughout the nanowires. According to the spectrum (Figure 

5b), the quantitative atomic ratio of Si:Ge would be at 2.5:4.5. To avoid interference from the 

substrate and accurately measure the silicon atomic ratio, the sample was prepared by dropping 

dilute nanowires onto aluminum foil, causing the aluminum signal to dominate the spectrum.  
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Figure 5.(a) SEM image of Sn-seeded Si1-xGex nanowires obtained from 112 mM 

monophenylsilane, 6.75 mM triphenylgermane, and 0.52 mg/mL of Sn nanocrystals at 490℃. (b) 

EDS profile and atomic ratio of elements. (c-h) The corresponding mapping images of each 

element. 

 

Figure 6 shows SEM-EDS and Raman Scattering of the same Si1-xGex sample (180 mM 

monophenylsilane, 10.8 mM triphenylgermane, 0.26 mg/mL Sn nanocrystals, 480°C). Based on 

the Si-Si band peak position at 488 cm-1 from Raman Scattering (Figure 6e), the estimated 

nanowire composition would be at Si0.50Ge0.50. Interestingly, the quantitative atomic ratio of 

Si:Ge (4.6:2.3) from SEM-EDS (Figure 6b) is different than what was calculated from Raman 

(Figure 6e). In previous work, silicon nanowires resulting from phenylsilane precursor in 

supercritical fluid-based syntheses were demonstrated to have an amorphous poly(phenylsilane) 
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coating around the surface. However, since the coated amorphous poly(phenylsilane) would not 

be incorporated into the crystalline nanowires, it will not contribute to alloying. Therefore, the 

shift of the peaks in Raman would not be influence by coated shell. While the EDS will only tell 

you the total ratio of elements present in the sample and the overall spatial distribution, Raman 

will give you the composition of the elements within the Si1-xGex alloy itself, which could differ 

substantially from the EDS. 

 

 

Figure 6.(a) SEM image of Sn-seeded Si1-xGex nanowires obtained from 180 mM 

monophenylsilane, 10.8 mM triphenylgermane, and 0.26 mg/mL of Sn nanocrystals at 480℃. (b) 

EDS profile and atomic ratio of elements. (c-d) The corresponding mapping images of silicon 

and germanium. (e) Raman spectra of the resulting Si1-xGex nanowires. (Figure courtesy of Elena 

Pandres) 

 

3.3 EFFECTS OF REACTION PARAMETERS ON SI1-XGEX NANOWIRES 

Here, phenylsilane and triphenylgermane were used as the Si and Ge precursors, 

respectively. The degree of phenyl substitution for each precursor was intentionally chosen due 
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to the higher reactivity of aryl-germane precursors compared to aryl-silane precursors.56 By 

using a greater degree of phenyl substitution on the Ge precursor, the decomposition kinetics of 

triphenylgermane better match the decomposition kinetics of monophenlysilane, enabling a more 

balanced disproportionation reaction of the Si and Ge precursors. 

 
 

Figure 7.(a-d) SEM images of supercritical-fluid-grown Si1-xGex nanowires grown at 460℃ 

with 0.26 mg/mL tin nanocrystals, with a range of different precursor concentrations. (a) 45 mM 

monophenylsilane: 2.7 mM triphenylgermane; (b) 90 mM monophenylsilane: 5.4 mM 

triphenylgermane, (c) 180 mM monophenylsilane: 10.8 mM triphenylgermane, (d) 225 mM 

monophenylsilane: 13.5 mM triphenylgermane, respectively. A 17:1 ratio of monophenylsilane: 

triphenylgermane was maintained for all the samples. 

 
Figure 7 shows SEM images of Si1-xGex nanowires synthesized by SFLS-growth at 

460℃ and with various precursor concentrations. When the synthesis was operated at a higher 

concentration at [PS: TPG] = 225 mM: 13.5 mM (Figure 7d), straight nanowires with several 

micrometers in length were surrounded by large isotropic particles. Isotropic particles are a result 

of homogeneous nucleation, which occurs when the precursor decomposition rate is faster than 

(1) the rate of semiconductor atoms diffusing to the metal seed to facilitate the anisotropic 

growth and/or (2) the rate of nanowire crystallization from the seed. In order to balance the 

kinetics and reduce the isotropic particle formation, we have investigated various reaction 

parameters, including the overall precursor concentration. 
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Decreasing the concentration of monophenylsilane and triphenylgermane, while 

maintaining a consistent ratio of monophenylsilane: triphenylgermane reduces the presence of 

isotropic particles considerably (Figure 7). However, under the relatively dilute precursor 

condition (Figure 7a), the resulting nanowires are primarily tortuous and appear to be shorter in 

length. Although decreasing the precursor concentration may prevent homogenous nucleation 

and growth of isotropic particles, it may result in nanowires with more defects with a tortuous 

morphology (Figure 7a). Strategies to minimize the formation of isotropic particles while 

improving the nanowire morphology could include adjusting the flow rate, the reaction 

temperature, the ratio of monophenylsilane to triphenylgermane, the ratio of precursors to tin 

seeds nanocrystals, and the solvent. 

 

 

Figure 8. SEM images of Si1-xGex nanowires synthesized with 180 mM phenylsilane and 

10.2 mM triphenylgermane at (a) 460℃, (b) 480℃, (c) 500℃. 

 

The reaction temperature plays an important role in supercritical fluid-based nanowire 

synthesis; it can influence the morphology of nanowires and the formation of byproducts48,56–58. 

Figure 8(a), (b) and (c) show SEM images of the reaction products synthesized from [PS: TPG] 

= 180 mM: 10.2 mM at different reduction temperatures of 460℃, 480℃ and 500℃ respectively. 

Figure 8a shows many tortuous nanowires with few isotropic particles. Higher reaction 
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temperatures produce straighter and longer nanowires at the expense of producing more isotropic 

particles (Figure 8b). However, at 500℃ (Figure 8c), only a small number of nanowires were 

present, and the majority of the product consisted of isotropic particles—a result of mismatched 

precursor kinetics and nanowire growth kinetics. 

 

 

Figure 9. SEM images of Si1-xGex nanowires obtained from [PS: TPG] =112 mM: 6.75 mM 

in supercritical toluene at 900 psig and 490℃ with different molar ratios of Sn:Ge:Si at (a) 

11:13:225, (b) 22:13:225, (c) 36:13:225. 

 

The metal seed to precursor ratio is another important reaction parameter that influences 

the quality of nanowires in supercritical fluid-based syntheses55,59. Figure 9 shows images of Si1-

xGex nanowires synthesized with different Sn:Ge:Si ratios. A relatively low Sn:Ge:Si ratio 

(11:13:225) resulted in a combination of tortuous and straight nanowires as well as isotropic 

particles (Figure 9a). Increasing the Sn:Ge:Si ratio (22:13:225) decreased the number of isotropic 

particles and produced more tortuous nanowires (Figure 9b). However, relatively high Sn:Ge:Si 

ratios (36:13:225) resulted in few tortuous nanowires and with many smaller isotropic particles 

showing. The size of the isotropic particles in Figure 9c are much smaller and aggregated, 

compared to the large isotropic particles in Figure 9a. 
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Chapter 4. CONCLUSIONS 

To our knowledge, this is the first successful synthesis of alloyed Si1-xGex nanowires via 

a supercritical fluid-based process. XRD and Raman spectroscopy confirmed alloying 

throughout Si1-xGex nanowires. A uniform distribution of silicon and germanium throughout the 

nanowires was observed through SEM-EDS mapping. Moreover, shifts in the Raman bands 

enabled estimation of the nanowire composition for two different samples (Si0.42Ge0.58 and 

Si0.55Ge0.45). The different nanowire compositions suggest that the supercritical fluid-based 

synthesis can be developed further to tune the ratio of silicon to germanium in Si1-xGex alloyed 

nanowires. In addition, the discrepancy of estimated Si1-xGex composition from Raman with the 

SEM-EDS suggesting a coating shell (poly(phenylsilane)) existing around the nanowire. 

Reaction conditions such as temperature, precursor concentration and metal seed to 

precursor ratio play key roles in the resulting product morphology. Both high precursor 

concentration and high reaction temperature result in a combination of isotropic particles as well 

as straight and long nanowires due to mismatched kinetics. Decreasing the overall precursor 

concentration and temperature minimizes homogeneous nucleation of isotropic particles but 

results in a tortuous nanowire morphology. For applications in which the nanowire morphology 

is especially important, the balance between the reaction conditions will require further 

investigations in order to produce Si1-xGex nanowires without byproducts such as isotropic 

particles. 
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Chapter 5. FUTURE DIRECTIONS 

Although this work improves upon the compositional control of supercritical fluid-grown 

semiconductor nanowires, further work is still necessary in order to minimize homogeneous 

nucleation of isotropic particles and to produce primarily alloyed Si1-xGex nanowires. Future 

work should be focused on identifying the balance among the parameters researched here—

reaction temperature, overall precursor concentration, and metal seed to precursor ratio—to 

reduce the presence of isotropic particles. In addition, reaction parameters such as flow rate, 

solvent choice, and degree of phenyl substitution of aryl precursors should be investigated to 

improve the production of alloyed nanowires and minimize formation of isotropic particles. 

Furthermore, this supercritical fluid-based synthesis should be developed to tune the Si:Ge ratio 

of the nanowires. In order to adjust the Si:Ge ratio, the silicon to germanium precursor ratio as 

well as the degree of phenyl substitution should be explored. Eventually, with the ability to tune 

the Si:Ge ratio of Si1-xGex nanowires through a scalable process, we plan to integrate these 

nanomaterials into electrodes and test capacity, rate capability, and lithium diffusion as a 

function of Si1-xGex composition. 
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