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Abstract 

Li-ion batteries are important energy storage devices today, powering a range of 

electrical equipment from mobile phones to electric vehicles.  Most commercial Li-ion 

battery anodes are made from carbon-based materials which limit their improvement 

of total battery capacity, energy density and cycle life performance because of the 

relatively low specific charge capacity of carbon.  Group IV semiconductors, 

particularly Ge and GeSn, are a promising alternative to conventional carbon-based 

electrodes: especially in niche energy storage applications like small high-tech 

devices.  In this thesis, I describe a cost-effective and simple method for synthesising 

Ge and GeSn nanowires, with potential application as anode materials in Li-ion 

batteries.  A single-pot, solvothermal-like synthetic method, employing supercritical 

solvent conditions, was used to grow self-seeded group IV nanowires, without the 

need for traditional metal catalysts or templating agents.  My approach permitted the 

growth of thin (~ 10 nm) and highly crystalline nanowires of carbon-coated cubic Ge 

(C-Ge), metastable tetragonal ST12 Ge and GeSn, from commercially available 

precursors at moderate reaction temperatures, between 330 and 490 °C.  

Photoluminescence studies carried out on tetragonal ST12 Ge nanowires suggested 

they possessed a fundamental direct bandgap of ~ 0.64 eV.  Both C-Ge and GeSn 

nanowires were directly grown onto Ti current collectors and evaluated as potential 

anodes for Li-ion batteries.  C-Ge nanowires demonstrated exceptional performance, 

displaying a high specific charge value of > 1200 mA h g-1 after 500 cycles at 0.2 C, 

while GeSn alloy nanowires also displayed an impressive specific charge capacity of 

1127 mA h g-1 after 150 cycles at 0.2 C.  The growth mechanisms for each set of 

nanowires are also described in detail in the thesis.  Similarities in growth mechanisms 

were observed between nanowires grown using the single-step approach and 

previously reported solution-phase studies. 
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Chapter 1 
 

 

A Review of Self-Seeded Germanium 

Nanowires: Synthesis, Growth Mechanisms 

and Potential Applications 

 

Data from this chapter was submitted for publication in June 2021.  Consequently, 

sections of the chapter such as the abstract and introduction may contain repeating 

concepts and paragraphs.   

 

 

 

Garcia-Gil, A.; Biswas, S.; Holmes, J. D., ‘A Review of Self-Seeded Germanium 

Nanowires: Synthesis, Growth Mechanisms and Potential Applications’. 

Nanomaterials 2021, 11, 2002. 
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1.1. Introduction 

The discovery of the semiconducting behaviour in materials, by Alessandro Volta in 

the 18th century, settled an inconceivable breakthrough in the technological progress 

that was going to be developed in the next centuries.1  Later on, in the years that 

followed the visionary work of Wagner and Ellis in the 1960s,2 several semiconductor 

compounds were successfully synthesised, including the widely popular Si and Ge 

structures.3,4  As stated by Moore’s Law,5 the semiconductor industry had no choice 

but to follow a continuous drive towards device miniaturisation for greater integration 

in electronic devices.  Moore's prediction has been used as a guide for long-term 

planning and to set targets for research and development in electronics.  Thanks to 

developments in nanoscale materials and devices, we are now embarking on a 

nanotechnology time in history.  The leitmotiv which powers the investigation of 

nanoscale materials is the captivating new chemical and physical properties exhibited 

when compared to their analogous bulk material.6  Particularly, some of the 

significantly size-dependent features are the physical, electrical and optical 

properties.7–9 These materials are gathered in a range of structures such as zero-

dimensional (0D) (quantum dots)10, one-dimensional (1D) (nanorods,11 nanotubes,12 

nanobelts13 and nanowires14), two-dimensional (2D) (nanofilms,15 nanodisks,16 

nanoplates17 and nanosheets18) and three-dimensional (3D) (assemblies of 

nanocrystals19 and nanocomposites20). 

 

The revolution on 1D nanomaterials started with Haraguchi et al. 21 who achieved the 

first device fabricated from 1D nanostructures, back in 1992.  The semiconductor 

nanowires of small diameters make them attractive for potential quantum confinement 

effects, while their unconstrained lengths make it easy to integrate them into already 
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existing devices.  This escalated the interest for 1D nanostructures in all kinds of 

potential applications (photocatalysts,22 magnetic storage media,23 nanoscale 

sensors,24 optical devices,25 solar cells,26 liquid crystal devices27 etc.).  In particular, 

research into group IV semiconductor nanowires has been of high interest since the 

beginning of the 2000s.28  Within group IV elements, silicon has been the material of 

choice for the microelectronics industry due to its abundance on the Earth’s crust (and 

cost-effective as a consequence), non-toxic nature and chemically stability.29  As well, 

it presents high carrier mobility and optimum structural and electrical characteristics 

of the Si/SiO2 interface, all advantageous features for different electronic, 

optoelectronic, and energy applications.  Thus, a key requirement is to research 

materials compatible with well-developed Si-based industrial technology.  Although 

the first transistor, made in the 40s,30,31 was made using Ge, its lower natural 

abundance (and higher price as a consequence) and less stable external oxide layer 

forced the industry to replace it with Si.32  However, the current development of high-k 

dielectric materials have boosted the research on synthetic protocols applied to Ge 

nanostructures formation, and nanowires in particular.33,34 

 

Germanium exhibits superior features to Si such as a superior charge carrier transport 

due to lower effective mass of electrons and holes,35 and presents quantum 

confinement effects at larger dimensions (Bohr radius of 24.3 nm and 4.9 nm for Ge 

and Si, respectively).36–39  Also, germanium displays a smaller indirect bandgap of 

0.66 eV (at 300 K) with a very small difference with the direct bandgap (~ 140 meV) 

compared to Si (1.11 eV with the large direct-indirect bandgap difference of 2.4 eV at 

300 K).  Fortunately, the similarities in crystal structure between Si and Ge simplified 

the development of bottom-up synthetic techniques and catalytic growth procedures 
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to obtain high quality Ge nanostructures, and nanowires in particular.40  This synthetic 

progress has been profited not only in nanoelectronic devices,41–43 but also in other 

applications fields such as solar energy conversion,44,45 memory applications,46 

biological nanosensors,47,48 catalysis,49 nanoelectromechanical systems50 and energy 

storage51,52. 

 

Germanium, along with carbon, silicon and tin, can form many allotropes besides 

graphite and diamond cubic (dc), and a relatively easy synthetic path has been found 

for most of them.  Over the years, however, germanium allotropes have mainly been 

obtained by pressure induction.53  It is well established that when germanium, both 

amorphous or diamond-cubic forms (see Figure 1.1a), is placed in a diamond anvil 

cell (DAC) under a reasonable amount of pressure (above 10GPa), a new metallic β-Sn 

structure (I41/amd) arises due to a phase transformation.53,54  It is worth mentioning 

that this transformation is uplifted to pressures above 17 GPa at the nanoscale.55 Yet, 

upon pressure release at room temperature, germanium does not follow a reverse 

structural sequence. Instead, the appearance of a tetragonal phase (see Figure 1.1b) 

(also called ST12-Ge or Ge-III, which contains 12 atoms per unit cell in the space 

group P43212 – D8
4– ) or a body centred cubic structure (also called BC8, which slowly 

changes to the hexagonal diamond crystal structure), both sometimes mixed with 

dc-Ge form, have been reported.53,54  Hidrostaticity and shear-stress factors have been 

suggested as the main parameters for phase selection.56 Through this process, and also 

over higher pressures, dc-Ge undergoes a series of structural transitions, which have 

been the subject of a large number of theoretical and experimental studies.54,57,58  A 

considerable effort has been made to simulate and characterize the different properties 

conferred to most of these different polymorphs presented by germanium, and 
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hypothetical metastable structures of germanium, such as Pbam-24,59 P42/ncm,60 or 

P6522,61 have been predicted to possess better energetic stabilities in comparison with 

diamond cubic phase. Among all the crystalline Ge allotropes, nearly none of them is 

stable at room temperature and ambient pressure, yet ST12-Ge has been reported to 

be kinetically stable at ambient conditions.62 ST12-Ge (see Figure 1.1b) is based on a 

tetrahedral structure with 12 atoms per unit cell arranged to form fivefold, sixfold and 

sevenfold rings. Hence, it is expected to be a semiconductor and has attracted special 

attention due to its potential in electronic and energy storage applications. Also, 

comparisons with theoretical calculations carried out for ST12-Silicon point that 

doped ST12-Ge may act as a superconductor at low temperatures.63 

 

Figure 1.1.  Crystal structures of germanium. (a) Germanium in the diamond cubic-

type structure with the Fd3m space group. (b) The metastable tetragonal ST12 

structure with the P43212 space group.64  

 

Ge nanowires have been produced using a wide variety of synthetic protocols most of 

which are based on the vapour-liquid-solid (VLS) or VLS-like mechanisms.  These 

approaches are based on a three-phase system (growth media, seed particle and 

nanowire/substrate support) where nanowire growth occurs.  The nature of the selected 

nucleation seed (external or self-seeded) plays a crucial role in nanowire growth 
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development.  However, even though some external catalyst seeds may present 

synthetic advantages, they might also diffuse and incorporate into the structure of 

nanowires.  This phenomenon might lead to impurity incorporation into the nanowire 

structure and a significant modification of the semiconducting properties of the 

nanowires.  Catalyst-free and self-seeded growth approaches have demonstrated to be 

able to obtain competitive nanowire growth rates and narrow diameter distribution 

without affecting the chemical and physical nature of the resultant nanomaterial. 

 

Among all applications for the self-seeded Ge nanowires, energy storage, lithium-ion 

batteries (LIB) in particular, have raised a vast interest.65,66 Semiconductor nanowires 

are very attractive for LIBs due to the good electronic conduction, the short Li-ion 

diffusion distance, and the high surface contact area with battery electrolytes.65,67  

LIBs have been accepted as the pre-eminent energy storage technology for portable 

electronic devices due to several presented advantages such as high energy/power 

density, long life and eco-friendly features.68,69  However, state-of-the-art LIBs still do 

not meet the demands of high-performance requirements in the current market, i.e. 

electric vehicles, and germanium is one of the most promising candidates for the next-

generation LIBs.  Features of germanium such as the theoretical specific capacity of 

1624 mA h g-1 (for Li22Ge5), the high electrical conductivity (104 times higher than 

that of Si), the high Li-ion diffusivity (400 times greater than that of Si) and a 

volumetric capacity of 7366 Ah L-1 place germanium (and its alloys or composites) in 

a privileged position to replace common graphite as a future anode for LIBs.65,70–72 

 

In this chapter, I evaluate synthetic methods and growth mechanisms for self-seeded 

Ge nanowires growth.  Section 2 introduces the general growth mechanisms for both 
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externally-seeded and self-seeded Ge nanowire growth and the most popular catalysts 

employed.  Section 3 reviews synthetic methods employed to grow Ge nanowires 

without any externally added metallic seed, with the focus on the self-seeded bottom-

up approaches.  Section 4 focus on the growth mechanisms applied for self-seeded Ge 

nanowire production.  Section 5 examines the growth of self-seeded Ge nanowire 

alloys with a special focus on GeSn alloy.  Finally, I will discuss the application for 

self-seeded Ge nanowires, in particular in a lithium-ion battery application.  

 

1.2. Germanium Nanowires Growth Mechanisms 

1.2.1.  Primary Growth Paradigms for the Nanowire Growth  

Ge nanowires can be synthesised using a wide variety of synthetic protocols, most of 

which are based on the three-phase VLS mechanism and its derivatives such as 

vapour-solid-solid (VSS), solution-liquid-solid (SLS) or supercritical fluid-solution-

solid (SFLS) growth paradigms.  Less popular growth mechanisms, such as the 

vapour-solid (VS) mechanism and oxide-assisted growth (OAG) mechanism, have 

also been explored for Ge nanowire growth.  Although other growth mechanisms have 

also been used for nanowires synthesis like solvent-vapour, epitaxial growth or solid-

liquid-solid mechanism, this section will only focus on the most used growth 

mechanisms for Ge nanowires, which are also relevant in understanding the seedless 

and self-seeded growth mechanisms of nanowires.  A brief discussion on the different 

bottom-up growth mechanisms involving seed/catalyst, e.g. VLS, VSS) or no 

participation of seed, e.g. VS, OAG, is presented in this section. 

 

Generally, the names attributed to growth mechanisms tend to be quite self-

explanatory and are derived from the physical states of the phases involved.  Some of 
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the growth methods, e.g. VLS, VSS, SLS, SFLS, differ only in the reaction media, but 

the growth mechanism is otherwise identical.  The initial word, such as “vapour”, 

“solution” or “supercritical fluid” refers to the medium where the reaction is going to 

take place and the source of the reaction material.  The second word, “liquid” or 

“solid”, indicates the state of the catalyst seed or droplet at the reaction temperature.  

The last word refers to the substrate and the single-crystal nanowires formed, where 

the growth takes place.  Successful implementation of these growth mechanisms 

requires the precursor species to be delivered and reach a catalyst droplet (liquid or 

solid), where supersaturation and nucleation, and finally crystallisation into a solid 

nanowire structure will take place.  A generalisation for the different growth 

mechanisms is that the growth rate at the seed-crystal solid interface is faster than the 

growth rate at any of the other interfaces.  This point will be discussed in detail in later 

sections. 

 

While the catalyst for the VLS growth of Ge nanowires is in the liquid state, the 

catalyst for VSS growth is at a temperature below the melting point, in the solid state.  

The state of the catalyst is assumed to be at a temperature below its melting point (or 

eutectic point of the mixture) based on bulk phase diagrams.73  However, at the 

nanoscale a modification in the phase diagram (or melting point of the nanoscale seed) 

may occur and a shift of the metal-semiconductor eutectic towards lower temperature 

may lead to attribution to a wrong growth mechanism.74–76  Likewise, the eutectic point 

shift might differ between materials with the same-sized nanoparticles.77,78  The state 

of the seed can also influence nanowire growth.  For example, a reduction in the 

growth rate of nanowires via VSS growth, by an order of magnitude compared to the 

VLS growth under identical growth conditions, has been identified.79  This is 
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attributed to weaker surface reactivity (lower eutectic point) and lower diffusivity 

through the solid droplet compared to the growth with the liquid nanoparticle. 

 

Solution-based (SLS80 and SFLS81) synthesis mechanisms are analogous variants of 

the VLS mechanism, although conducted in solution or solvent dispersions.  Solution-

based mechanisms are a promising approach for the mass production of nanomaterials 

with excellent controls of the composition and morphology.  They are usually 

conducted in the presence of coordinating solvents, which help in tuning the growth 

kinetics and passivating the generated structures.  These mechanisms present some 

clear advantages over other widely used mechanisms.  Narrow size distributions 

(diameter as small as 5 nm) and the crystallinity could be achieved at much lower 

growth temperatures (usually 200-350 °C) compared to vapour-phase growth.81,82  

Better control over the nanowire morphology and crystallinity was achieved via flow-

through solution-based process compared to a batch growth process.81–83  

Nevertheless, a clear challenge that still exists is the significant amount of 

carbonaceous by-products formed during the reaction, which often limits reaction 

yields and contaminates the resulting nanowires.  Although, this issue has been used 

as an advantage for battery applications and will be discussed later. 

 

An SFLS growth mechanism, in particular, is achieved when the solvent is at a 

temperature and pressure beyond its critical point.  Above the critical point, the vapour 

and liquid coexist and a single-phase fluid with intermediate properties is generated 

which presents a unique density, low viscosity, high diffusivity and low surface 

tension.84  These particular properties allow significant synthetic tunability by varying 

temperature and/or pressure, acquiring desired gas-like or liquid-like conditions.  



10 
 

Growth under these conditions provides: (i) higher chemical flexibility, (ii) dispersion 

of bigger nanoparticle seeds, (iii) precursors solubilisation at higher concentrations 

than usual and (iv) growth under high temperatures in a solution phase by increasing 

the boiling point of the solvent.  The yield of the nanowires from SFLS growth is 

surprisingly high, extended up to milligram quantities of different single crystal 

nanowires.85–87  The main flaws of the SFLS growth are the possible nanoparticle seed 

agglomeration and coarsening leading to broad nanowire diameter distributions.84  

Additionally, nanowire nucleation and growth take place at a higher rate than VLS 

growth (μm min-1 in SFLS while nm min-1 in VLS), which is often too fast for 

quantitative analysis of growth kinetics and mechanics.  At the same time, the 

sequential introduction of precursors or concentration adjustments are much more 

limited, which restricts the synthesis of axial heterostructures.88 

 

The vapour-solid (VS) growth mechanism is one of the most widely employed 

mechanisms for the general growth of nanomaterials.  This mechanism is a catalyst-

free (unseeded) mechanism, which means it does not require the presence of a third 

party to act as a nucleation point.  Instead, VS growth only involves two phases and 

growth occur directly from the vapour-phase source species condensing to the 

crystalline solid-phase nanostructure.  The required growth temperature for this 

mechanism is higher than in other catalytic methods due to the absence of an 

energetically favoured catalytic point (the seed).  This mechanism is mainly governed 

by the temperature and pressure of the reaction and the nature of the surface where the 

deposition takes place.  The main advantage of this method is the absence of any 

contamination resulting from parts of the seed becoming trapped in the crystalline 

structure of the nanowires.  Ge nanowires produced via a VS mechanism are generally 
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free from stacking faults and metal contamination and can be more efficient light 

emitters than the seeded, e.g. Ni seeded, nanowires.89,90 

 

Oxide assisted growth (OAG) is another mechanism employing high temperature as 

the main driving force for nanowire growth.  In this process, instead of a metal or 

metalloid catalyst seed, oxides play a key role in the nucleation and growth of the 

nanowires.  High yield and high purity nanowires with preferential growth directions, 

uniform diameters can be obtained through OAG.91  While nanowire diameter is 

limited by the seed diameter in VLS-like growth, in the OAG very narrow diameter 

(even ~ 1 nm) can be achieved by careful control of gas flow and substrate 

temperature.92  Another important advantage is the use of simple elemental and oxide 

powders as precursors, avoiding poisonous and flammable precursor gases such as 

silane or germane.  However, the main drawbacks are the high-reaction temperature 

required (enough to vaporise the precursors under vacuum) and the unavoidable oxide 

shell growth, which must be removed before implementation in electrical or optical 

devices.  In a conventional OAG process, the first step consists of thermal evaporation 

of a mixture of the material and its oxide.  Despite the high temperatures used, most 

of the solid source materials may not sublime in a regular atmosphere, thus high-

vacuum conditions are required.  Reactive oxide clusters (a mixture of Ge and GeOx) 

are also formed and deposited while generating some bonding with the substrate itself 

and limiting the mobility across the surface.  As a result, non-bonded and highly 

reactive atoms present in the cluster are exposed to the vapour phase.  Oxides play an 

important role here in the formation of intermediate catalyst-seed-like clusters.93–95  

Initial clusters may act as nuclei for absorption of additional clusters or other vapour 

species, serving as a driving force for nanowire growth.96,97  In this process, oxygen 
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atoms are desorbed from the clusters during crystallisation, inducing the diffusion of 

the oxygen to the surface and producing a chemically inert oxide sheath.98 

 

1.2.2. Why Self-Seeded growth: Disadvantages of Catalytic Ge Nanowire Growth 

As pioneered by Wagner and Ellis,2 metal-catalyst based techniques have become the 

most commonly employed for growing 1D semiconductor nanostructures.  The 

catalytic particle assisting the growth becomes the crucial point of the overall growth 

process.  This is not only because the size of the particle determines the diameter of 

the nanowires, but also, the catalyst position on the substrate may dictate nanowire 

placement.99,100  Seeded growth involving a metal catalyst is based on the idea that the 

energy barrier required for a given material to nucleate heterogeneously onto a pre-

existing seed is lower than the necessary activation energy to induce, homogeneously, 

self-nucleation.165 

 

1.2.2.1. Different Catalyst Type and their Effect on Physical Properties of 

Nanowires 

Au is the most extensively studied catalyst for Ge nanowire growth.  Some of the main 

reasons for it to be considered the standard catalyst are its low toxicity, chemical 

stability when exposed to air, the low vapour pressure at high temperatures and simple 

processing.  Although Au forms a low-temperature eutectic with Ge (361 °C)101, there 

are certain disadvantages associated with using the metal, which had led to the 

screening of other elements and alloys as catalytic seeds for Ge nanowire growth.  The 

catalysts used for Ge nanowire growth are generally categorised into three groups:102 

(i) type A, i.e. Au, Ag and Al, with simple binary phase diagrams and high eutectic 

solubility (> 10 % of Ge in the eutectic alloy), (ii) type B, i.e. In Sn and Bi, with also 
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simple binary phase diagrams but low eutectic solubility (typically < 1 % of Ge in the 

eutectic alloy) and (iii) type C, i.e. Fe, Ni and Cu, germanide forming catalysts which 

result in complex binary phase diagrams.  Due to the high melting point (> 1000 °C), 

the type C catalyst will generally not be in a liquid state but in solid state to induce 

VSS growth.103 

 

Within type A catalysts, Au, which is an expensive and rare metal, emerges as the 

predominant catalyst for Ge nanowires, as other type-A metals (Ag or Al) form 

relatively high temperature eutectics with a high Ge solubility.  However, with all 

catalyst-metal particles used for nanowires growth, the effect of possible metal 

incorporation into the crystal structure of nanowire can become a critical point for 

electronic transport.  The high diffusion constant of many metals in Ge makes the 

impurity incorporation process likely to occur during growth.104  A significant 

modification of semiconducting properties, e.g. bandgap, is produced when the 

incorporation of 10-7 catalyst atoms in the nanowire is surpassed.105,106  The presence 

of these impurities not only can introduce deep defect levels in the semiconductor 

bandgap, making it unfavourable for electronic applications but also negatively affect 

energy storage applications by inducing irreversible capacity losses in anodes for 

Li-ion batteries.107  Although, most deep-level recombination processes and scattering 

occur from nanowire surface states which may not be altered by the presence of Au in 

the bulk of the nanowires.108,109  This is of particular importance for Ge, which displays 

higher surface-state densities than Si (1014 cm-2 and 1012 cm-2, respectively).110  

Selective chemical etching, e.g. in aqua-regia, has been occasionally used to remove 

Au present on the surfaces of nanowires, but Au atoms trapped into the nanowire 

structure during growth might still affect the properties of these nanowires.111,112 
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All these concerns over the use of Au catalysts fuelled the investigation of more 

suitable catalysts alternatives for the synthesis of semiconductor nanowires, Ge 

nanowires in particular.113  Ag, as well as Ag/Au alloys, have shown high efficiency 

in the growth of Ge nanowires.114  Al is also presented as one of the critical seed-

metals as it creates low-level traps in the Ge nanowire structure115 and also acts as a 

p-type dopant.116  However, the sensitivity and high reactivity of Al with oxygen limit 

its usage in most synthetic setups, requiring demanding oxide removal steps.  For 

type-B catalysts, the diffusion of the seed into the nanowire structure might be seen as 

an advantage since the presence of those elements can act as dopants.  However, the 

solubility of Ge in these metals or metalloids is usually low (< 1 %) which might lead 

to meta-stable structures when high incorporation ratios are achieved.117  Zn is the 

least interesting one within this group because it can introduce electron traps (like type 

A catalysts) but despite this, good quality nanowires have been obtained with Zn.118  

Cd and Tl are not very suitable for Ge nanowire growth due to the droplet-nanowire 

system surface tension, a crucial element in nanowire growth.  Group III, i.e. Ga119 

and In120, IV, i.e. Sn121 and Pb122 and V, i.e. Sb40and Bi123, elements are much more 

interesting as seed materials due to their low eutectic temperatures while having 

potential doping capacities as both, n-type and p-type dopants.  Type C catalysts, e.g. 

Cu124 and Ni125, are of particular interest due to their compatibility with group IV 

materials, and thus, potential integration in the CMOS (Complementary Metal-Oxide-

Semiconductor) industry.126  As type B catalysts are promising due to their doping 

capacity, type C materials have become popular due to their promising ability to be 

used in microelectronic applications where properties like high conductivity and high-

quality crystal structures are required.  However, oxidation of these catalysts could be 
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an issue along with the slow nanowire growth rate and germanide phase formation, 

which may limit their application. 

 

1.3. Self-Seeded Germanium Nanowires Synthesis Methods 

Ge nanowires are commonly fabricated by either top-down or bottom-up processes.  

Each of the approaches presents intrinsic advantages and limitations and may be 

adopted under the appropriate circumstances.  In the semiconductor industry, since its 

onset in 1959, top-down approaches, optical lithography or photolithography, was 

utilised to fabricate nanowires.127  Photolithography involves several steps, 

comprising material removal from bulk samples through local etching and deposition 

processes, to build up a nanowire structure.  This technique has been able to design 

and produce nanowires with dimensions down to the 10 nm range.128  Top-down 

methods also include electron beam and focused ion-beam lithography, both less 

present at the industrial-scale production.  The main drawback presented by 

photolithography is the surface roughness of nanowires generated which may result in 

considerable diameter variability.  Rough surfaces are also susceptible to increase 

surface scattering.  Additionally, top-down processing also has a limitation in 

achieving engineered nanostructures such as heterostructure and alloys. 

 

In contrast, bottom-up techniques present a high degree of freedom in combining 

materials to construct very complex structures through self-assembly.  After the first 

demonstration of bottom-up nanowire synthesis in 19642, this method became the 

most common path to obtain any anisotropic growth at the nanoscale.  A wide range 

of bottom-up approaches have been developed, and most of them are well-known for 

the formation of high yields of small-diameter nanowires while maintaining low costs 
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of production.  However, usage of external catalysts for nanowire growth lead to metal 

incorporation in the nanowire atomic structure which critically alters the 

semiconducting properties of the nanostructures (discussed in detail in Section 1.2).  

Another potential drawback for bottom-up growth is the precise placement with high 

regularity over large surface areas, as required for integrated circuits. This section will 

review the synthetic methods widely used for Ge nanowire growth, with a special 

focus on the self-seeded approaches. 

 

1.3.1. Bottom-Up Synthesis of Self-Seeded Germanium Nanowires 

Bottom-up techniques have the potential to outperform the limits and functionalities 

of top-down strategies controlling morphology, composition and structure within a 

narrow distribution range.  Within bottom-up synthetic approaches, different explored 

routes can be classified as (i) vapour-phase growth, (ii) solution-based growth and (iii) 

growth techniques using templates. 

 

The standard process for both vapour-phase and solution-based techniques can be 

described by three simple steps.  Initially, a gaseous Ge precursor (originally gas or 

volatilised liquid) is introduced into the system.  An inert carrier gas such as Ar is 

employed to transport the precursor in the reaction chamber, providing an oxygen-free 

environment.  The supplied gaseous precursor (either in molecular or atomic form) 

gathers around the nanoparticle seed (either in solid or liquid phase) deposited over a 

substrate.  This is followed by the decomposition of the precursor molecules on the 

surface of the nanoparticle seed, as well as adsorption and diffusion of the Ge atoms 

into the nanoparticle seed.  Finally, when supersaturation is reached in the seed 

particle, preferential precipitation occurs as a single-direction elongation (usually at 
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the interface between the seed and the substrate) to form one-dimensional structures.  

Most often, this deposition process is thermally driven, but several other perturbation 

processes (growth enhancement by laser129, X-Ray,130 microwave131) have also been 

described. 

 

The three-phase bottom-up Ge nanowire growth may also be achieved without the use 

of an external catalyst.  Ge itself plays an important role in the formation and growth 

of Ge nanowires via a self-seeding mechanism in a VLS paradigm.  This is usually 

achieved when in situ Ge nucleation seeds form, requiring no pre-deposited 

nanoparticle seeds or films of Ge, generating nanowires.  A more detailed analysis of 

the self-seeded growth of Ge nanowire will be discussed in Section 4. 

 

1.3.1.1. Vapour-Phase Growth of Self-Seeded Nanowires  

Within the vapour-phase growth group of techniques, chemical vapour deposition 

(CVD) and physical vapour deposition (PVD) can be distinguished.  While PVD is 

based on physical mechanisms to deposit nanomaterials, CVD relies on chemical 

reactions to obtain different nanostructures. 

 

PVD growth of self-seeded nanowires.  In PVD growth, a solid precursor transforms 

into vapour using a laser or high-power electrical tools.  Once transferred into the 

reaction chamber, the vaporised material is adsorbed on the substrate or nanoparticles 

yielding to the growth of desired material, thus not relying on any chemical process.  

This growth method has advantages not only as an eco-friendly technique but also 

when growing extremely hard and corrosion-resistant materials because of their high-

temperature laser-ablation resistance.  However, the main flaw for its scalability is the 
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high cost due to the slowness of the process and the intense heating and cooling 

procedures required. 

 

Oblique angle deposition (OAD), utilising the epitaxy of a growth substrate is one of 

the simplest examples of PVD.  Epitaxial growth refers to atoms nucleated and grown 

on a single-crystal face ordered in a relative orientation to a substrate.  This technique 

bases its capacity of growing nanowires only on the appropriate selection of a substrate 

crystal orientation, the temperature and precursor evaporation rate, and the control of 

the deposition angles.132 Taking advantage of the possible crystallographic correlation 

between the single crystal substrate and the crystal structure of the nanowires (lattice 

matching), a predominant growth orientation is achieved.35  Nanowire growth can also 

be produced when there is a large lattice mismatch between a nanowire and substrate 

material.133  The relative substrate-deposit orientation depends on the structure of the 

crystal planes in contact and the atomic interactions across the interface, although, a 

mask layer, i.e. SiOx, is often used to allow growth on specific areas of a substrate.134  

Growth takes place at a very slow rate on low-surface-energy side facets, as no catalyst 

seeds are used and the process is only controlled by temperature, which significantly 

limits its tunability.135,136  However, a drawback of this technique is the formation of 

kinked nanowires.137,138  Electron beam melting (EBM) is an analogous technique 

based on the use of suitable substrates to control the alignment and crystal orientation 

of nanowires.  A detailed study about self-seeded Ge nanowire growth by OAD was 

published by Li et al.139, the first and only attempt to grow pure Ge nanowires by 

OAD.  Different substrate temperatures were screened, under an optimised flux angle 

and deposition rate variables, and long and self-standing nanowires were obtained at 

a temperature around 330 °C.  As the nanowires did not display a straight morphology 
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with smooth surfaces (see SEM images in Figures 1.2a and 1.2b), details on mean 

diameter, diameter variation and length of the nanowires were not disclosed.  The 

crystallinity of the nanowires was confirmed by Raman spectroscopy and X-Ray 

diffraction (XRD), obtaining the highest crystallinity for samples grown at a high 

temperature (330 °C).  Transmission electron microscopy (TEM) (see Figures 1.2c 

and 1.2d) further validated the presence of amorphous Ge at 130 °C, polycrystalline 

Ge at 230 °C and highly crystalline structures growing in the (110) direction at a 

temperature of 330 °C.  Thermal stability tests were also performed, presenting Ge 

nanowires with excellent structural cohesion below 500 °C.  At 500 °C nanowires 

started to melt and aggregate together, and above 580 °C they were all melted and 

aggregated as particles. 

 

 

Figure 1.2.  (a), (b) Scanning electron microscopy (SEM) images of the Ge 

nanostructures deposited at a substrate temperature of 330 °C with a flux angle of 87° 

and a deposition rate of between 0.1 - 0.2 Å s-1.  Scale bar of (a): 1 μm and the 

magnified image of (b) the scale bar is: 500 nm.  (c), (d) High-resolution TEM 

(HRTEM) images and selected-area electron diffraction (SAED) patterns of Ge 

nanowires fabricated at a temperature of 330 °C.139 

 

CVD growth of nanostructures.  In CVD growth, a vapour-phase chemical reaction 

takes place close to the surface of the substrate, which is maintained at the growth 

temperature during the whole deposition period.  Depending on the processing 

conditions, CVD can be classified as metal-organic CVD, low-pressure CVD, plasma-
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assisted CVD, hot-wall CVD, etc.  As a widely studied technique, and probably the 

most popular for nanowire growth, CVD allows the formation of a variety of 

nanomaterials from a vast number of material sources.  CVD is based on a near-

equilibrium process, which grants a firm control over the composition, dimension, 

location, and morphology of the desired nanomaterial, as well as the impurity 

concentration and distribution (in situ doping).  CVD as a method for growing 

semiconductor nanowires has advantages or disadvantages that mainly depend on the 

reaction temperature used.  For example, working at low temperatures (< 600 °C) 

makes CVD more compatible with Si processing, so any innovation is more likely to 

be used for industrial applications.140  At temperatures < 600 °C, narrow and uniform 

diameter nanowires, along with highly-crystal and well-faceted structures are 

achievable.  In situ doping processes are also more readily accomplished, allowing 

facile tuning of nanowire properties.141,142  However, there is a wider choice of 

precursors when working at high temperatures (> 700 °C), which also allows a greater 

degree of freedom to vary growth conditions (temperature and pressure).  The main 

concern with using high temperatures is the aggregation and Ostwald ripening 

processes suffered by the nanoparticle seeds due to the surface diffusion.  These effects 

result in large seed particles formation, which inhibits the formation of uniform 

diameter distributions.  In this regard, self-seeded bottom-up grown carbon-capped 

seeds formed in situ has an advantage over the common metal-assisted CVD growth 

via the VLS technique.  The main drawbacks of the popular CVD technique are the 

numerous control variables to consider when designing an experiment and the use of 

harmful gases and/or precursors. 
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Self-seeded nanowire growth by CVD.  Kim et al.143 used a hydrogen-terminated 

patterned Si substrate surface as a reactive surface to accommodate the growth of Ge 

nanowires in a common CVD setup.  The use of the GeH4 precursor mixed with H2 

gases yielded highly dense growth of nanowires (see Figures 1.3a and 1.3b) with 

aspect ratios above 103.143  The same precursor was utilised to evaluate the effect of 

X-rays in Ge nanowire growth in a CVD reaction.130  Ge nanowires with high aspect 

ratios, lengths up to 20 μm, and a high degree of kinking were produced at a low 

synthesis temperature of 300 °C.  Aggregated spheroids or amorphous hydrogenated 

Ge were not found in the samples,144,145 and the nanowires obtained were highly 

kinked (see Figures 1.3c and 1.3d).  Broad diffraction peaks determined by XRD 

pointed towards low crystallinity in the nanowire samples, further confirmed by the 

TEM observation of a small yield of amorphous Ge (a-Ge) phase.  Dřínek et al. 146 

utilised alternative commercial precursors such as (GeMe3)2 for the Ge nanowire 

growth without the presence of any additional catalysts.  A growth temperature of 

490 °C led to the formation of high-quality Ge nanowires on substrates such as Ta, 

SiOx and W.  While kinking was absent in the nanowires (see Figure 1.3e) bending of 

the nanowires was observed (see Figure 1.3f) which may inhibit their application in 

electronic/optoelectronic devices.  The same authors experimented with other Ge 

precursors, such as (SiMe3)3GeH, in a single-step CVD approach which created 

unusual nanowire morphologies, such as core-shell Ge-Si/C nanowires (see Figure 

1.3g).147  A Ge core with a variable diameter between 5 - 40 nm was coated by a two-

layer shell of Si and C (see Figure 1.3h) with a total thickness of 5 to 20 nm.  The shell 

part was constituted by an inner coating of 5 nm Ge crystallites in an amorphous body, 

surrounded by a completely amorphous outer coating.  These Ge nanowires with an 

outer diameter up to 100 nm (core and shell) generally presented a crystalline Ge core 
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growing along the [110] direction, exhibiting a single crystal Ge structure without any 

defect.147 

 

 

Figure 1.3.  (a) SEM image showing high-density, uniform Ge nanowires grown from 

a planar thin SiOx film on a Si surface; scale bar: 3 μm.  Inset: a TEM image of the Ge 

nanowires, scale bar: 100 nm.  (b) A lattice-resolved TEM image of a single-crystal 

Ge nanowire.  The arrow highlights the nanowire axis, which corresponds to the 

<110> direction; scale bar: 5 nm.  Inset: the corresponding diffraction pattern (ED).143  

(c), (d) SEM images of Ge nanowire products deposited on the lower surface of a 

quartz substrate.  Specific diameters of nanowire frames are reported in (d).130  

(e) Bright-field TEM image of Ge nanowires prepared on a stainless steel AISI 310 

substrate.  (f) HRTEM observations of Ge nanowire elongated along the [110] 

direction prepared on a stainless steel AISI 310 substrate (the amorphous germanium 

oxide shell is indicated).146  (g) SEM observations of the sample annealed at 700 °C.  

(h) HRTEM observations of a single Ge nanowire from a sample annealed at 700 °C.  

Nanowire elongated along the (110) plane, electron diffraction of Ge along [101] as 

an inset (1-core, 2-inner jacket, 3-outer jacket).147 

 

CVD (as well as PVD) processes can accommodate thermal evaporation of solid Ge 

precursors for Ge nanowire growth; a simple and scalable process which does not 

require hazardous or toxic precursors but powder or solid pellets.  Typically, the 

thermal evaporation technique requires the use of a very high temperature (> 938 °C, 
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corresponding to Ge melting point), although the evaporation temperature can be 

lowered (~ 700 °C) with the use of metal catalyst seeds.37,148–150  Wu et al.151 first 

attempt to grow self-seeded Ge nanowires by the thermal evaporation of Ge powder 

at a temperature of 1050 °C, under a flowing Ar/H2 atmosphere for 2.5 hours.  Very 

poor-quality Ge nanorods (see Figure 1.4a), with diameters ranging from between 20 

to 200 nm and lengths up to 5 μm, were obtained with a mixture of crystalline and 

amorphous structure (see Figure 1.4b).  However, the nanorods produced showed a 

mixture of tetragonal, cubic and amorphous Ge structures, including a combination of 

these morphologies in single nanorods.  GeO2 has also been used as an alternative 

solid precursor, as it can be reduced in situ by H2 at high reaction temperatures.152,153  

The crystallinity of the Ge nanowires produced can be tuned to be either amorphous, 

polycrystalline or single crystalline, by modifying the substrate temperature and/or 

evaporation rate.  Wu et al.154 used the GeO2 precursor to synthesise self-seeded Ge 

nanostructures under H2 flow at a temperature of 1100 °C (727 - 627 °C in the 

deposition zone).  Different 1D structure morphologies (such as straight nanowires, 

sphere-capped nanowires and tapered nanowires) were obtained along the substrate 

length, each corresponding to a different growth temperature (see Figure 1.4c).  

Uniform nanowire morphology was obtained at the coolest deposition area of the 

substrate (645 °C) where Ge nanowires with diameters ranging between 20 to 120 nm, 

lengths between 0.5-10 μm, and smooth surfaces and very few structural defects were 

produced (see Figure 1.4d).  An amorphous shell of between 1-7 nm in thickness was 

also observed on the surfaces of these nanowires.  Other research groups also utilised 

GeO2 as a precursor for growing Ge nanowires, combined with H2 and various 

hydrocarbon molecules, e.g.  methane, acetylene and ethanol, to achieve self-seeded 

core-shell 1D nanostructures (shells composed of carbon).152,153,155  These carbon-
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based self-seeded Ge nanowires were shown to be useful for energy storage 

applications such as anode materials for Li-ion batteries.152,153,155 

 

  

Figure 1.4. (a), (b) TEM image and a SAED pattern (inset) along the (101) direction 

and a lattice fringe image (HREM) of single-crystal Ge (high-pressure phase) 

nanorods.151  (c) Optical micrographs of an as-synthesised nanowire specimen grown 

on a Si substrate; (a-e) the corresponding temperatures and SEM images of the as-

synthesised nanostructures in different regions.  (d) TEM images, corresponding to 

(c), of Ge nanostructures from (a-e), respectively.154  (e) TEM image of deposits 

obtained at a Ge content of 40 at.% and an Ar pressure of 0.1 MPa and (f) TEM image 

of nanowires and their tip parts in deposits, and inset: corresponding SAED pattern.156  

 

Other vapour phase growth of self-seeded Ge nanowires.  The laser ablation 

technique was first used to synthesis semiconductor nanowires in 1998157 and since 

then has been combined with both CVD and PVD approaches to grow 

nanowires.158-160  Laser ablation involves irradiating the source material with a laser 

to generate a vapour flux, which is then carried by an inert gas to a heated substrate.  

The laser generates a local temperature of up to 5000 °C within few nanoseconds, 

allowing ablation of the source materials, regardless of their binding energies.161  

While the high temperatures required (> 800 °C) limit its scalability for industrial 
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production, this approach is suitable for the rapid growth of nanowires; growth rate in 

the range of μm min-1.  Nanowire composition also be easily tuned by varying the 

source target.  Self-seeded crystalline Ge nanowires, coated with a carbon shell, have 

been obtained using a laser ablation CVD setup.156  As-obtained Ge nanowires (see 

Figure 1.4e) exhibited diameters of between 8 - 35 nm with lengths up to ~ 1 μm.  

Covalent bonding between the Ge core and C shell was found to prevent oxidation of 

the nanowires (see Figure 1.4f). 

 

Electric arc discharge evaporation techniques are considered very promising 

approaches for growing semiconductor nanowires.  These techniques create 

concentrated atomic flows of the precursor, resulting in high yields of nanowires that 

can often be structural tuned.  The approach is based on a two-electrode setup, usually 

a cathode of carbon or tungsten and an anode of the source material of interest.  A 

mixture of gases is also required to enhance and quench the reaction, as well as a 

background gas (inert gas) which is ionised to generate a plasma (serving as the 

reactive point).  Synthesising Ge nanostructures via arc discharge presents serious 

challenges due to Ge low melting and boiling points (938 and 2850 °C, respectively) 

and a fairly high electrical resistivity at room temperature (40 Ω cm in bulk Ge with 

less than 1013 impurity atoms per cm3).162  High electrical resistivity creates problems 

when the electric arc ignition takes place, which is not suitable for the transmission of 

large currents.163,164  However, promising results have recently been achieved for the 

growth of 1D Ge nanostructures (see Figure 1.5a) without the involvement of any 

foreign metal catalysts.  Catalyst-free Ge structures with a mean diameter in the order 

of 1 μm and lengths from 100 μm to 1 mm was achieved via arc-discharge CVD.165  

Even though some tapering of the nanowires was detected, the nanowires presented a 
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smooth surface (see Figure 1.5b) with the presence of small Ge nanocrystal spheres at 

their ends.  The crystallinity of these nanowires was not confirmed through structural 

characterisation. 

 

 

Figure 1.5.  (a) SEM image of a sample at ×700 magnification and (b) the image of 

an individual Ge nanotube at ×5000 magnification.165  

 

1.3.1.2. Solution-Phase Growth of Self-Seeded Ge Nanowires 

Nanowire growth can also take place in a liquid medium.  Solution-phase growth 

methods usually guarantee a high production yield of nanowires, while exhibiting less 

control over the nanowire growth process compared to easily tuneable CVD 

methods.11,166  In this section I have also included a discussion on the synthesis of Ge 

nanowires in supercritical fluid (SCF) solvents. 

 

SCF synthesis of nanowires was first reported in 1993167 and, even though this method 

requires a pressurised system and suitable reaction vessels, it can be considered a fast-

growth technique.161  In this approach, the generation of a liquid-vapour coexistence 

state depends on the pressure applied (or self-induced by the system), as well as the 

supercritical temperature of the organic solvent (usually solvents with < 300 °C boiling 

points).168  SCFs are interesting growth media as they offer a wider reaction 

temperature range than usual traditional solution-based techniques.169  The ability to 
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tune both temperature and pressure parameters can be utilised to promote the 

solubility, mobility (high diffusivity) and reactivity of precursors; by governing 

solvent properties such as viscosity, polarity, dielectric constant and heat capacity.170  

The interactions of  the solvent with the precursors, intermediates, and by-products 

can also profoundly modify the reaction equilibrium and kinetics.102 

 

A great advantage of solution-based techniques is their continuous nature which 

allows them to be scale-up for industrial purposes.  The first report of self-seeded 

growth of Ge nanowires by a solvent-mediated process was back in 1993, using an 

SCF setup.167  Heath and LeGoues167 reported the high-pressure reduction of GeCl4 

and phenyl-GeCl3 in hexane at 275 °C for a period of between 2-8 days, in a batch 

setup.  The diamond cubic structure of the Ge nanowires was confirmed by XRD and 

FTIR (Fourier-Transform Infrared Spectroscopy) analysis showed the surface of the 

nanowires to be terminated with hydrocarbons, oxygen and chlorine.  Although the 

yield of nanowires was low (between 5 - 10 %), TEM imaging (see Figure 1.6a) 

showed nanowires with diameters between 7 and 30 nm and lengths up to 10 μm.  The 

self-seeded Ge nanowires (see Figure 1.6b) exhibited a high density of stacking faults 

parallel to the crystal growth direction, (111) plane in this case, and the faults were 

present along the entire lengths of the nanowires.  The same authors also used a self-

tailored Ge precursor to hinder aggregation and coarsening of Ge nanoparticles during 

the self-seed growth of nanowires.171  Hexakis(trimethylsilyl)digermane, Ge2(TMS)6, 

was used (dissolved in toluene) with a continuous-flow setup at growth temperatures 

of between 300-500 °C and a pressure of 17 MPa.  Seedless sub-10 nm Ge nanowires 

of excellent quality were obtained with a characteristic core-shell morphology (see 

Figure 1.6c).  The crystalline cores of the nanowires consisted of pure dc-Ge with 
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diameters ranging from between 6.3 to 9.4 nm (depending on the growth temperature) 

and the shell was found to be mostly an amorphous matrix largely composed of Si and 

C with some polycrystalline Ge nanoparticles (see Figure 1.6d).  While the amorphous 

shell has a non-uniform thickness, the core diameter remained uniform along the 

length of the nanowires.  The relationship between reaction temperature and diameter 

distribution was also studied.  In particular, a model was developed to describe the 

nanowire formation stages (nucleation, coalescence and Ostwald ripening) to explain 

the influence of growth temperature on the diameter of the seedless Ge nanowires 

produced.172 

 

Hydrothermal synthesis is a specific variant of the SCF technique, where the solvent 

used is supercritical H2O.  The technique is very flexible and offers a unique scenario 

to preparing high-quality Ge nanowires at relatively lower temperatures using a simple 

and cost-effective process.173  Another advantage is the use of a non-toxic and eco-

friendly solvent, H2O, in contrast with the other solution-based techniques.174,175  

Hydrothermal techniques have brought excellent results in the self-seeded growth of 

Ge nanowires.  In a simple batch setup using Ge powder and distilled water in a 

reaction kettle, crystalline Ge nanowires were produced after 6 hours at temperatures 

between 450-470 °C under stirring.170 The nanowires produced displayed smooth 

surfaces and straight morphologies, with no spherical seeds at the tips of the nanowires 

(see Figure 1.6e).  TEM observations of the nanowires suggested a rectangular cross-

section (see Figure 1.6f) with a mean diameter of 50 nm (ranging from 10 to 150 nm) 

and a single crystal structure of tetragonal ST12-Ge.  Although, this particular 

crystallinity was only confirmed by TEM and no other characterisation techniques, 

e.g. Raman spectroscopy or XRD, were used to corroborative the result.  Such an 
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interesting outcome in terms of achieving a novel metastable phase of Ge is of high 

interest and more detailed characterisation would have been required to verify the 

crystal structure and phase of these nanowires. 

 

Another high-yield nanowire production method is ‘solution-phase synthesis’.11  Here, 

the growth environment is not a supercritical fluid, rather an organic solvent at ambient 

pressure.  This technique probably represents one of the most simple methods for 

growing nanowires, as nanostructures can be produced without the need for complex 

and high-cost equipment or high vacuum systems.80,176  Growth of Ge nanowires in 

liquid-phase is usually conducted in high boiling point (HBP) solvents, with boiling 

points typically above 400 °C, e.g. squalane, and squalene.177  This group of organic 

solvents permits Ge nucleation in a non-pressurised system, facilitating Ge precursor 

decomposition and nanowire growth.178,179  A large number of studies on the solution-

phase synthesis of Ge nanowire have focussed on self-seeded approaches for nanowire 

growth.171,180  Colloidal synthetic approach has been used for the growth of 

nanocrystals and nanorods in HBP solvents.  This approach has also profited from the 

use of surfactants to grow 1D nanostructures.181  In this case, surfactants are used to 

selectively passivate certain facets of the evolving nanocrystal to allow growth along 

a certain direction, forming nanowires.  The solution-phase growth of Ge generally 

requires reaction temperatures to be high enough to thermally decompose Ge 

organometallic precursors and to successfully nucleate Ge under these growth 

conditions. 
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Figure 1.6.  (a) TEM image of a 10 μm long, 18 nm diameter, single-crystal Ge 

nanowire.  The islands of material scattered throughout the micrograph consist 

primarily of bunches of Ge nanodots.  (b) TEM image of the tip (left) and a central 

portion of an 18 nm diameter, 650 nm long Ge nanowire.  At the top left is an ED 

pattern of the wire, indicating that the wire is a diamond lattice single crystal oriented 

along its [011] zone axis.  Visible in the micrographs are a set of {200} and {111} 

lattice planes, running diagonally across the diameter, and a second set of {111} 

planes, running parallel to the wire axis.  Note the faults which traverse the length of 

the wire.167  (c) SEM images of the Ge nanowires.  Inset is a High-angle annular-dark-

field STEM (HAADF-STEM) micrograph of Ge nanowires synthesised at 400 °C, 

clearly displaying the core-shell morphology.  Including shell, the nanowires shown 

are 20-50 nm in diameter, while the cores are 8-10 nm in diameter and show good 

uniformity along the wires.  (d) TEM image of a nanowire synthesised at 500 °C, 

showing the distinct core-shell morphology.  The image was obtained along the 〈111〉 

zone axis of the Ge nanowire. 171  (e) Field-emission SEM images of Ge nanowires 

arrays and (f) the SEM of a sectional view of Ge nanowires.170 

 

Zaitseva et al.180 presented a detailed study on the influence of reaction pressure and 

solvent type on the growth of self-seeded Ge nanowires.  Ge nanowire formation from 

the Ge precursor tetraethylgermane (TEG) at a temperature of ~ 400 °C and pressure 

≤5 MPa was compared to reactions performed under vacuum and ambient pressure 
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conditions.  In both scenarios, HBP solvents, i.e. trioctylamine and squalene and low 

boiling point (LBP) solvents, i.e. hexane and toluene were screened.  The best yields 

of Ge nanowires, up to nearly 100 %, were obtained when reactions took place under 

pressure in HBP solvents.  The use of LBP solvents led to substantially lower yields 

of Ge nanowires which were mixed with isometric amorphous particles.  LBP solvents 

were not able to produce Ge nanowires in reasonable yields at ambient pressure, at 

least with the TEG precursor.  The choice of self-tailoring a Ge precursor to achieve 

the desired reactivity under certain reaction conditions has also been explored using 

different nanowire synthesis techniques.  Ge et al.80 reported an effective Ge precursor 

for growing highly crystalline Ge nanowires known as TOG, with the molecular 

formula [(CH3(CH2)7CH=CH(CH2)7CH2NH2)4Ge]4+·(Cl-)4.  These self-seeded 

nanowires were produced in a three-neck round-bottom flask at a reaction temperature 

of 360 °C for 4 hours using tri-n-octylamine as the solvent.  Straight and slightly 

curved Ge nanowires with diameters between 50 - 70 nm and lengths between 10 and 

20 μm were observed (see Figure 1.7a).  A direct correlation between the amount of 

precursor used and the mean diameter of the nanowires obtained was determined.  

Amorphous-like Ge nanoparticles, with diameters < 7 nm, were observed in the 

amorphous-carbon coating surrounding the nanowires (C-Ge nanowires) (see Figure 

1.7b).  In another report, Gerung et al., synthesising self-seeded Ge nanowires from 

new Ge2+ precursor, i.e. Ge(2,6-OC6H3(C(CH3)3)2).
176  Although crystalline, the 

nanowires formed displayed kinked and tapered structures with diameter distributions 

between 15 and 25 nm and lengths ranging from 100 nm to 10 μm could be found in 

the samples (see Figure 1.7c).  The use of commercially available Ge precursors has 

been widely used by several research groups to grow self-seeded Ge nanowires.  

Barrett et al.177 used the commercially available precursor diphenylgermane (DPG), 
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under reflux, to grow high-yields of long (> 10 m), untapered Ge nanowires with 

diameters ranging between 7 and 15 nm (see Figure 1.7d).  All of the nanowires 

synthesised had diamond-cubic crystal structures, with the majority of nanowires 

displaying a [111] crystal growth direction and about 20 % exhibiting a [112] growth 

orientation (see Figure 1.7e and 1.7f), consistent with previous reports.176  A more 

detailed study on the growth of self-seeded Ge nanowires using the DPG precursor in 

HBP solvents at a temperature of 420 °C was reported by Geaney et al.182, with an in-

depth analysis of the different morphologies obtained (see Figure 1.7g).  Straight, 

defect-free and single crystal Ge nanowires, with diameters ranging between 7 and 

20 nm, were found to constitute the majority of the samples.  However, around 5 % of 

nanowires presented lateral and longitudinal stacking faults, which originated during 

the nucleation process.  The lateral defects were found to run parallel to the growth 

direction for <111> oriented nanowires, while the nanowires where the growth occurs 

in the <112> direction, the defects keep appearing on the (111) type plane to alleviate 

the stress.  Kinked and very abrupt angular kinked (“wormlike”) nanowires, with 

diameters between 15 - 40 nm, were found at a higher reaction temperature 

(450 °C).182 

 

Electrochemical deposition of self-seeded nanowires can also be classified as a solvent 

(electrolyte) based growth method.  Electrochemical deposition is a versatile and cost-

effective technique for Ge nanowire production.  This technique presents a unique 

combination of several advantages, such as low operation temperatures (mostly at 

room temperature), simple setup, ease of scalability (widely present in current large-

scale production), tunability and environmental friendliness.183–185  Even though this 

technique can eliminate the requirements of a catalyst seed, long, kink-free and single 
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crystal Ge nanowires with the potential to be used in different applications are still a 

challenge.186   

 

 

Figure 1.7.  (a) SEM image of C-Ge nanowires produced by thermal decomposition 

of 1.8 × 10-4 mole of TOG at 360 °C for 4 h.  (b) Upper image: HRTEM image showing 

amorphous-like Ge nanoparticles (marked by circles) with diameters below 7 nm on 

the surface of one C-Ge nanowire after refluxing for 4 h.  Lower image: TEM image 

for C-Ge nanoparticles with sizes between 10-15 nm from the solidification of larger 

L-Ge droplets in the sample after 1 h reflux.  The inset SAED shows the diamond-type 

(cubic-structured) Ge.80  (c) Ge nanowires (inset, typical SAED pattern).176  (d) SEM 

image of nanowires with magnified image inset.  (e, f) HRTEM images of nanowires 

exhibiting (111) and (112) growth directions, respectively.  The interplanar spacing of 

3.27 angstroms for the (111) nanowire is shown in (e) while an indexed FFT is shown 

in (f).177  (g) Top-left TEM image of straight Ge nanowires synthesised using squalene 

as the HBS.  Most of the nanowires can be seen to be straight and untapered, while the 

arrow highlights a small area of kinked nanowires.  Top-right SEM image of 

increasingly kinked nanowires synthesised in squalane with specific nanowire types 

highlighted.  The schematic at the bottom depicts the five different types of nanowires 

discussed within the text; IA: straight, defect-free nanowires, IB: laterally faulted 

nanowires, IC: longitudinally faulted nanowires, II: angular nanowires and III: more 

complex, wormlike kinked nanowires.182 
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Chi et al.187 proposed an electrochemical setup to deposit Ge nanowires onto indium 

tin oxide (ITO) glass substrates.  The unusual morphology obtained (choral-like 

structures of Ge nanowires) (see Figure 1.8a and 1.8b) displayed an amorphous 

structure by TEM observation, although XRD and Raman suggested the formation of 

a crystalline Ge phase.  Subsequently, Hao et al.52 presented encouraging results with 

a simple two-step electrochemical method.  After elementary Ge nanoparticle 

formation by ionic liquid electrodeposition, samples were annealed at 500 °C in an Ar 

atmosphere to generate Ge nanowires.  The as-obtained nanowires (see Figure 1.8c 

and 1.8d) displayed diameters of between 100-200 nm and lengths of 2-3 μm, with no 

tapering or branching, but with a certain degree of kinking and surface roughness. 

 

1.3.1.3. Templated Growth of Unseeded Ge Nanowires 

Templated growth techniques are often used to define the position and growth 

direction of semiconductor nanowires, without the need for catalytic metal seeds.  

These techniques have been investigated to grow Ge nanowires in high densities with 

controlled placement and alignment. 

 

Templated growth of semiconductor nanowires can be achieved by depositing material 

into nanochannels formed within a substrate or membrane.  A commonly used 

nanoporous membrane for templating nanowires is anodised aluminium oxide 

(AAO).189,190  AAO templates not only allow the formation of vertically aligned arrays 

of nanowires but also allow control over nanowire diameters.  The best methods for 

depositing metals and semiconductors in the channels of AAO to form nanowires 

include electrodeposition,191 CVD192 and epitaxial growth192. 
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Figure 1.8.  (a) and (b) SEM images of electrodeposited Ge with UV irradiation on 

ITO at different potentials: (a) at −1.300 V, (b) at −1.325 V.187  (c) SEM images of Ge 

films obtained from 1.5 M AlCl3 + 0.1 MGeCl4/[EMIm]Tf2N after annealing at 500 °C 

for 2h in Ar.  (d) TEM image and SAED pattern of Ge nanowires.52  (e, f) Regions of 

darker contrast correspond to elemental Ge while outer walls with lighter contrast are 

oxide layers of 4 to 8 nm thickness.  Surface roughness is observed on the Ge 

nanowires in high-resolution imaging (f).188 

 

Yang and Veinot also successfully formed Ge nanowires by thermally reducing GeO2 

sol-gels within the pores of AAO membranes.188  The sol-gel was thermally reduced 

at 600 °C in an atmosphere of Ar/H2 for 5 hours to generate Ge nanowires to minimise 
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carbon contamination.193  Temperature and time were the two main variables used to 

control nanowire growth which led to the formation of Ge nanowires with tailorable 

diameters and lengths, between 30 - 300 nm and 2 - 7 μm respectively (see Figure 1.8e 

and 1.8f).194  Sol-gels are formed by condensing a suspension of colloidal particles 

(the sol) to yield a gel and the technique has evolved into a general and powerful 

approach for producing a range of nanostructures.195  Sol-gel synthesis has also been 

combined with other synthetic steps to produce nanowires.  Template-aided synthesis 

combined with electrophoretic deposition, or reductive thermal processing, have also 

proved to be efficient for Ge nanowire growth.  Key parameters for tuning the 

properties of sol-gel derived nanostructures are pH, oxidation state and temperature.196 

 

1.4. Growth Mechanism for Self-Seeded Ge Nanowires 

1.4.1. Nanoparticle Seeds 

As self-seeded growth of Ge nanowires typically involves the formation of in situ Ge 

nanoparticle seeds.  Similar to the VLS growth of nanowires, the self-seeded growth 

of semiconductor nanowires involves three components: (i) the precursor dispersed in 

a media (supply phase), (ii) the seed particle (collector phase) and (iii) the nanowire 

(crystalline solid phase).197  The presence of the nanoparticles at the tips of nanowires 

is dependent on a balance between the vapour-nanoparticle, vapour-

substrate/nanowire and nanoparticle-substrate/nanowire interfacial energies.198  These 

three junctions combine in a singular area commonly known as a three-phase boundary 

(TPB), and this trijunction is where nanowire growth occurs (see Figure 1.9).  For 

growth to take place, the first step prior to nucleation of the nanowire is the delivery 

of molecular or atomic precursors to the seed particle.  This transport may happen 

through vapour, solution or a supercritical fluid phase.  This process is known as 
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‘accommodation’ and can be split into two different steps: (i) adsorption of the 

precursor adatom onto the seed particle/media interface and (ii) incorporation of the 

precursor adatom into the new crystalline solid phase.  The incorporation of atoms into 

a nanowire structure may also occur via diffusion of adatoms along its sidewalls, via 

a VS mechanism.199  When the molecule decomposition process to liberate adatoms 

takes place, both in the nucleating seed or along a nanowire’s sidewall, the organic 

ligands in the precursors may form volatile by-products.  These organic substituents, 

which might be as simple as a hydrogen atom, may interact with the seed or the 

nanowire surface promoting surface passivation which may reduce the energy and the 

reactivity of the surface200,201; surface passivation can significantly mitigate VS 

interfacial growth.202  Surfactants can also be used in both solution- and vapour-

mediated processes to promote the preferential growth of certain facets.203,204  By 

utilising three-phase growth and surfactants, uncommon sidewall facet can become 

stable, allowing modification of the growth direction.  Surface facet development 

during growth may dictate the axial crystallographic alignment of the wires.205,206  This 

is due to the chemical potential reduction of the incorporated adatoms during growth 

is correlated with the sidewall facet planes and their surface energies.205,207  This is 

especially valid for very small nanowires, where the surface energy of the exposed 

facets becomes much more relevant and may govern the wire into a particular 

orientation.205,208 

 

Axial growth of semiconductor nanowires occurs when the concentration of the 

reactive species, e.g. Ge atoms, reaches supersaturation in the seed particles.  The point 

of supersaturation largely depends on the thermodynamics of the system, however, 

kinetic factors such as precursor diffusion and incorporation frequency are also 
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relevant.209  The generation of crystal building blocks followed by the aggregation of 

one another to form seed nuclei is generally known as the nucleation step.197  Growth 

will then occur when accommodating more precursor in the drop is no longer 

thermodynamically favourable.197  

 

 

Figure 1.9.  Illustration of preferential interface nucleation, birth and spread growth 

of a nanowire.  (a) 3D depiction of a wire illustrating that the TPB as a dark line on 

the circumference of the collector/crystal interface.  (b) 2D cross-section of the wire 

depicted in (a).  (c) Nucleation at the TPB with the TPB being displaced in the growth 

direction.  (d) Step propagation at the collector/crystal interface.  (e) The new layer is 

completely formed.  (f) Nucleation at a different site.197 

 

A key parameter which significantly influences self-seeded nanowire growth is the 

diffusion of the seeds (Ge in this case) on the surface of a substrate before the 

nucleation of the nanowires.  This diffusion may promote coarsening and Ostwald 

ripening effect210, leading to the formation of bigger nanoparticle seeds and 

broadening of nanowire diameter distributions.211  Factors such as adatom diffusion 

along the sidewalls of nanowires212 and diffusion and coarsening of the nucleation 

seed during self-seeded nanowire growth may also lead to tapered nanowires.212  Other 
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critical factors which can influence crystal structure, the crystal growth direction and 

the tapering of the nanowires include the wettability and contact angle between the 

initial seed nanoparticles with the substrate, and later with the nanowire growth 

face.213–217  The volume and phase of nanoparticle seeds should also remain unchanged 

during nanowire growth to minimise crystal defects such as kinking.218–222  The growth 

temperature and precursor partial pressure (precursor concentration) are the main 

variables that can be used to modify parameters such as contact angle, seed volume 

etc., in a fixed system.223   

 

1.4.2. Proposed Growth Mechanism for Self-Seeded Germanium Nanowires 

Generally accepted growth mechanisms for Ge nanowires, including self-seeded 

nanowire, have been described in Section 2.1.  A vast consensus can be found on the 

growth pathway for metal/metalloid seeded Ge nanowires.  Thus, when literature 

refers to any conventional three-phase bottom-up growth, e.g. VLS, VSS, SFLS etc., 

no additional explanation is usually required to justify the growth of the Ge nanowires.  

However, no standardised mechanism has been found to justify the formation of Ge 

catalytic seeds and self-seeded Ge nanowire growth.  Conventional growth paradigms, 

e.g. VLS, VSS, can participate to direct 1D growth with the self-formed seeds of a 

growth material (described in section 4.1).  However, one of the important criteria is 

the initial creation of Ge in nanoparticles form which nanowires grow.  The self-

seeded growth of 1D nanostructures does not involve any foreign metals, metalloids 

and oxides.  The only involvement of third-party material in any self-seeded and 

unseeded growth of Ge nanowires is for OAG, where oxides, i.e. GeOx, are believed 

to assist in 1D growth.  The growth mechanism for OAG has been previously 

discussed in detail in Section 2.1. 
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However, in most of the self-seeded growth processes, no third party catalyst is 

intentionally added into the reaction.  The VS growth mechanism can explain some 

aspects of self-seeded nanowire growth, but it is inadequate or incomplete for most 

cases.  Generally, most of the self-seeded Ge nanowire literature extensively propose 

a growth mechanism to explain novel growth behaviour observed in experiments.  

Thus, it is not possible to represent the self-seeded growth of Ge nanowires by a single 

growth mechanism.  In this section, I will summarise and group all of the suggested 

growth mechanisms for self-seeded Ge nanowire growth.  I will also try to establish a 

common link between these growth mechanisms in an attempt to standardise self-

seeded growth processes. 

 

Growth mechanisms of self-seeded growth by vapour phase methods.  Within the 

group of vapour-phase grown self-seeded Ge nanowires, several mechanisms have 

been proposed.  Among these, classical VS growth was proposed to be mainly 

responsible for self-seeded growth of Ge nanowires, as reported by Kim et al.143 in 

2009 and Wu et al.154 in 2010.  Kim et al. achieved nanowire growth via a CVD setup 

using GeH4 as a precursor.143  They did not attribute the self-catalysed nanowire 

growth to a VLS mechanism224 but instead, proposed that the initial growth seeds that 

nucleated nanowires, in a thermodynamically preferred direction (see Figure 1.10a), 

were derived from the etching of the hydrogen-terminated silicon oxide wafer.  Higher 

densities of nanowires were observed on activated regions of the substrate (see Figure 

1.10b).  In another report, Wu et al.154 proposed a mixture of OAG and VS growth 

mechanisms using GeO2 as a precursor for the self-seeded growth of Ge nanowires.  

In the coldest substrate reaction zone (645 °C), participation of both VS and OAG 
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growth produced Ge nanowires at high densities.98  Whereas, in the hottest substrate 

zone (720 °C) nanowires were produced by OAG combined with self-catalytic VLS 

growth.225  The nanowires present in the hottest area of the substrate showed a 

spherical shape on their tips due to the formation of a liquid droplet, which lead to 

nanowire growth via a self-catalytic VLS mechanism.  A similar self-seeded VLS 

growth mechanism was also observed for the growth of tin oxide nanostructures.226,227 

 

 

Figure 1.10.  (a) A schematic for the proposed catalyst-free Si nanowire growth 

model.  (b) SEM image of metal-free Si nanowires grown on a patterned substrate; 

scale bar 10 μm.  The growth substrate was photolithographically patterned using a 

silicon (100) wafer with a 50 nm oxide layer.  The selected area was chemically etched 

to remove oxide layers and treated with ultrapure water at 100 °C to generate the 

reactive SiOx surface.143  (c) Plots of nanowire diameter versus tip nanoparticle 

diameter obtained at (c).a) 0.1; (c).b) 0.5; and (c).c) 0.9 MPa.156 

 

Demaria et al.130 used an X-ray-assisted CVD technique to grow self-seeded Ge 

nanowires.  The influence of the X-rays (voltage of 250 kV and current of 10 mA 

which corresponds to an absorbed dose rate of 5x103 Gy h−1) and reaction temperature 
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(300 oC) on nanowire growth were explored.  While the temperature was essential for 

the growth of any nanostructure, X-rays were deemed to be a growth enhancer; due to 

a lower yield of nanowires in their absence.  Radiolytic activation was believed to 

accelerate the dehydrogenation of the Ge precursor (GeH4 in this case).  Although the 

energy of the X-rays was probably not high enough to target the bonds directly, it 

might have excited core electrons and reshuffled the electron distribution.228  A thin 

amorphous layer of Ge was also observed on the substrates which was also assumed 

to participate in nanowire nucleation.  An oversimplification might lead us to conclude 

that the nuclei formation was caused by naturally activated sites on the substrate (as 

previously reported by Kim et al.143) or oriented heteroepitaxy (as previously reported 

by Li et al.139).  However, massive H2 formation due to X-ray dehydrogenation and 

the substantial presence of the H2 near the substrate is hypothesised as the reason for 

nanowires to nucleate.  H2 interacts with the thin Ge amorphous layer, blocking the 

surface and leaving few dangling Ge atoms available to act as nuclei to promote the 

formation of Ge nanowires. 

 

Laser ablation of Ge and C powder can also lead to the formation of Ge nanowires.156  

The presence of spherical shapes at the tips of nanowires and the strong correlations 

between nanoparticle diameters and nanowire diameters points towards the 

participation of in situ formed nanoparticles as catalytic seeds for the nanowire growth 

(see Figure 1.10c).  The formation of Ge/C liquid droplets was proposed for nanowire 

growth, analogous to the SiOx nanowire formation from SiOx nanoparticles.229  Ge and 

C precipitates from the liquid droplet and a phase separation between Ge and C 

generate the Ge-C core-shell nanowire structures.  Similar growth mechanisms were 

suggested by several other groups for self-seeded Ge nanowire growth.152,153,155  In 
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these methods the GeO2 precursor was intentionally mixed with a hydrocarbon gas 

(methane, acetylene and ethanol respectively) to obtain Ge-C core-shell nanowires. 

 

Most of the self-seeded nanowire growths via vapour phase approaches have been 

obtained on inert growth substrates, i.e. no chemical or reactive role was played by a 

substrate.  Substrates only accommodate catalytic droplets (Ge nanoparticles in this 

case) for further nanowire growth.  Dřínek et al.146 screened a series of substrates such 

as stainless steel, Fe, Mo, Ta, W and SiO2 at a reaction temperature of 490 °C, with 

(GeMe3)2 as the Ge precursor, to evaluate the role of the substrates in self-seeded Ge 

nanowire growth.  Even though Fe, Mo and Ta form intermetallic phases with Ge, 

only Fe does it at the reaction temperature of 490 °C, while the others form at 

temperatures of ~ 700 and 600 °C respectively.230  W and SiO2 do not present any 

intermetallic alloy with Ge.230  Considering the required necessity of adhesion and 

limited mobility of the precursor atoms until they anchor at a specific surface site to 

form a nucleus nanocrystal, Dřínek et al.146 proposed the physicochemical properties 

of the substrate surface (such as defects, imperfections and present impurities) as the 

decisive feature for nanowire formation.  However, the presence of the methyl groups 

during precursor decomposition was not considered.  Raman peaks corresponding to 

amorphous and graphite carbon were found, even though no strong Ge-C interaction 

was detected by FTIR.  The presence of the organic ligands on the substrate may have 

helped nuclei formation for nanowire growth.156  In this case, the carbonaceous 

material might have played a special role in assisting initial droplet stabilisation.  The 

carbonaceous structures on the substrate seem crucial for self-seeded nanowire growth 

over inert substrates.151  Wu and Tao proposed a VLS growth mechanism, without any 

in-depth analysis of the nanowire formation mechanism in the presence of 
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carbonaceous compounds.151  The presence of spherical tips at the end of the nanorods, 

which appear to be eutectic droplets, was indicative of a self-seeded VLS process 

aided by the presence of carbonaceous compounds. 

 

Mathur et al.231 also explored the growth mechanism of Ge nanowires grown on Fe 

substrates.  No evidence of spherical seeds was found at the tips of the nanowires, 

unlike those reported by Dřínek et al.146 for Ge nanowire growth with the same Fe 

substrates.  Recently, Dřínek et al.147 have also reported the formation of core-shell 

Ge-Si/C nanowires in the absence of external catalytic seeds. Additionally, no 

spherically shaped nanoparticles were observed at the tip of the nanowires, thus a 

process similar to an OAG mechanism was proposed.  Dřínek et al.147 describe that 

while starting the reaction form tris(trimethylsilyl)germane, (Si(CH3)3)3GeH, a series 

of reactions in the vicinity of the substrate surface led to the formation of germane-

like structures, with the presence of Si and C.  Similar nanostructures were previously 

formed with a very similar precursor in a supercritical setup.171  The initiation of the 

growth was triggered by Ge-Si/C droplets formed on high energy defects, or 

imperfection sites, on the substrates, which participate to generate seed-free core-shell 

Ge-Si/C nanowires. 

 

Growth mechanisms of self-seeded growth by solution-phase methods.  A more 

generalised nanowire growth mechanism has been proposed for self-seeded nanowire 

growth in solvents compared to vapour.  Growth under supercritical conditions is 

included in this section to simplify the understanding of the rationale.  The majority 

of self-seeded Ge nanowires grown in the solution phase have taken place in organic 

solvents using metalorganic precursors.  Heath and LeGoues presented the first report 
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of self-seeded Ge nanowire growth in 1993.167  Taking account of the limited 

characterisation techniques available at that time for an in-depth analysis of the growth 

mechanism, various possible explanations were considered by the authors.  

Essentially, the importance of the organic ligands of the precursors was elucidated.  

When using GeCl4 as a precursor Ge nanoparticles were obtained, while nanowires 

were only produced using phenyl-GeCl3 as a precursor.  The phenyl group shows a 

high tendency to polymerise and in combination with HBP solvents can form catalytic 

droplets, which act as sinks for Ge atoms, ideal for the self-seeded growth of Ge 

nanowires. 

 

Zaitseva et al.180 laid the groundwork by proposing a general growth mechanism for 

the self-seeded growth of Ge nanowires which was useful in explaining subsequent 

research on the self-seeded grown of Ge nanowires in the solvent phase.  They 

proposed the formation of an organic droplet, analogous to the liquid catalyst seed 

used in VLS growth, which aids the growth of self-seeded nanowires.  When working 

close to the boiling point of the solvent, small drops of condensed solvent act as a sink 

for precursor vapour molecules (TEG in this case), similar to the role Au plays in the 

conventional VLS growth of nanowires.232  Ge incorporates into the organic droplet, 

and when saturated, crystallises over a substrate, to initiate nanowire growth.  Organic 

radicals released during the precursor decomposition might also polymerise and 

catalyse further precursor decomposition.233  Barrett et al.177 presented their results 

with the commercially available Ge precursor DPG in HBP solvents.  They proposed 

a similar mechanism of nanowire growth as described by Zaitseva et al.180, except they 

proposed the formation of germane gas due to the decomposition of DPG during the 

reaction.  There is no in-depth study on how different Ge organo-metallic precursors 
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might affect the nanowire growth process, but similar outcomes seem to be obtained 

using commercially available precursors.  The dependence of nanowire diameter on 

the size of the organic droplets was confirmed by substrate screening, i.e. Pyrex, quartz 

and ITO.177 

 

Ge et al.80 described a new synthetic pathway to explain the growth of Ge nanowires 

from the self-tailored precursor ([(CH3(CH2)7CH=CH(CH2)7CH2NH2)4Ge]4+(Cl-)4) 

(TOG).  Decomposition of the precursor (see Figure 1.11), initiated the formation of 

liquid Ge droplets on the surface of the substrates.  At a critical size, the liquid droplets 

solidify and act as catalytic seeds for nanowire formation.  The growth direction was 

likely controlled by preferable plane crystallisation, (110) in this case.  Although not 

discussed by the authors, some role may be played by the organic solvent or organic 

ligands released during precursor decomposition step on nanowire growth. Gerung et 

al.176 also described the formation of Ge nanowires from the precursor Ge(2,6-

OC6H3(C(CH3)3)2) (germanium 2,6-dibutylphenoxide, Ge(DBP)2).  They introduced 

two viable growth mechanisms: (i) a self-seeding VLS mechanism and (ii) a self-

assembly mechanism.  The first mechanism, agreeing with Zaitseva et al.180 

description, was supported by the presence of a spherical shaped seed at the end of the 

nanowires which shared a common crystallographic structure with the nanowire.  

However, the second mechanism was also put forward due to the observance of 

aggregates of smaller rods near the tip of the nanowires, which suggests a continued 

recrystallization process of these aggregates extending the length of the nanowires, as 

also described for Ag.234 
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Figure 1.11.  Schematic illustration for the formation of C-Ge nanowires during the 

decomposition of TOG in TOA solution at 360 °C.80 

 

More complex self-seeded Ge nanowire formation mechanisms occur when precursors 

are used that include Si atoms within the structures.  Hobbs et al.171 obtained core-

shell Ge-Si/C nanowires in a supercritical LBP solvent (toluene).  The precursor used 

by Hobbs et al. liberated the Ge atoms prior to the Si species, which immediately 

formed the initial Ge nuclei.80,235  The liberated trimethylsilyl groups from the 

precursor formed a matrix which accommodated molten Ge nanoparticles preventing 

them from aggregating.  These droplets acted as nucleation seeds for Ge nanowire 

formation.  The amorphous shell (composed of Si, Ge, C and O), which passivated the 

surfaces of the Ge nanowires formed, was not directly involved in the formation of the 

nanowires beyond nanoparticle stabilisation.  This was elucidated by screening 

different reaction temperatures.  Hobbs et al.171 described in detail some in-between 

reaction mechanisms to predict the whole reaction pathway for self-seeded nanowire 
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growth.  Another interesting growth mechanism for the self-seeded Ge nanowires was 

proposed with H2O as a solvent, under supercritical conditions.170  Lin et al.170 

described in detail the reactions of Ge (Ge powder as a precursor) in combination with 

water ions, to nucleate self-seeded Ge nanowires.  An analogous method to the OAG 

mechanism was described with subtle but crucial differences.  Here, both H+ and OH- 

ions played an important role, not only on the phase separation but also on the redox 

reaction in the initial droplet, while phase separation only occurs at the growth tip via 

the OAG mechanism. 

 

1.5. Growth of Self-Seeded Ge Nanowire Alloys 

Group IV alloy semiconductor nanowires are attractive due to the ability for bandgap 

manipulation in these materials, and application in photonics, optoelectronics and 

nanoelectronics devices.  For example, with a Sn concentration of ~ 9 at.%, GeSn 

shows a transition to a direct bandgap material from an indirect bandgap Ge.  Among 

the reported Ge alloys, such as GeSn,131 SiGe,236 SiGeSn,237,238 etc., only GeSn 

nanowires have been successfully grown to date through a self-seed growth 

mechanism.131  Adding α-Sn (grey tin, a Sn allotrope with diamond cubic structure) 

into the Ge lattice results in an energy difference between the Γ- and  L-valleys (ΔEΓ-L) 

decreases as the Sn content increases, leading to the formation of a direct bandgap 

material at between 6 - 10 at.% Sn content.  A key challenge with synthesising GeSn 

is the low equilibrium solubility of Sn in Ge (< 1 at.%) and the tendency for Sn to 

segregate at high temperatures,239 which can be controlled in nanowires by 

manipulating growth kinetics. 

There are numerous recent reports240 on synthesising GeSn nanomaterials due to their 

potential application in fields such as electronics,241 optoelectronics242 and energy 
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storage243 (see Figure 1.12).  GeSn nanowires have been principally grown to date 

using pre-synthesised metal catalytic seeds, such as Au,244 AuAg,243 AuSn245 and Sn121 

nanoparticles.  Barth et al.131 were the first to report the formation of self-seeded GeSn 

nanowires; formed by heating bis[N,N-bis(trimethylsilyl)amido]tin(II) and bis[N,N-

bis(trimethylsilyl)amido]Ge(II) precursors dispersed in dodecylamine in a microwave.  

One of the main advantages of microwave heating was that a uniform temperature 

distribution was achieved throughout the dodecylamine solvent.246,247  Additionally, 

GeSn nanowires could be obtained at relatively low reaction temperatures, e.g. 230 °C, 

within minutes.  The GeSn nanowires synthesised displayed a mean diameter of 

190 (± 30) nm with Sn incorporation of up to 12.4 (± 0.7) at.% of Sn.  Despite their 

high Sn content, the GeSn nanowires were crystalline, corresponding to a dc-Ge 

structure.  All of the nanowires synthesised had a bent morphology, which was 

attributed to the growth kinetics and the solution stirring rate during the growth, which 

might have created disturbance on the triple-phase boundary at the nanowire growth 

front.248 

 

Seifner et al.249 reported an in-depth analysis of the growth pathway involved in the 

self-seeded growth of GeSn, as previously described by Barth et al.131.  They described 

the in situ formation of different Ge-rich and Sn-rich heterocubanes as the first step in 

the formation of GeSn nanowires.  Those heterocubanes behave as intermediate 

molecules which would facilitate the growth through a classical SLS mechanism, 

which is divided in 3 stages such as nucleation, elongation and termination (see Figure 

1.13). 
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Figure 1.12.  Google Scholar results for publications on GeSn per calendar year.240 

 

SLS mechanism is usually described through two differentiated steps (nucleation and 

elongation), although the third extra step in this described growth mechanism was 

associated with long reaction periods where the Sn-rich seeds at the tips of the 

nanowires were finally consumed as long as not enough Sn and Ge containing 

precursor is available anymore. This third step leads to the formation of nanowires 

with coned-shaped tails, as observed with other growth methods.250  More recent, 

Seifner et al.251 also reported the formation of GeSn at lower temperature and higher 

Sn incorporation by using a very similar microwave-assisted growth method.  

A growth temperature as low as 140 °C was successfully used to obtain GeSn 

nanorods with a Sn content of up to 28 at.%.  These globular-shaped GeSn nanorods 

displayed a diameter distribution ranging between 50 and 250 nm. 
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Figure 1.13.  Schematic representation of the three growth stages for Ge1-xSnx 

nanowire formation and TEM images to illustrate the structural features (Ge in purple; 

Sn in green).  (a) Describes the growth via homogeneous nucleation with diameter 

expansion and accumulation of Sn at the growth front.  (b) Represents the 

prenucleation of Ge1-xSnx nanowires by an additional heat treatment and nucleus 

formation via oriented attachment leading to a quickly settling nanowire diameter at 

the nucleation (I) stage.  The elongation (II) is a phase where the nanowire grows along 

its axis with a constant diameter due to constant Sn supply and consumption caused 

by incorporation in the Ge matrix.  The termination (III) includes shrinkage in 

nanowire diameter and the consumption of the tin growth seed. 

 

1.6. Potential Applications of Self-Seeded Germanium Nanowires 

Many potential applications of self-seeded Ge nanowires are related to their 

semiconductor character, especially in energy storage devices such as Li-ion battery 

anodes.  A sub-section dedicated to the potential application of self-seeded Ge 

nanowires in Li-ion batteries is given below. 
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1.6.1. Self-Seeded Ge Nanowires in Li-Ion Battery 

LIBs, compared with metal hydride, lead-acid and alkaline batteries, represent a state-

of-the-art energy storage technology.252,253  However, advancements in commercial 

LIBs (generally based on LiCoO2 and graphite/carbonaceous electrodes) are still 

required to better their longevity and improve their environmental sustainability, as 

well as their safety in some applications.254  Li-ion batteries are a type of rechargeable 

battery based on the movement of the lithium ions from the negative electrode to the 

positive electrode through an electrolyte during discharge, and the inverse process 

when charging.  During the battery usage (discharge), an oxidation reaction at the 

cathode produces simultaneously lithium ions and electrons.  Lithium ions move 

through the electrolyte while electrons move through the electric circuit.  At the anode, 

the reduction occurs when electrons react with lithium ions to incorporate them into 

the solid structure. 

 

Lithium cobalt oxide (LiCoO2), lithium iron phosphate (LiFePO4) and lithium 

manganese oxide (LiMn2O4) are the most commonly used cathodes in commercially 

available LIBs.255  The electrolyte is typically a mixture of organic compounds mixed 

with lithium salts.  Pure lithium is highly reactive because it reacts vigorously with 

water.  Thus, it is avoided for commercial use and, instead, non-aqueous gel polymer 

electrolytes are a much safer alternative.256  Most commercial LIBs employ 

carbonaceous anodes, which provide low reversible capacities (372 mA h g-1 for 

graphite) due to the formation of LiC6, and thus there is a demand for an alternative 

anode material with a higher energy density and longer life cycles, such as Ge 

nanowires.257–259  Albeit the high cost of Ge compared to the rest of the group IV 

elements, the exceptional diffusivity of Li ions in Ge (6.51 x 10-12 cm2 s-1 at room 
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temperature which is 400 times faster than Si,260 a value estimated from the value 

obtained by Fuller and Severiens of germanium diffusivity at 360 °C of 

2.14 x 10-7 cm2 s-1 by using the empirical equation for the diffusion coefficient),261 its 

high theoretical specific capacity (1624 mA h g-1),262 high volumetric capacity 

(7360 mA h cm-3)262 and high electrical conductivity (100 times higher than Si)263, 

make it a potential material for replacing carbon as an anode material.  

 

Nanowire structures grant efficient electron transport in the axial direction, high 

interfacial contact and short Li-ion diffusion distances, as well as accommodating 

electrode volume changes during repeated cycling.12  Likewise, reducing the diameter 

of nanowires results in improving electrochemical performance as cracking and 

pulverisation is significantly reduced.264  Bottom-up, self-seeded Ge nanowires 

(Section 1.3) grown directed onto conductive substrates as a 3D porous mesh of 

entangled nanowires can act as ideal anodes for LIBs.  There is no requirement for 

binders and/or conductive materials, which add extra weight, inhibit ion transport and 

degrade the electrical conductivity, unlike with conventional electrodes.  The addition 

of external carbonaceous layers or the incorporation of earth-abundant (cost-effective) 

metal into the germanium crystalline structure has the purpose to improve mechanical 

stability and electrochemical performance.  However, the challenge remains to 

determine the critical dimensions and morphologies of nanowires to reduce 

pulverisation upon repeated cycling of the LIB.265  The simple fabrication of 

nanowires is unable to guarantee the structural integrity of Ge anodes, due to the 

aggregation and large volume changes suffered by the nanowires upon cycling of a 

LIB.  To relieve this volume change, while improving cyclability, several porous 

materials, such as carbonaceous (amorphous carbon,266 carbon nanotubes267 and 
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graphene268) or oxide coatings,269 have been tested as ‘volume buffer’ materials with 

Ge based anodes. 

 

Carbon coated Ge nanowires as anode for LIBs.  Amorphous carbon has been shown 

to form a coating on Ge nanowires grown via metal-organic precursor, self-seeded 

approaches.  In LIBs this amorphous carbon coating can be beneficial due to the 

formation of a conductive, compact outer layer on the surface of Ge nanowires.  This 

not only accommodates any volume expansion during cycling but also assists in the 

formation of a stable solid electrolyte interface (SEI) layer, which is a key factor for 

the long-time performance of lithium-ion batteries.  Additionally, although the final 

state of Ge lithiation is usually considered to be Li15Ge4, some authors have pointed 

to the influence the carbon-coating in Ge electrodes has on the formation of Li22Ge5
270

 

or Li17G4
271 phases.  The appearance of this range of alloys is caused by the state of 

cycling of the anode materials such as crystallinity, dimensions, and surface/interface 

conditions,272 and rate and depth of lithiation,272 which modify the kinetics of the 

different phase transformations into several stable and metastable Li-Ge structures (i.e. 

Li7Ge2, Li9Ge4, Li15Ge4 or Li22Ge5).
273,274 

 

The most significant data highlighting the positive benefits of using self-seeded Ge/C 

nanowires in LIBs were obtained by Liu et al.275, who synthesised GeOx/C nanowires 

and reduced them to Ge/C nanowires under a H2 atmosphere at high temperatures to 

form highly efficient anodes; resulting in porous Ge nanowire structure anode which 

was ideal for accommodating Li-ion.  The specific reversible capacity (calculated only 

by the mass of pure Ge) obtained at 5 C (Coulomb of electric charge) was 

877 mA h g-1 (see Figure 1.14a).  Although remarkable capacity retention was 
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observed after 50 cycles, longer testing times would be needed to demonstrate the 

stability of the electrodes.  Hao et al.52 have also tested catalyst-free Ge nanowires for 

the anode in LIBs with similar results.  While using a loading density of their electrode 

of 0.3 mg per cm2, the samples showed a capacity of 620 mA h g-1 at 5 C (see Figure 

1.14b).  An abrupt drop in the charge and discharge capacities identified in the first 

few cycles was due to SEI layer formation.  After 20 cycles, Coulombic efficiency 

reached values over 98 % and good capacity retention was observed after 200 cycles 

(see Figure 1.14a and 1.14b).  Other interesting results using C-Ge nanowires as 

anodes in LIBs were reported by Sun et al.155 In their study Ge nanowires coated by 

multilayer-graphite tubes exhibited a reversible capacity of 515 mA h g-1 at a current 

density of 5 C (see Figure 1.14c).  Although stability tests were only undertaken for 

100 cycles, great capacity retention was obtained for the nanowires.  In another report, 

Choi et al.152 presented very poor results for catalyst-free carbon-sheathed Ge 

nanowires with a specific capacity below 260 mA h g-1 at a rate of 5 C (see Figure 

1.14d). 

 

1.6.2. Self-Seeded Ge Nanowires in Other Applications 

Self-seeded Ge nanowires in semiconducting devices.  In order to see the effect of 

metal-free growth on the nanowire performance, Connaughton et al.276,277 presented 

two reports analysing the conductivity displayed by core-shell Ge-Si/C nanowires.  

Two types of nanowire were produced by tuning the growth temperature and reaction 

time, with comparably contrasting electrical properties.  The first type of nanowires 

was produced via a single-step synthetic process, where the nanowires had a greater 

presence of Ge nanocrystals in their amorphous shell.  Another type of nanowires 

produced by annealing in a two-step synthetic process had a lower amount of Ge 
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nanocrystals presence in their amorphous shells.  Both nanowires showed greater 

electrical conductivity, one order of magnitude higher than the conductivity of bulk 

Ge.278  Ge nanowires grown via the single-step displayed a p-type behaviour with low 

conductance values when compared with nanowires grown via the two-step process.  

The conductance values presented non-linearity and hysteresis, varying around 25 nS, 

which is indicative of memristance.279,280  Nanowires grown via the two-step process, 

with a lower amount of crystalline Ge present in the amorphous shell, displayed linear 

and higher conductance values, with no field effect present.  These nanowires 

displayed quasi-metallic behaviour compared with degenerately doped Ge (doping 

density of from 1019 cm-3 onwards), due to the absence of field effect and the high 

conductivity displayed.281–283  Nanowires grown via a two-step process displayed 

resistivity values that rapidly decreased with nanowire diameter, from 40 nm to 20 nm.  

This observation was explained by the quantum behaviour of the charge carriers at 

small diameters (below Bohr radius ≈ 24 nm).37  The versatile behaviour of the 

nanowires with slightly different structural features satisfies the requirement of both 

conduction-channel and source- and drain-components for nanoscale semiconductor 

devices. 

 

Self-seeded Ge nanowires for field emission.  Ge nanowires could be used as potential 

field emitters, and some self-seeded Ge nanowires have been screened for this 

application.  Comparison of the emission properties between different Ge nanowire 

samples is difficult due to their different morphologies, which affects the geometric 

enhancement factor β; which describes how electric fields are affected by geometry 

and surface.  
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Figure 1.14.  (a) Electrochemical performances of Ge/C composite nanowires with 

fully and homogeneously carbon encapsulation: (a) a) voltage profiles of Ge/C 

composite nanowires after 1, 10, 20, 30, 40, and 50 cycles between 0.01 and 1.5 V at 

a charge/discharge rate of 0.2 C.  (a),b) The plot of specific capacity and Coulombic 

efficiency of (a),a) as a function of cycle number.275  (b) a) Galvanostatic charge-

discharge profiles for different cycles of Ge nanowires at 0.1 C.  (b) b) Cycling 

performance and Coulombic efficiency of Ge nanowires at 0.1 C.52  (c) LIB cyclic 

stability test and rate performance of the composite, 100 cycles capacity 

measurement.155  (d) Cyclic stability test of the C-Ge nanowire electrodes obtained at 

the 0.5 and 1 C rate.152 
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Wu et al.154 reported VS-grown Ge nanowires (diameter around 60 nm) with a turn-

on field (applied field to draw an emission current density of 100 nA cm-2) of 

4.6 V μm-1.  Li et al.139, instead, obtained a turn-on voltage of 8.5 V μm-1 for the Ge 

nanowires grown by OAG.  The turn-on field improved to 7.6 V μm-1 at 1 μA cm-2 

when the nanowire sample was annealed at a temperature of 550 °C. 

 

There are also a few other innovative applications of self-seeded Ge nanowires.  For 

example, they are used as bio-regenerative and cell proliferation materials, particularly 

in mammalian cells.284 

 

1.7. Conclusions and Outlook 

The aim of this chapter is to outline and benchmark synthesis methods and described 

growth mechanisms for self-seeded Ge nanowires.  Advances reported in the last two 

decades has drastically enhanced the possibility of application of self-seeded Ge 

nanowires in a wide variety of fields.  While Si has been, almost from the very 

beginning, the material of choice for the microelectronics industry, graphite (carbon) 

has played the same role in the LIB industry.  Predictions indicate that the dependence 

on microelectronics and LIBs will continue to expand and new materials will be 

required to fulfil the performance demanded by consumers.  Ge nanowires, in general, 

present numerous advantages which place them as a genuine alternative in many 

application fields.  Self-seeded Ge nanowires represent a novel material which can 

overcome impurity issues associated with metal-catalysed Ge nanowires, while 

displaying competitive nanowire growth rates, narrow-diameter distributions and 

comparable morphologies. 
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This chapter summarises progress in the bottom-up growth and mechanisms of self-

seeded Ge nanowires, also examining the applications fields of greater interest.  A 

considerable number of growth methods were detailed.  The various growth methods 

discussed are quite distinct, and the question of which method suits best mainly 

depends on the application.  Most of the approaches described generate meshes of 

entangled nanowires, which may require a subsequent positioning and assembly step 

for some applications.  A lack of in-place fabrication methods, that is, the synthesis of 

nanowires at specific positions on a substrate is still a challenge which needs to be 

overcome.  Success would allow bottom-up growth approaches to directly compete 

with the top-down fabrication methods, in terms of controllability, reliability and size 

variability.  Understanding the growth mechanisms behind the self-seeded growth of 

Ge nanowires still needs to be understood in more detail.  Nevertheless, connections 

have been found between the different approaches reported in the literature.  Solution-

phase methods share many commonalities and the presence of organic ligands 

(carbonaceous structures) and their decomposition pathways seem to play a vital role 

in the growth of self-seeded Ge nanowires.  Vapour-phase methods, however, still 

show a lack of connection and deeper exploration and more detailed studies are 

required.  Among all the described applications, energy storage, and LIBs in particular 

is seen as promising application area for self-seeded Ge nanowires. 

 

1.8. Thesis Summary 

This thesis focuses on my contribution to the growth of Ge and GeSn nanowires via a 

self-seeded approach.  Chapter 2 describes a simple one-pot solvothermal 

(supercritical) growth of carbonaceous Ge (C-Ge) nanowires that were subsequently 

tested as an anode material in Li-ion batteries.  These nanowires were grown in 
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supercritical toluene without any metal catalysts at reaction temperatures between 

380-490 °C, using a commercially sourced Ge precursor (diphenylgermane).  The 

nanowires displayed high specific charge values (> 1200 mA h g-1 after 500 cycles) 

and remarkable stable capacity retention when used as an anode material.  Chapter 3 

details the fabrication of tetragonal ST12-Ge nanowires via a one-step, bottom-up 

synthetic process in supercritical toluene.  The growth of the ST12 phase of Ge 

nanowires was studied and the crystalline phase was characterised in-depth.  The 

ST12-Ge nanowire allotrope was studied for the first time by photoluminescence, 

where the nanowires displayed intense light emission and evidence of a direct 

bandgap.  Finally, Chapter 4 describes the fabrication of high aspect ratio (> 440) 

GeSn nanowires using a simple, catalyst-free, solvothermal-like (supercritical) growth 

method.  GeSn nanowires were grown with mean Sn concentrations between 3.1 to 

10.2 at.%.  The nanowires with the lowest Sn content (3.1. at.%) were evaluated as a 

potential anode material for Li-ion batteries; demonstrating high capacity retention of 

~ 90 % from the 10th to the 100th cycles while maintaining a specific capacity value of 

1127 mA h g-1 after 150 cycles. 
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Chapter 2 
 

 

Carbonaceous Germanium Nanowires and 

their Application as Highly-efficient Lithium-

ion Battery Anodes 

 

Data from this chapter was submitted for publication in May 2021.  Consequently, 

sections of the chapter such as the abstract and introduction may contain repeating 

concepts and paragraphs.  I synthesised and performed the elemental and structural 

analysis of the nanowires reported in this chapter.  I co-wrote the paper with SB and 

JDH and analysed Raman, TEM and electrochemical data obtained from collaborators. 

 

Garcia-Gil, A.; Biswas, S.; McNulty, D.; Roy, A.; Raha, S.; Trabesinger, S.; Nicolosi, 

V.; Singha, A.; Holmes, J. D., ‘Carbonaceous Germanium Nanowires and their 

Application as Highly-Efficient Lithium-ion Battery Anodes’.  Submitted May 2021. 
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2.1. Abstract 

Novel materials, new material designs, and simple scalable synthesis are essential for 

the quest for robust electrodes for lithium-ion (Li-ion) batteries with high specific 

capacity.  Carbon-based nanocomposites could play a key role in integrating group 

IV semiconducting nanomaterials as efficient anodes into Li-ion batteries.  Here we 

report a simple one-pot growth, resembling the solvothermal growth in supercritical 

solvent, of carbonaceous germanium (C-Ge) nanowires for use as the anode in Li-ion 

batteries.  C-Ge nanowires were grown in supercritical toluene without any metal 

catalysts at reaction temperatures between 380-490 °C using diphenylgermane (DPG) 

as a commercially sourced Ge precursor.  The self-seeded nanowires were highly 

crystalline with an average diameter between 11 to 19 nm, and with high aspect ratios 

of > 103.  The Ge nanowires formed were coated in an amorphous carbonaceous layer, 

formed from the polymerization and condensation of light carbon compounds 

generated from the decomposition of DPG during the growth process.  These 

carbonaceous Ge nanowires demonstrated impressive electrochemical performance 

as an anode material for Li-ion batteries with high specific charge values 

(> 1200 mA h g-1 after 500 cycles) and exceptionally stable capacity retention, 

specific charges obtained after the 40th and 500th charges were 1376 and 1224 mA h 

g-1, respectively.  The specific charge values obtained by the carbonaceous Ge 

nanowires are very high and greater than most of the specific charge values 

previously reported for other ‘binder free’ Ge nanowire anode materials.  Analysis of 

differential charge curves revealed that the carbonaceous matrix surrounding the Ge 

nanowires actively contributes to the total charge storage.  The high specific charge 

values and impressively stable capacity are due to the unique morphology and 

composition of the nanowires.  
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2.2. Introduction  

Group IV materials, especially silicon (Si) and germanium (Ge), continue to gather 

attention as soon-to-be replacements for graphite as negative electrode materials in 

energy storage, especially lithium-ion batteries (LIBs), due to the limitations of the 

traditional carbonaceous electrode materials to meet growing demands.1,2  Most 

commercial battery cells still rely on the use of graphite anodes despite their relatively 

low specific charge (372 mA h g-1)3.  Group IV semiconductors, particularly Ge, 

could be a promising alternative to conventional graphite electrodes; especially in 

niche energy storage applications like small high-tech devices (such as solar cells4 

and nanoscale thermoelectric5 or electric vehicles6); as Ge has a higher theoretical 

reversible specific charge (1600 mA h g-1 for the alloy Li22Ge5)
7 than graphite.  Even 

though Ge is not as Earth-abundant as Si, it presents several advantages over Si as 

anode material, such as improved performance at a high charge rate.8,9  Additionally, 

Ge is an attractive option due to properties like a higher lithium ions diffusivity, 

which is about two orders of magnitude higher than that in Si,10,11 and four orders of 

magnitude higher electrical conductivity than that of Si.12 

 

However, it is generally considered that the main drawback of Li-ion battery anode 

for both, Si and Ge, is the significant volume expansion and contraction during 

battery cycling (during lithiation and delithiation), which leads to electrode 

pulverization after prolonged cycling times, and in turn, to severe capacity fading.  

This huge volume change (about 230 %)10 along with the formation of a solid 

electrolyte interface (SEI) layer during the initial stages of battery cycling, caused by 

the side reactions on the surface of the electrode, are the main causes for the 

compromised performance of Ge-based anodes.  Yet, the surface composition, 
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morphology, and composition of the active material is often neglected prior to 

electrode design, or complex and expensive synthesis steps are added to the overall 

process to achieve the desired surface morphology. 

 

To overcome the problem of pulverization of Ge (or Si) electrodes and to enhance 

the cycling stability of Ge electrodes, nanostructuring and various other rational 

approaches have been reported.  Shaping the anode material into nanowire offers a 

unique solution to the electrode pulverization problem.  Nanowires can retain their 

structural integrity while transitioning from crystalline to amorphous phase during 

lithiation/delithiation.  In addition, nanowires also provide a porous and tunnelled 

architecture with a high interfacial area in direct contact with the electrolyte, thus 

increasing the energy density in LIBs.13,14  Hence, the manufacturing of group IV 

nanowires, including Ge, for use as anode materials in Li-ion batteries has been 

widely explored.15–17  Other strategies to inhibit pulverization of Ge (or Si) materials 

during the charging/discharging cycles include porous anode materials,18 alloyed Ge 

anodes,19 doping approaches20 and carbon-encapsulation of Ge nanostructures.21,22  

Designing Ge (or Si) anode materials by combining a carbon-based porous structure 

(amorphous carbon, graphene, reduced graphene oxide etc.) along with the crystalline 

nanostructures (i.e. carbonaceous nanostructures) is a possible alternative to graphite 

anodes for LIBs with high energy densities and long cycling lifetimes.21,23 

 

The achievement of the full potential of the one-dimensional (1D) Ge or 1D 

carbonaceous germanium (C-Ge) nanocomposites in energy storage applications 

require developments towards simpler and scalable synthetic methods to produce a 

high yield of nanomaterials at low cost.  Different bottom-up paradigms, such as 
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vapour-liquid-solid (VLS)24, vapour-solid-solid 25 and solution-liquid-solid 26 etc., 

are typically preferred for the 1D growth of phase pure Ge nanostructures via the use 

of expensive metal or metalloid catalysts, e.g. Au, Ag, AuAg etc.27  Nanowire growth 

using metal seeds is not only more expensive but also can lead to impurity 

incorporation from the metallic seeds into the nanowire structure, which influences 

the mechanical and electrical properties of the material, and potentially the capacity 

of Li-ion cells.28  On the other hand, the self-seeded growth of Ge nanowires to date 

has typically involved the use of high-boiling point organic solvents, high reaction 

temperatures such as 650 - 1000 °C29 and  Ge precursors30,31.  Additionally, carbon 

(or carbonaceous compounds) embedding of Ge (or Si) nanostructures, to integrate 

both elements into a single electrode material, involves ex-situ encapsulation 

methods8,32,33 requiring multiple steps and might be difficult to scale up.  Numerous 

efforts involving additional surface chemistry, post-growth calcination, carbon 

nanotubes, graphite templates and metal nanoparticles as catalysts have been adopted 

to create ideal group IV based carbon-nanowire nanocomposite materials for use as 

advanced electrodes in LIBs.32,34,35  

 

Here we report a simple yet cutting-edge method to synthesize self-seeded C-Ge 

nanowires in a batch reaction process.  The simple single-step batch synthesis method 

does not involve any additional catalysts (metal or metalloid) and templates and 

utilizes a supercritical toluene atmosphere for the nanowire growth and encapsulation 

with the carbon-based matrix.  To the best of our knowledge, this work represents the 

first solution-phase synthesis of Ge or C-Ge nanowires in a low boiling point solvent 

(below precursor’s decomposition temperature, 280-340 °C)24,36, such as toluene, 

using a commercially-available precursor.  The structural and chemical 



91 
 

characteristics of the nanowires were thoroughly analysed for their implementation 

as anodes in Li-ion batteries.  The electrochemical performance of the C-Ge 

nanowires was evaluated via long-term galvanostatic cycling.  The C-Ge nanowires 

exhibit impressive electrochemical performance in terms of specific charge and 

capacity retention, demonstrating a reversible capacity of > 1200 mA h g-1 after the 

500 cycles, close to the theoretical capacity of Ge.  Through systematic analysis of 

differential charge plots (DCPs) from galvanostatic data, we have also presented a 

detailed insight into how C–Ge nanowire anodes store charge and proposed a 

hypothesis on why our C-Ge nanowires outperform previously reported Ge nanowire 

anodes. 

 

2.3. Experimental  

Nanowire Synthesis.  Anhydrous toluene 99.8% was purchased from Sigma-Aldrich 

Co and diphenylgermane (DPG) 95 % was purchased from Fluorochem.  These were 

stored and used under inert conditions (O2 < 0.1 ppm, H2O < 0.5 ppm) inside a 

nitrogen-filled glovebox. 

 

Ge-nanowire synthesis was carried out in a single stainless steel reaction cell (5 ml).  

Prior to synthesis, the reaction cell and connectors were dried under vacuum at 125 ºC 

for 12 h.  Reactions were performed at temperatures between 380 to 490 ºC on Si 

(100) substrates (native oxide present) of 0.5  1.5 cm dimension.  The reaction 

temperature was monitored by a thermocouple connected to the reaction vessel and 

the pressure was monitored via a pressure gauge, connected to one end of the reaction 

cell.  In general, DPG/toluene (3 ml) was added to the reaction cell (5 ml) and the cell 

was heated to the desired temperature in a tube furnace for 15 - 150 min.  The DPG 
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concentration was varied between 40 and 120 mM.  The filling volume of the reactant 

solution; i.e. filling fraction, was 20, 40, 60 and 80 % of the total reactor’s volume 

(5 ml).  The reaction cell was cooled to room temperature after the reaction and 

disassembled to access the growth substrate.  Growth substrates were washed with 

dry toluene and dried under N2 flow for further characterisation.  For electrochemical 

testing, the synthesis procedure was repeated with Ti foil instead of Si wafers as 

substrates, with 40 mM of DPG at an optimal growth temperature of 440 °C. 

 

Structural and chemical characterisation.  Samples were imaged using an FEI 

Quanta FEG 650 scanning electron microscope (SEM) operated at 15 kV.  High-

Resolution Transmission Electron Microscopy (HRTEM) and High-Resolution 

Scanning Transmission Electron Microscopy (HRSTEM) imaging were performed 

on a JEOL 2100 electron microscope operated at 200 kV and an FEI Titan electron 

microscope, operating at 300 kV.  High-angle annular-dark-field scanning-

transmission-electron-microscopy (HAADF-STEM) was performed on the FEI Titan 

electron microscope operated at 300 kV.  X-ray Photoelectron Spectroscopy (XPS) 

spectra were acquired on an Oxford Applied Research Escabase XPS system, 

equipped with a CLASS VM 100-mm-mean-radius hemispherical electron-energy-

analyser with a five-channel detector arrangement in an analysis chamber with a base 

pressure of 10 × 10-10 mbar.  Raman scattering analysis was performed using a Lab 

RAM HR (Jobin Yvon) spectrometer equipped with a 488 nm laser source and a 

charge-coupled device (CCD) detector.  The laser was focused on the sample using a 

100X objective.  The laser power was maintained at 0.18 mW throughout the 

measurement and the data acquisition time was 50 s.  Raman scattering analysis was 

performed on the nanowires using low power (0.18 mW); to avoid laser-induced 
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heating which can cause structural changes in the nanowires and a red-shift in the 

Ge-Ge phonon vibration.  The Raman spectra for the nanowires was recorded over a 

wavenumber range between 100 - 2000 cm−1.  The crystal structure of the product 

was confirmed by X-ray diffraction (XRD) using a Philips X’pert Pro MPD, equipped 

with a Panalytical Empyrean Cu X-ray tube and a Philips X’celerator detector.  Gas 

chromatography-mass spectroscopy (GC-MS) was performed on an Agilent 6890N 

GC equipped with a 5973 inert Mass Selective Detector (Agilent Technologies, 

Waldbronn, Germany).  A capillary column HP-5MS [(5%-phenyl)-

methylpolysiloxane] Agilent J & W GC column, 30 m, 0.25 mm i.d., coating 

thickness 0.25 μm was used to separate sample products.  Each sample was placed on 

an auto-sampler (Agilent) and injected at a volume of 1 μL into the GC-MS (Agilent) 

and the split ratio was 1:10.  The GC/MS method consisted of a front inlet 

temperature of 280 °C, MS transfer line temperature of 280 °C, and the ion source 

temperature was 230 °C, and the ionization voltage 70 eV.  The solvent delay was 

4 min.  The flow rate of helium through the column was kept at 1.0 mL min−1.  The 

scan range of the MSD was set from 30 m/z to 350 m/z.  MSD Chemstation software 

(Agilent) (version D.01.02.16) was used to determine the identity of the unknown 

compounds found within the samples.  The individual peaks were identified by 

comparing their fragmentation pattern with those found in the mass spectral database.  

Fourier-transform infrared spectroscopy (FTIR) spectra were recorded on an infrared 

spectrometer (IR 660, Varian) in the range of 400 to 4000 cm-1. 

 

Electrochemical testing.  The electrochemical properties of C-Ge nanowires were 

investigated in a half-cell configuration against a metallic Li counter electrode 

(diameter: 13 mm, thickness: 750 μm, Alfa Aesar) in a two-electrode, stainless steel 
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coin-type cell.  The cell was filled with the electrolyte (200 µl), consisting of a 1 M 

solution of lithium hexafluorophosphate salt (LiPF6) in a 1:1 (v/v) mixture of ethylene 

carbonate and dimethyl carbonate with 3 wt.% vinylene carbonate as an SEI-forming 

additive.  A Celgard 2400 (diameter: 17 mm, thickness: 25 µm) was used as a 

separator in all electrochemical tests.  The samples were tested as-synthesised without 

further cleaning process, including the surface bonded moieties. The mass loading 

for all C-Ge nanowire samples was ~ 0.1 mg cm-2. A Mettler Toledo XP2U ultra 

microbalance was used to determine the mass of C-Ge nanowire material on the Ti 

foil substrates.  No conductive additives or binders were added to the electrodes.  

Galvanostatic cycling was performed using an Arbin Battery Tester at 0.2 C (1 C = 

1384 mA g-1) in a potential window of 1.5 - 0.01 V (vs Li/Li+). 

 

2.4. Results and Discussion 

Growth and morphology of the Ge nanowires.  C-Ge nanowire growth was achieved 

under a solvothermal-like one-pot growth with supercritical toluene as a solvent 

without the use of any catalyst or template.  Supercritical-fluid reaction conditions 

were obtained at moderate temperatures without the need for external pressurization 

of the reaction vessel.  The supercritical atmosphere provides ideal conditions for fast 

precursor decomposition and polymer formation, which is crucial for the self-seeded 

growth of the carbon-coated Ge nanowires. 

 

Figure 2.1a and 2.1b show representative low and high-magnification SEM images 

of Ge nanowires grown on a Si (100) substrate at a reaction temperature of 440 °C 

from a 60 mM solution of DPG in toluene.  The low-magnification image clearly 

shows the formation of a three-dimension porous structure from the interweaving 
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nanowires, which are several micrometres long, consisting of bundles of individual 

nanowires.  The SEM image in Figure 2.1b, and a higher magnification image shown 

in the inset, show a core/shell-like feature of the nanowires where brightly contrasted 

nanowire fibres (bundle consisting of several nanowires) are confined in a dark 

contrasted matrix material (pointed out in the inset of Figure 2.1b).  This dark 

contrasted matrix can be seen covering all the nanowires in the sample.  This contrast 

difference may arise due to the different electron conductivity of the crystalline core 

(Ge) and the surrounding amorphous carbonaceous matrix.  SEM analysis also 

confirmed the presence of negligible amounts of spherical aggregates in samples 

grown at reaction temperatures of 440 ºC.  Additionally, no spherical (or 

hemispherical) growth seeds were detected at the tips of the nanowires, which is 

typically observed with the catalytic bottom-up nanowire growth. 

 

Significantly, the growth of Ge nanowires was also achieved at a very low growth 

temperature of 380 ºC (see Figure A2.1 in Appendix 2.6).  SEM analysis showed that 

nanowires were formed over a range of reaction temperatures and precursor 

concentrations (see Figure A2.1 in Appendix 2.6).  Yields obtained range from 0.18 

to 8.74 μg mm-2, depending on the growth temperature and precursor concentration.  

Synthesis revealed the presence of nanowires in both silicon substrate and the internal 

walls of the reaction cell, which is consistent with the homogeneous distribution 

associated with the supercritical fluid atmosphere generated inside the reactor.  

Considering the dimensions of the reaction cell and the surface of the substrate, the 

yield varies between ~ 50 % (8.74 μg mm-2) and ~ 1 % (0.18 μg mm-2).  The presence 

of carbonaceous structures has been considered in yield calculations and will be 

further discussed in detail in this section.  These values are consistent with the 
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literature, where have been reported the synthesis of high-yield germanium nanowire 

with values up to 30 %,37,38 40 %39 and 50 %26. A significant amount of spherical 

nanoparticle aggregates were observed for the samples synthesized at a higher 

reaction temperature of 490 ºC, due to the homogeneous nucleation and aggregation 

of Ge growth species (see Figure A2.1 in Appendix 2.6).  The presence of these 

spherical aggregates was negligible at lower growth temperatures (380 - 440 ºC), 

most likely due to the slow decomposition rate of DPG at these temperatures. 

 

 

Figure 2.1.  (a, b) SEM micrographs of Ge nanowires grown from a 60 mM 

DPG/toluene solution at a temperature of 440 °C.  A high-magnification SEM image 

in the inset of (b) highlights the appearance of a core-shell like morphology in the 

nanowires (shown by red arrows).  (c) XRD pattern of a nanowire sample showing a 

diamond cubic structure of Ge crystals.  (d) Raman spectrum of C-Ge nanowires 

displaying two vibrational regions, attributed to Ge-Ge LO (~ 300 cm-1 peak) and 

C-C (~ 1100 - 1800 cm-1) modes.  Inset of (d) depicts a detail view of the Ge-Ge LO 

area.  (e) FT-IR spectra of the as-grown C-Ge nanowires (red) and the cleaned (with 

no carbonaceous matrix) Ge nanowires (black) deposited on a Si substrate. 
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Structural analysis of Ge nanowires.  XRD was used to characterize the phase and 

crystallinity of the nanowires.  Figure 2.1c shows a diffraction pattern from a 

nanowire sample grown from a 60 mM DPG/toluene solution at a reaction 

temperature of 380 °C and confirms the formation of crystalline Ge.  Reflections at 

27.4°, 45.4° and 53.8° can be assigned to the (111), (220) and (311) crystallographic 

planes of the diamond cubic crystal structure of elemental Ge (JCPDS, reference 

pattern 04-0545), after subtracting the reflection peaks from the Si substrate.  All of 

the nanowire samples grown had the diamond cubic structure of Ge.  No crystallinity 

was associated with the carbon-based matrix.  The presence of the carbon-based 

coating is further verified through TEM analysis, XPS and Raman spectroscopy.  

 

Chemical & Structural analysis of Ge nanowires and carbon-based matrix.  Raman 

Spectroscopy was used for the qualitative assessment of the Ge nanowires, the 

carbonaceous matrix and their interaction.  Raman vibrations in two well-separated 

regions were observed and attributed to Ge-Ge longitudinal optical (LO) vibration 

(~ 300 cm-1 peak) and C-C (between 1100 to 1800 cm-1) modes (representative 

Raman spectra is shown in Figure 2.1d).  The Raman peak near 300 cm-1 was fitted 

using Lorentzian functions.  The sharp Ge-Ge LO peak at 294 cm−1 was red-shifted 

compared to the characteristic value for bulk Ge,27 which could be attributed to a 

combination of effects, such as phonon confinement, due to the narrow diameter of 

the nanowires (mean diameter ~ 13 nm)40 and strain caused by the carbon-based 

matrix.41  The observation of C-C Raman modes between 1100 and 1800 cm-1 can be 

assigned to the characteristic feature of the carbon-based coating around the Ge 

nanowires.42,43  A graphitic (G band) at ∼ 1576 cm−1 is associated with the vibrational 
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mode E2g in graphite-like structures and a disordered band (D band) at ∼ 1356 cm−1 

can be assigned to disorder-allowed phonon modes.44  

 

The chemical and structural characteristics of the darkly contrasted nanowire matrix, 

as depicted in the SEM image (see Figure 2.1b), and its interaction with the Ge 

nanowires were analysed by FTIR spectroscopy and XPS.  The representative FTIR 

spectra from the nanowires showed absorption bands at ~ 568, ~ 610 and ~ 737 cm-1 

(see Figure 2.1e).  These bands have previously been assigned to the stretching modes 

of C-Ge-C45, Ge-C46 bonds and wagging mode of Ge-H3
47, respectively.  The FTIR 

peak at ~ 890 cm-1 is related to Ge-CH3 rocking vibrations.45,48  These data confirm 

the formation of a carbonaceous structure around the crystalline nanowires due to the 

presence of peaks at ~ 963 and ~ 815 cm-1, corresponding to C=C, as well as 

~ 890 cm-1 which is associated with the presence of CH3 structure.  XPS analysis was 

performed (see Figure A2.2 in Appendix 2.6) on representative nanowire samples 

grown at different reaction temperatures (380 and 440 °C) and with a DPG 

concentration of 60 mM, to study the oxide formation upon exposure of the samples 

to air.  Germanium oxide formation was found due to air exposure of the samples, 

when stored in ambient atmosphere after a month (8.4 % of GeO and 2.4 % of GeO2) 

and a year (8.3 % of GeO and 17.4 % of GeO2).  No strong interaction (covalent 

bonding) between carbon and nanowires surface was found in the C1s spectrum.  

However, C-C, C=C, C-O and CO3 bonds were found in the C1s spectrum.  The 

carbonaceous matrix is most likely porous since it does not act as a passivation layer 

to protect the Ge nanowires from long-term oxidation.  Furthermore, the binary phase 

diagram of C and Ge shows that the formation of solid solutions of C-Ge is not likely 

at our growth temperature,49 implying that any carbon formed around the Ge 
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nanowires is preferably bound by physisorption.  Both XPS and FT-IR analysis 

confirm the presence of carbonaceous materials in the samples and the interaction of 

the carbon as a physically adsorbed matrix on the surface of the Ge nanowires. 

 

Structural and crystal quality analysis of nanowires and carbonaceous matrix.  To 

determine the structural quality of the Ge nanowires and the characteristics of the 

carbon-based shell, C-Ge nanowires were investigated by high-resolution TEM (see 

Figure 2.2).  Figure 2.2 shows representative TEM images for nanowires grown at a 

reaction temperature of 440 ºC; nanowires grown at all growth temperatures 

displayed similar structural quality.  Figure 2.2a and 2.2b show bright-field TEM 

images of the nanowires.  A low-contrast coating on the nanowires is visible in these 

TEM images.  This thick (~ 8 - 10 nm) coating is likely to be an amorphous 

carbonaceous shell. The carbon content detected in the samples (5 to 10 wt.% of 

samples content) arises from surface bonded moieties and the nanowires shell, and it 

was estimated from carbonaceous areas present in TEM images (see Figure 2.2a and 

2.2b) and subsequently converted to mass.  Such low-contrast carbon-based coatings 

are present in two different kinds of disposition: (i) as free aggregates between the 

nanowires (see Figure 2.2a), and (ii) as an uneven coating along the nanowire length 

(see Figure 2.2b).  Ge nanowires grown at 440 ºC were found to have a mean diameter 

of 12.2 (± 3.0) nm.  The mean diameter of the nanowires was found to vary with 

reaction temperature (see Figure A2.3 in Appendix 2.6), i.e. 11.3 (± 2.2) nm at 380 °C 

and 19.7 (±4.3) nm at 490 °C.  Assuming that nanowire growth is self-seeded, higher 

reaction temperatures provoke a faster precursor decomposition, leading to the 

nucleation and agglomeration of larger Ge seed nanoparticles, resulting in the growth 

of larger diameter nanowires.  Most of the nanowires observed had length > 4 μm, 
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with very few individual nanowires displaying bending or kinking.  Tapered 

nanowires were also not observed under any growth conditions investigated. 

 

 

 

Figure 2.2.  TEM images of C–Ge nanowires show (a) the discrete deposition of the 

amorphous C-based layer on the Ge nanowires, and (b) a continuous deposition of 

the amorphous shell.  Some carbon-matrix areas are highlighted with white arrows.  

(c, d) Latticed-resolved HRTEM image and corresponding SAED pattern of a 

representative Ge nanowire (diamond cubic crystal structure).  (e) HRSTEM image 

of a Ge seed and nanowire interface with a [110] growth direction.  The red box on 

the STEM image in the top-left inset represents the magnified area of the main image.  

Bottom-right inset shows a Fast Fourier Transform (FFT) of the full image.  TEM 

image in (f) shows the faceted termination of a Ge nanowire. 

 

To determine the crystal quality of the nanowires, their morphologies were 

investigated by HRTEM, HAADF-STEM and selected area electron diffraction 

(SAED) (see Figure 2.2c-f).  HRTEM and HAADF-STEM of Ge nanowires (see 

Figure 2.2c and 2.2d), revealed their highly crystalline nature.  Although localised 
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defects could be missed, no crystal defects such as longitudinal stacking faults and 

twinning were found.  Defect-free materials allow for long life cycles and are 

imperative for their use as Li-ion anode materials.50  HAADF-STEM from the core 

of the crystalline Ge nanowires revealed an interplanar spacing (d) of 0.33 nm (see 

Figure 2.2c), which is marginally larger than the d value for bulk diamond Ge crystals 

of 0.326 nm (JCPDS 04–0545), corresponding to (111) planes of Ge diamond cubic 

crystal structure.  SAED pattern (see Figure 2.2d) corresponds to cubic germanium 

and the spot pattern indicates that the Ge nanowires are single-crystalline.  SAED 

showed a pseudohexagonal symmetry and the reflections can be assigned to the high-

order Laue zone diffraction of {111}, {311} and {200} planes in group IV diamond 

cubic crystals. 

 

Nanowire growth direction and the seed-nanowire interface were further examined 

by HRSTEM (see Figure 2.2e).  A low-magnification image of a Ge nanowire with a 

growth seed can be seen in the inset of Figure 2.2e (top-left).  A high-magnification 

image recorded with <110> zone axis alignment, from the same nanowire, shows 

seamless growth of the nanowire from the seed.  Notably, many of the nanowires 

analysed displayed an onset of growth in two different directions, from a common 

nanoparticle seed.  However, only one of the growth directions prevailed, increasing 

to microns in length, while the other end terminated within few nanometres (top-left 

inset of Figure 2.2e).  This can be explained by the initial steps of the nanowire 

formation mechanism, where the nanoparticles are capped by in situ formed polymers 

which prevent the Ge nanoparticle aggregation.  At the same time, the outer area of 

the nanoparticles interacts more efficiently with the precursor available and thus, the 

growth in that direction is favoured. A more detailed analysis of the growth 
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mechanism is given in the following section.  The presence of the nanoparticle at the 

tip of the nanowire points towards a seeded bottom-up mechanism for the onset of 

the NWs growth.  

 

Nanowires grow along the <110> direction (also confirmed from Fast Fourier 

Transform -FFT- in the inset of Figure 2.2e), as expected for metal-seeded nanowires 

of this diameter range.51,52  The crystal structure in both the “seed” and the nanowire 

segments correspond to the diamond cubic crystal of Ge.  No crystallographically 

different interface was observed between the “seed” and the nanowire segments.  

However, different crystallographic orientations between the “seed” and the 

nanowires are also present, as shown in Figure 2.2e, where {111} stacking along the 

growth orientation is observed in the “seed” segment and the planes in the nanowires 

are stacked along {110} equivalent directions.  The apparent continuity of the similar 

lattice from the seed to the nanowire confirms the self-seeded; i.e. seeded from in situ 

grown Ge nanoparticles; formation of the nanowires.  Most of the nanowires were 

found to exhibit distinctive faceting (see Figure 2.2f), with no defined nanoparticle at 

any of the ends.  This behaviour was previously observed by Lieber et al.,53 where 

they described preferred <110> growth direction in small diameter Si nanowires with 

a “V-shaped” termination between Au seeds and the wire.  The tapered structure 

consisted of two {111} facets at 55° relative to the [110] direction, which related to 

the surface energy of the crystal facets.54  Faceting is a mechanism which takes place 

in the initial nanoparticle to adapt to the rounded shape of the nanoscale seed, and 

thus it translates through the lengths of the nanowire as a faceted structure.53 
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Growth mechanism of Ge Nanowires.  The growth of the self-seeded nanowires can 

be explained by a three-phase (source-seed-nanowire) bottom-up growth mechanism.  

Spontaneous in situ formation of Ge seeds and their participation in the nanowire 

growth is evident from the presence of Ge nanoparticles at the tip of the nanowire 

(see Figure 2.2e).  Although classical round-shape nanoparticles were barely found 

at the tips, single-crystal faceted structures were always present.  The presence of a 

third-party catalyst seed, such as Au, often acts to enhance precursor 

decomposition.26  However, in self-catalytic growth processes, the temperature and 

the pressure are the factors associated with the initial decomposition of the Ge 

precursor.  Schematic diagrams and TEM images (see Figure 2.3 and Figure A2.4 in 

Appendix 2.6) outline the different stages of nanowire formation via the supercritical 

batch synthesis.  During “Stage I” of the growth, the Ge precursor (DPG) decomposes 

to form Ge adatoms, liberating very reactive phenyl groups.26  GC-MS analysis (see 

Figure A2.5a in Appendix 2.6) of the reactant solution revealed the by-products of 

the reaction as diphenylmethane and derivatives (e.g. 2,3’-dimethyl-1,1’-byphenyl, 

bybenzyl or 1-methyl(4-phenylmethyl)benzene) along with toluene (and derivatives), 

and tetraphenylgermane.  Under supercritical conditions, the phenyl-based long-

chain molecules (e.g. diphenylmethane and derivatives) start polymerizing and 

precipitate over the available surfaces (sample substrate and reactor’s walls). 

tetraphenylgermane, which is associated with the decomposition of the DPG 

precursor by phenyl redistribution, as previously reported.26  

 

The available Ge adatoms aggregate and dissolve into these polymers to form the Ge 

nanoparticle seeds, capped by the polymers (Stage II of the growth, Figure 2.3 and 

Figure A2.4a in Appendix 2.6).  The in situ formed polymeric templates prevent the 
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Ge nanoparticles from large-scale aggregation and Ostwald ripening and thus the 

formation of larger spherical particles.  Eventually, the Ge nanoparticles exposed at 

the outer surface of the polymer, act as a nucleating seed for the growth of Ge 

nanowires (Stage III, Figure 2.3 and Figure A2.4b in Appendix 2.6).  Self-seeded 

growth of Ge nanowires has been previously proposed24,31 in a “pseudo” VLS like 

growth with the formation of a liquid organic spherical seed in high-boiling-point 

solvents.  These models account for nanoparticle coalescence at the initial stage of 

nanowire growth, followed by Ostwald ripening in later growth phases.31  In our case, 

the initial formation of Ge nanoparticles in the polymer template (see Figure A2.4a 

in Appendix 2.6) and the presence of these nanoparticles with symmetric crystal 

lattices at the tips of the nanowires (see Figure 2.2e and Figure A2.4b in Appendix 

2.6), suggests the participation of nanoparticle seed in the growth of single-crystal 

Ge nanowires.  Under our growth conditions, Ge nanoparticles with diameters 

between ~ 11 and ~ 20 nm should remain in a solid state during the nanowire growth 

process, due to the negligible bulk Ge melting point (~ 938 °C) depression due to the 

nanoscale effect at these dimensions.55  Participation of a solid-state seed is further 

confirmed by the well-faceted shape of the tip of the nanowires (see Figure 2.2f).  

The polymeric materials present in the reaction chamber can further precipitate onto 

the sidewalls of the nanowires to create a carbonaceous coating around the nanowires 

(see Figure 2.2a and 2.2b).  The possibility of nanowire growth in solution, without 

any substrate, is rejected due to the insignificant quantity of nanowires found in the 

residual liquid in the reactor after the reaction.  Precursor concentration was also not 

found to play a key role in the quality of the nanowires grown. 
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Figure 2.3.  Illustration of the proposed ‘self-seeded’ nanowire growth mechanism.  

Stage I corresponds to precursor decomposition and polymerization of the liberated 

phenyl groups.  Stage II consists of aggregation and nanoparticle formation from the 

available Ge adatoms.  Eventually, Stage III represent nucleation and growth of C-Ge 

nanowires from the outer disposed Ge nanoparticle seeds. 

 

The reaction temperature and loading volume were the two main variables to 

influence nanowire growth.  The autogenic pressure reached in the reaction system 

depended on the loading volume of the solvent.  Temperature and pressure were in 

situ recorded during reactions and the data collected every 5 minutes were further 

analysed.  Both growth constraints were used to calculate the density of the 

supercritical phase in the reaction cells during the nanowire growth process at each 

specific reaction time (see Figure A2.5b and A2.5c in Appendix 2.6).  A minimum 

reaction temperature of 350 °C and a volume fraction of 60 % were required to grow 

Ge nanowires in our set-up; with significant nanowire growth achieved at 380 °C 

(0.35 μm mm-2).  At a reaction temperature of 350 °C, toluene was only in a 

supercritical state (critical temperature (Tc) = 293.75 °C and critical pressure (Pc) = 

598.47 psi, for pure toluene) for only 20 min (see Figure A2.5b and A2.5c in 

Appendix 2.6).  A 60 % filling of the volume fraction with toluene was also found to 

be ideal for obtaining homogenous nanowires with uniform diameters (see Figures 

A2.1 and A2.3 in Appendix 2.6).  No nanowire growth was achieved with 20 % filling 
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volume of the reaction cell with toluene.  Thus, it can be concluded that the nanowire 

growth was only successful when a supercritical phase in the toluene solvent was 

achieved for a considerable time (see Figure A2.3 in Appendix 2.6).  

 

Electrochemical analysis of C-Ge nanowires.  To evaluate the electrochemical 

performance, C-Ge nanowires were grown directly onto Ti foil current collectors.  

Nanowire growth on the Ti-foil was achieved with 40 mM of DPG, 60 % of loading 

volume of solvent and at an optimal growth temperature of 440 °C (SEM image in 

Figure A2.6 in Appendix 2.6).  Nanowires directly grown on current collecting 

substrates do not require initial processing steps, such as decorating the substrate with 

metal nanoparticle seeds and the use of a binder or conductive additive.  Additionally, 

Ti is very inert (unlike Cu foil) as a catalyst for Ge the self-seeded Ge nanowire 

growth at our growth temperatures, thus keeping the morphological and structural 

quality of the nanowires similar to that grown on Si substrates (see Figure A2.6 in 

Appendix 2.6). 

 

C-Ge nanowires were cycled galvanostatically for 500 cycles at a rate of 0.2 C, in a 

voltage range of 1.50 to 0.01 V (vs Li/Li+).  A selection of the resulting voltage 

profiles from the 1st to the 500th cycle is shown in Figure 2.4a, 2.4b and 2.4c.  There 

was an initial rapid decrease from the open-circuit voltage of ~ 3.14 V down to 

~ 0.4 V, during the 1st charge.  This sharp voltage decrease may be associated with 

several processes, including the initial formation of an SEI layer, the irreversible 

decomposition of the electrolyte on the surface of the electrode material and the 

lithiation of crystalline Ge.56 
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Figure 2.4.  Voltage profiles for (a) the 1st, 2nd, 5th, 10th and 25th cycles, (b) the 50th, 

100th, 150th, 200th and 250th cycles and (c) the 300th, 350th, 400th, 450th and 500th 

cycles for C-Ge nanowires at 0.2 C in a potential window of 1.50 - 0.01 V (vs Li/Li+).  

(d) Comparison of the specific charge values and Coulombic efficiency obtained for 

C-Ge nanowires over 500 cycles. 

 

Three reduction plateau can be seen during the initial charge from ~ 0.35 to 0.25 V, 

0.25 to 0.15 V and from 0.15 to 0.01 V, which are attributed to the step-by-step 

lithiation of the Ge nanowires, leading to the formation of the c-Li15Ge4 phase.57  The 

oxidation plateau centred at ~ 0.49 V during the first discharge is due to the 

delithiation of the Ge nanowires, and this plateau remains consistently at this 

potential for the remainder of the 500 cycles.58  The initial charge and discharge 

specific charge values were ~ 3947 and 1692 mA h g-1, respectively, corresponding 

to an initial Coulombic efficiency (ICE) of 42.9 %.  The large initial charge capacity 

is likely due to the formation of an SEI layer on the surface of the nanowires as well 

as the initial lithiation of C-Ge.59  The ICE value obtained for our C-Ge nanowires is 

comparable to previously reported values for other Ge nanowire anodes.60,61  Low 



108 
 

ICE is a common issue for alloying mode anode materials such as Ge and Si however, 

there are some reports which indicate that prelithiation of the anode material can 

improve the ICE.  For example, Si-Carbon nanotubes anodes were prelithiated via 

mechanical pressing of stabilized lithium metal powder onto the working electrode, 

leading to an increase in ICE values.62  Furthermore, the amorphous carbon coating 

may be contributing to the low ICE.  The additional surface area provided by the 

carbon coating may contribute to the high inefficiency of the first cycle.  Additional 

treatment of the C-Ge nanowires, such as heating to higher temperatures, may result 

in a more graphitized carbon, which could increase the efficiency of the first few 

cycles.  Three sloping reduction plateau were observed from the second charge 

onwards from ~ 0.70 to 0.45 V, 0.45 to 0.3 V and from 0.3 to 0.01 V, which are 

associated formation of a series of Li−Ge alloys (a-LixGe → a-Li15Ge4 → 

c-Li15Ge4).
63  The presence of this reduction plateau in the charge curves from the 2nd 

to the 500th cycle, as well as the consistency of the oxidation plateau, indicates that 

the formation of the various Li-Ge alloys is a highly reversible process. 

 

The specific charge values obtained for C-Ge nanowires cycled at 0.2 C over 

500 cycles and their related Coulombic efficiency (CE) values are shown in Figure 

2.4d.  It is clear that large specific charge values and excellent capacity retention can 

be obtained for C-Ge nanowires grown directly on Ti foil.  The specific charge after 

the 2nd charge was ~ 1831 mA h g-1 and it decreases to 1376 mA h g-1 after the 

40th cycle.  The CE from the 40th cycle onwards is > 98 % and continued above this 

value for the remainder of the 500 cycles (see Figure 2.4d).  This level of CE stability 

is notable for Ge nanowires directly grown on a current collecting substrate with the 

absence of binders and conductive additives. 
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Figure 2.5.  (a) Differential capacity curves calculated from the 1st and 2nd 

galvanostatic charges at 0.2 C.  (b) Differential capacity contour plot calculated from 

differential charge curves from the 2nd to the 500th charge.  (c) Differential capacity 

curves calculated from the 1st and 2nd galvanostatic discharges at 0.2 C.  

(d) Differential capacity contour plot calculated from differential discharge curves 

from the 2nd to the 500th discharge. 

 

The specific charge retention from the 40th charge, once the CE stabilized above 

98 %, to the 500th charge was ~ 89 %.  This is an impressive level of specific charge 

retention over long term cycling.  The mean capacity decay from the 2nd to the 500th 
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cycle was ~ 1.2 mA h g-1 per cycle, which is a further indicator of the noteworthy 

stable cycling observed for the Ge nanowires. 

 

Differential capacity plots (DCPs) were calculated from galvanostatic charge and 

discharge curves to investigate the charge storage mechanism of the C-Ge nanowires 

in more detail.  The DCP from the first charge curve consisted of a series of reduction 

peaks as shown in Figure 2.5a.  The weak band at ~ 0.76 V may be associated with 

the formation of an SEI layer as it is only observed during the first cycle.23,64  The 

strong, sharp peak at ~ 0.35 V is associated with the initial lithiation of crystalline Ge 

and the intensity of this peak decreases significantly after the first charge.  This 

indicates that the nanowires likely do not return to a fully delithiated, crystalline Ge 

phase after the initial lithiation of the nanowires.  A similar decrease of this reduction 

peak after the first cycle has previously been reported for other Ge nanowire 

anodes.23,27  The wide asymmetric reduction peak at ~ 0.20 V is associated with the 

formation of a-Li15Ge4 and c-Li15Ge4 phases.65  From the second charge onwards 

reduction peaks were observed at ~ 0.53, 0.38 and 0.18 V, corresponding to the 

formation of a-LixGe, a-Li15Ge4 and c-Li15Ge4 phases, respectively.56,63  The strong 

oxidation peak observed in the DCP of the first discharge, centred at ~ 0.49 V, 

corresponds to the overlapping delithiation of the c-Li15Ge4 and a-Li15Ge4 phases.11,66  

There was no significant shifting of this peak in the DCP from the 2nd discharge.  

Differential capacity contour plots, calculated from charge and discharge voltage 

profiles, ranging from the 2nd to the 500th cycles are shown in Figure 2.5c and 2.5d.  

The two high-intensity regions observed in Figure 2.5c are associated with the 

reduction peaks for the formation of the a-Li15Ge4 and c-Li15Ge4 phases, which are 

centred at ~ 0.38 and 0.18 V, respectively.  The formation of these alloys is a highly 
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reversible process, as the potential of these reduction peaks remains consistent 

throughout the 500 cycles.  Likewise, the oxidation peak at ~ 0.49 V remains stable 

over 500 cycles as shown in Figure 2.5d.  The consistency of these reduction and 

oxidation peaks may give rise to the stable capacity retention observed in Figure 2.4d. 

 

The specific charge values obtained for our C-Ge nanowire anodes are higher or 

comparable to the previously reported results for Ge nanowire and C-Ge nanowire-

based anodes as presented in Table A2.1 (Ge nanowire-based anodes) and Table A2.2 

(C-Ge nanowire-based anodes) in Appendix 2.6.  The C-Ge nanowire-based anode 

fabricated in this work shows the longest cycling stability up to 500 cycles together 

with the highest reversible capacity displayed at a 0.2 C cycling rate.  Amorphous 

carbon coating in Ge nanowires can positively influence specific capacity and 

capacity retentivity.  Amorphous carbon coating in Ge nanowires can drastically 

enhance the reaction kinetics during cycles by promoting electron transport, 

increasing electrical contact points, as well as providing more paths for charge carrier 

transfer, as demonstrated for C-Si nanowires by Liu et al.67  They have also 

demonstrated a fast charging process and structural integrity of nanowires for 

amorphous carbon-coated nanowires compared to nanowire without any coating.  

 

Ge nanowires and C-Ge nanowires for Li-ion battery applications are typically grown 

on substrates (directly on metal or on a semiconducting substrate) via chemical 

vapour deposition through the use of catalytic seed and/or with high boiling point 

solvents in a reflux set-up.25,68  Our nanowires did not require any external seeding 

or the use of sophisticated precursors, solvents and set-up, and can be directly grown 

on metal Ti substrates.  Some commonly used metal seeds, such as Au, form 
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irreversible alloys with Li during cycling and result in lower capacity values due to 

electrochemically inactive seeds.69  Furthermore, it is worth noting that the 

impressive large specific charges and stable capacity retention of the C-Ge nanowires 

were achieved in the absence of any binders of conductive additives.  The state-of-

the-art electrochemical performance with a very high specific charge for the 

nanowires demonstrates their potential as advanced anode material for Li-ion 

batteries. 

 

2.5. Conclusions 

In summary, an alternative and simple synthetic method for the growth of Li-ion 

battery relevant C-Ge composite nanowires has been developed.  This single-pot 

synthetic method does not require the use of any external metal catalysts, engineered 

precursors or templating agents.  In situ polymerization of a simple germanium 

precursor at moderate growth temperatures in a supercritical batch setup leads to the 

growth of highly functional C-Ge nanocomposite anode material for Li-ion batteries.  

The Ge nanowire growth protocol postulated here could potentially be implemented 

for other carbonaceous nanomaterials such as Si, SiGe, etc. via in situ polymerization 

of the reaction by-products in a supercritical atmosphere.  The C-Ge nanowires 

demonstrated exceptional performance as Li-ion battery anodes, capable of 

delivering impressively high specific charge values of > 1200 mA h g-1 after 

500 cycles at 0.2 C, with very low capacity decay.  To our knowledge, the 

demonstrated electrochemical results represent some of the best electrochemical 

performances ever reported for Ge nanowires, therefore demonstrating the 

advantages of direct nanowire growth within a carbon-based matrix. 
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2.6. Appendix 

 

Figure A2.1.  Representative SEM images of nanowires obtained at different 

temperatures and DPG concentrations. 
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Figure A2.2.  XPS spectra of Ge 3d, Ge 2p and C 1s sections from an (a) 60 mM 

solution at 380 °C, and (b) 60 mM solution at 440 °C.  
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Figure A2.3.  Diameter distribution of nanowires obtained at different temperatures 

and with different DPG concentrations.  The average is noted along with its standard 

deviation. 

 

  



116 
 

 

Figure A2.4.  a) A TEM image of initial nanoparticle formation which acts as a 

nanowire seed.  Sample obtained with a reaction at a temperature of 440 °C and a 20 % 

loading volume of the reactor.  (b) TEM image of a regular seed at the tip of a 

carbonaceous Ge nanowire.  
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Figure A2.5.  (a) Gas-chromatography spectra from the analysis of the residual liquid 

present in the reactor after the reaction.   The spectrum presents three zones such as 

(1) Toluene-like structures and derivatives (i.e. ethylciclohexane, ethylbenzene and 

o-xylene), (2) diphenylmethane and derivatives (i.e. 2,3’-dimethyl-1,1’-byphenyl, 

bybenzyl or 1-methyl(4-phenylmethyl)benzene) and (3) tetraphenylgermane (QPG).  

(b) and (c) display calculated densities70 of the solvent from pressure and temperatures 

measurement.  Dashed areas indicate a supercritical state.  (a) Density of the toluene 

at different temperatures with 60 % reactor’s volume loading.  (b) Density of the 

toluene with different volume loading into the reactor at 440 °C.  All the measurements 

are independent of the Ge precursor concentration. 
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Figure A2.6.  (a) SEM micrograph of C-Ge NWs grown over Ti substrate at 440 oC 

from 40 mM.  (b) XRD pattern of a nanowire sample showing a diamond cubic 

structure of Ge crystals over a Ti substrate. 
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Table A2.1. Cycling performance of Ge nanostructures previously reported as anode 

electrodes. 

 

Ge nanowires 

and nanotubes 

Preparation 

method 

Electrochemical 

performance 

Cycles 

tested 

Electrode 

preparation 
Ref. 

Ge NWs and 

branched 

nanowires 

SLS and VLS 
1072 mA h g−1 at 

0.5 C  
50 cycles 

As-synthesised 

(Stainless Steel) 
71 

Ge nanowire 

cluster arrays 

Electrodepo-

sition 

~ 875 mA h g-1 at 

0.2 C  

100 

cycles 

As-synthesised 

(Ni) 
72 

Ge/inorganic 

nanowire bilayer 

mesh 

supercritical-

fluid liquid solid 

growth 

1092 mA h g-1 at 

0.1 C  

100 

cycles 

Conductive 

mixture 
73 

Ge nanowires 
Vapour-liquid-

solid method 

∼ 1000 mA h g-1 

at 0.5 C 

100 

cycles 

As-synthesised 

(Stainless Steel) 
65 

Ge nanowires CVD 
1408 mA h g-1 at 

0.1 C 

100 

cycles 

As-synthesised 

(Stainless Steel) 
74 

Ge nanowires 
Thermolytic 

decomposition 

~ 1150 mA h g-1 

at 1 C 

100 

cycles 

As-synthesised 

(Stainless Steel) 
23 

Ge nanowires 
Electrodepo-

sition 

∼ 1200 mA h g-1 

at 0.1 C 

200 

cycles 

As-synthesised 

(Ni) 
75 

Ge nanotube 

arrays 

Ionic liquid 

electrodepo-

sition 

~1000 mA h g-1 at 

0.2 C  

250 

cycles 

As-synthesised 

(Cu) 
76 

Nanoporous Ge 

nanofibers 
CVD 

~1000 mA h g-1 at 

2 C 

300 

cycles 

Conductive 

mixture 
77 
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Table A2.2. Cycling performance of carbonaceous Ge nanostructures previously 

reported as anode electrodes. 

 

Carbonaceous 

Ge nanowires 

and nanotubes 

Preparation 

method 

Electrochemical 

performance 

Cycles 

tested 

Carbon 

content 

Electrode 

preparation 
Ref. 

Graphene on 

a-Ge 

nanowires 

CVD 
1210 mA h g-1 at 

0.5 C 

200 

cycles 

≤ 4 

graphene 

layers 

Conductive 

mixture 
22 

Alkanethiol-

passivated 

Ge 

nanowires 

Dodecanethiol 

monolayer 

passivation 

1130 mA h g-1 at 

0.1 C 

100 

cycles 
~ 3 wt.% 

Conductive 

mixture 
78 

Ge/C 

nanowires 

Pyrolysis Ge/ 

ethylenediami-

ne nanowires 

1200 mA h g-1 at 

0.2 C 

50 

cycles 
~ 4 wt.% 

Conductive 

mixture 
79 

Ge@C 

nanocables 

Physical 

vapour 

deposition 

1086 mA h g-1 at 

0.5 C 

200 

cycles 
10 wt.% 

Conductive 

mixture 
80 

Ge 

nanowires on 

graphite 

nanofibers 

CVD 
~ 1200 mA h g-1 

at 0.1 C 

30 

cycles 

~ 18 

wt.% 

Conductive 

mixture 
81 

Ge 

nanowires 

with carbon 

nanofibers 

coating 

Vapour-liquid-

solid method 

~ 1520 mA h g-1 

at 0.1 C 

100 

cycles 
50 wt.% 

As-

synthesised 
82 

Ge nanowire-

in-Graphite 

Tubes 

CVD 
1241 mA h g-1 at 

0.45 C  

100 

cycles 

Undeter-

mined 

Conductive 

mixture 
83 
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Chapter 3 
 

 

Exploring the Tetragonal (ST12) Germanium 

Phase in One-dimensional (1D) 

Nanostructures 

 

Data from this chapter was submitted for publication in June 2021.  Consequently, 

sections of the chapter such as the abstract and introduction may contain repeating 

concepts and paragraphs.  I synthesised and performed the elemental and structural 

analysis of the nanowires reported in this chapter.  I co-wrote the paper with SB and 

JDH and analysed Raman, TEM and photoluminescence data obtained from 

collaborators. 

 

Garcia-Gil, A.; Biswas, S.; Roy, A.; Saladukh, D.; Raha, S.; Conroy, M.; Nicolosi, V.; 

Singha, A.; Holmes, J. D., ‘Exploring the Tetragonal (ST12) Germanium Phase in 

One-dimensional (1D) Nanostructures’.  Submitted June 2021. 
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3.1. Abstract 

New semiconducting materials, such as state-of-the-art alloys, engineered composites 

and allotropes of well-established materials can demonstrate unique physical 

properties and generate wide possibilities for a vast range of applications.  Here we 

demonstrate, for the first time, the fabrication of tetragonal germanium (ST12-Ge) 

nanowires via a one-step bottom-up synthetic process.  One-dimensional (1D) 

nanostructures of ST12-Ge were grown in supercritical toluene at temperatures 

ranging between 290-330 °C at a pressure of ≤48 bar.  Nanowire growth was achieved 

via a self-seeded vapour-liquid-solid (VLS)-like paradigm, with the aid of an in situ 

formed amorphous carbonaceous layer.  The crystalline phase and structure of the 

ST12-Ge nanowires were confirmed by X-ray diffraction (XRD), high-resolution 

transmission electron microscopy (HRTEM) and Raman spectroscopy.  The 

nanowires produced displayed a high-aspect-ratio, with a very narrow mean diameter 

of 9.04 ± 1.44 nm and lengths beyond 4 μm.  The growth of the ST12 phase of Ge 

nanowires is governed by the formation of the carbonaceous structure on the surface 

of the nanowires and the creation of Ge-C bonding on the surface.  The ST12-Ge 

nanowire allotrope was found to have a profound effect on the intensity of the light 

emission and on the directness of the bandgap, as confirmed by a temperature-

dependent photoluminescence study. 
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3.2. Introduction 

Group IV elements such as carbon, silicon, germanium and tin can present extensive 

polymorphism to form many uncommon allotropes, besides graphite and diamond 

cubic (dc) crystallographic structures.  These allotropes have drawn great attention 

because of their interesting characteristics, e.g. high packing densities1, 

insulator/semiconductor behaviour2, metallicity3 and superconductivity2,3, and their 

wide range of potential applications, such as in solar cells,4,5 gate-all-around 

transistors6, and superconducting devices4,7,8  In particular, germanium polymorphs 

exhibit attractive electronic and optical properties, especially good electrical 

conductivity1 and a direct and narrow bandgap.2,3 

 

Over the years, considerable effort has been made to synthesise and characterise 

different polymorphs of Ge, some of which are predicted to possess better energetic 

stabilities in comparison with the diamond cubic Ge (dc-Ge) phase.9–11  To date, 

allotropes of Ge have typically been obtained and characterised at very high pressures 

(in the range of from 100 to 1600 bar), both upon compression and decompression.12  

When amorphous or dc-Ge is placed under high pressure (above 10 GPa in bulk, and 

17 GPa for nanoscale), a new metallic β-Sn structure (I41/amd) is formed due to a 

phase transformation.13  However, upon release of the pressure at room temperature, 

β-Sn Ge does not reverse to dc-Ge form, but transform to different metastable phases, 

such as the tetragonal phase (ST12-Ge or Ge-III), the body centred-cubic structure 

(BC8) or the rhombohedral R8 phase, and sometimes metastable phases mixed with 

dc-Ge.1,14 
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Among all the possible crystalline Ge allotropes, most of them are thermodynamically 

unstable at room temperature and ambient pressure.  However, ST12-Ge has become 

the most commonly studied Ge allotrope because of its kinetical stability at ambient 

conditions.15  ST12-Ge is based on a tetrahedral structure with 12 atoms per unit cell 

arranged to form fivefold, sixfold and sevenfold rings.  Hence, ST12-Ge is expected 

to be semiconducting and has attracted special attention due to its potential use in 

electronic and energy storage applications.16,17  Also, comparisons with theoretical 

calculations carried out for ST12-silicon suggest that doped ST12-Ge may act as a 

superconductor at low temperatures.7  The initial characterisation of the optical 

properties of ST12-Ge, primarily theoretical, have produced contradictory results, 

especially in regards to its electronic band structure.15,18,19  Recent density-functional 

theory (DFT)-based calculations reported an indirect fundamental bandgap of 

0.54 eV2 and 0.70 eV1 for the ST12-Ge structure, with a direct non-fundamental 

bandgap of 0.56 eV2 and 0.72 eV1.  A very small separation (~ 20 meV) between the 

indirect (L) and direct (Γ) valleys potentially permits a direct bandgap transition in 

ST12-Ge through the application of external strain.  Experimental reports on 

determining the bandgap of single-crystalline ST12-Ge are limited.  A bandgap of 

1.5 eV has been reported for nanocrystalline grains (3-4 nm) of ST12-Ge deposited 

via cluster-beam evaporation.20  Very recently, Zhao et al.1 reported an indirect 

bandgap of 0.59 eV and a direct optical transition of 0.74 eV for single-crystalline 

bulk ST12-Ge via optical absorbance and Tauc plot analysis. 

 

Besides the traditional high-pressure laboratory synthesis, a few techniques at ambient 

pressure, like plasma-enhanced severe plastic deformation (SPD)21 and indentation 

techniques22 have also been utilised to obtain ST12-Ge in bulk form.  Although there 



133 
 

have been attempts to grow ST12-Ge in bulk form, there have been no reports on 

synthesising one dimensional tetragonal Ge nanostructures, to keep track of the 

miniaturisation of Si-based nanoelectronics and to take advantage of their 1D 

geometry for new age field-effect transistor (FET) devices, e.g. finFET, gate-all-

around (GAA) FET etc.  Additionally, nanostructures of tetragonal Ge could be highly 

advantageous for solar power conversion and in energy storage devices such as Li-ion 

batteries.5,16  The formation of ST12-Ge nanocrystals have previously been 

synthesised at atmospheric pressure,22–24 but not in a one-dimensional nanoform.  

Although different deposition-based techniques, such as chemical vapour deposition 

(CVD)25 and ionised cluster beam deposition26,27, have been useful in obtaining 

ST12-Ge crystals with small nanograins, true nanocrystalline samples (nanoparticles 

of diameter ~ 6 nm) have only been obtained by thermal annealing of amorphous 

nanophase Ge by the naphthalide-mediated reduction of GeCl4.
28  Subsequent research 

has also been directed towards the thermal stability17,29 of the nanograin allotrope, with 

little consensus on the results obtained. 

 

Here we report for the first time the synthesis of single-crystalline ST12-Ge 1D 

nanostructures using a simple and scalable bottom-up synthetic method.  The ST12-Ge 

nanowires were grown using a single-step batch synthesis method, without the 

addition of a metal or metalloid growth catalyst, at mild temperatures.  The crystalline 

phase of the ST12-Ge nanowires was analysed by X-ray diffraction (XRD), high-

resolution transmission electron microscopy (HRTEM) and Raman spectroscopy.  A 

direct bandgap for the ST12-Ge nanowires was obtained via photoluminescence (PL) 

spectroscopy. 
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3.3. Experimental  

Synthesis of ST12-Ge nanowires.  Anhydrous toluene 99.8 % was purchased from 

Sigma-Aldrich Co. and diphenylgermane (DPG) 95 % was purchased from 

Fluorochem.  All chemicals were stored and used in a nitrogen glovebox 

(O2 < 0.1 ppm, H2O < 0.5 ppm). 

 

ST12-Ge nanowire synthesis was carried out in a 5 mL stainless steel reaction cell 

from High-Pressure Equipment Company.  Before synthesis, the reaction cell and 

connectors were dried under vacuum at 125 ºC for 12 h.  Reactions were performed 

at temperatures between 290 to 440 ºC on Si (100) with dimensions of 

0.5 cm  1.5 cm.  The native oxide was not removed from the surface of the Si 

substrates prior to reaction.  The reaction temperature was monitored by a 

thermocouple connected to the reaction vessel and the pressure was monitored via a 

pressure gauge, connected to one end of the reaction cell.  In a typical reaction, 3 ml 

of a DPG/toluene solution was added to a 5 ml reaction cell which was heated to the 

desired temperature in a tube furnace for 60 min.  The DPG concentration was varied 

between 40 and 60 mM.  The filling volume of the reactant solution, i.e. filling 

fraction, was 60 % of the total reactor’s volume (5 ml).  The reaction cell was cooled 

to room temperature after the reaction and disassembled to access the growth 

substrate.  Growth substrates were washed with dry toluene and dried under N2 for 

further characterisation. 

 

Characterisation.  The as-grown samples were imaged using an FEI Quanta FEG 650 

scanning electron microscope (SEM) operated at 15 kV.  High-resolution transmission 

electron microscopy (HRTEM) and high resolution scanning transmission electron 
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microscopy (HRSTEM) imaging were performed on a JEOL 2100 electron 

microscope operated at 200 kV, an FEI Titan electron microscope (operating at 

300 kV) and a Titan Themis double-corrected and monochromated transmission 

electron microscope at 300 kV.  High-angle annular-dark-field scanning-transmission-

electron-microscopy (HAADF-STEM) was performed on the FEI Titan electron 

microscope operated at 300 kV.  X-ray Photoelectron Spectroscopy (XPS) spectra 

were acquired on an Oxford Applied Research Escabase XPS system, equipped with 

a CLASS VM 100-mm-mean-radius hemispherical electron-energy-analyser with a 

five-channel detector arrangement in an analysis chamber with a base pressure of 

10 × 10-10 mbar.  Raman experiments were carried out in a Horiba Yuvon micro-

Raman spectrometer equipped with 1800 lines/mm grating and a Peltier cooled 

charge-coupled device (CCD) camera.  An Ar ion laser of wavelength 488 nm was 

used to excite the sample and a 100 × objective lens was used to focus the sample as 

well as collect the data in backscattering geometry.  The crystal structure of the product 

was confirmed by XRD using a Philips X’pert Pro MPD, equipped with a Panalytical 

Empyrean Cu X-ray tube and a Philips X’celerator detector.  Fourier-transform 

infrared spectroscopy (FTIR) spectra were recorded on an infrared spectrometer (IR 

660, Varian) over a wavenumber range between 400 and 4000 cm-1.  EDX mapping 

was performed on a Titan Themis double-corrected and monochromated transmission 

electron microscope at 300 kV with a Bruker Super X detector.  Software used for 

imaging and EDS mapping was FEI Velox.  Photoluminescence (PL) data were 

obtained using a Ti:Sa pulsed laser as the excitation source, tuned to a wavelength of 

700 nm and an 80 MHz repetition rate, a 300 fs pulse width and a mean power of 

0.2 W.  The laser spot was focused on a 9 µm spot, providing a pump power density 

of 200 kW cm-2.  Samples were cooled to 10 K using a Helium cryostat.  PL was 
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detected using liquid nitrogen chilled InAs detector with a sensitivity range from 0.9 

µm to 3 µm (~ 0.41 - 1.338 eV). 

 

3.4. Results and Discussion 

Tetragonal (ST12) Ge nanowires were grown at relatively mild temperatures, 

between 290-330 °C, in a batch reactor using low boiling point solvents, e.g. toluene 

and DPG.  The supercritical toluene environment created in the closed-cell reactors 

provided ideal conditions for fast precursor decomposition and in situ carbonaceous 

polymer formation, which was crucial for the self-seeded growth of the ST12-Ge 

nanowires.  Figure 3.1a and 3.1b show SEM images of ST12-Ge nanowires grown 

on a Si (100) substrate at a reaction temperature of 330 °C from a 60 and 40 mM 

solution of DPG in toluene, respectively.  Figure 3.1a shows the formation of a three-

dimensional (3D) sponge-like porous structure, like a matrix, from the micron long 

reticulated nanowires.  The Ge nanowires assemble together to form a uniform Ge 

film over the Si substrates.  The SEM images (see Figure 3.1 and Figure A3.1 in 

Appendix 3.6) clearly show the formation of a 3D porous network from the 

interweaving nanowires, consisting of bundles of individual nanowires.  

Significantly, nanowire growth was also achieved at temperatures as low as 290 ºC 

(see Figure A3.1 in Appendix 3.6).  The yield of nanowires varied from 0.36 to 0.51 

μg mm-2, depending on the growth temperature and precursor concentration.  Of note, 

no spherical (or hemispherical) growth seeds were detected at the tips of the 

nanowires, which is typically observed with catalytic bottom-up nanowire growth. 

 

Crystalline phase and structural analysis of Ge nanowires.  As the primary objective 

of this work was to fabricate the crystalline tetragonal ST12-Ge nanowire, XRD 
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analysis on the as-grown samples was used to determine the phase purity and crystal 

structure of the nanowires.  Figure 3.1c shows the XRD profile from a nanowire 

sample grown from a 60 mM DPG/toluene solution at a reaction temperature of 

330 °C.  After subtracting the reflection peaks from the Si substrate, the nanowire 

sample exhibited a sharp peak at 33.29°, which matches well with the calculated and 

experimental XRD pattern of ST12-Ge (JCPDS No. 72-1425, a = 5.93 Å and c = 

6.98 Å).1,16,27  We have assigned the peak in the XRD pattern to the reflection from 

the {112} plane as this is the closest match with the 2θ value.  However, previous 

XRD characterisation of bulk polycrystalline tetragonal Ge samples has depicted three 

reflections at 2θ ~ 33°, i.e. 32.791°, 33.376° and 33.771°, corresponding to the 

diffractions from the {201}, {112} and {210} planes of the ST12-Ge respectively 

(JCPDS 72-1089 and 72-1425).30  Thus, the experimental peak observed at 33.29° 

could be the reflection from any one of these planes, as a change in the lattice 

parameters is expected for single-crystalline nanoscale materials such as ST12-Ge 

nanowires.  All the as-grown nanowire samples characterised by XRD presented the 

characteristic peak at ~ 33° associated with the {112} crystallographic plane of the 

ST12-Ge structure.  The single peak observed in the XRD corresponds to the strongest 

(112) reflection from the ST12-Ge sample.  Peaks corresponding to other impurity 

phases such as dc-Ge or crystalline GeO2 were not detected by the XRD.  Although 

phase pure tetragonal ST12-Ge nanowires were achieved at temperatures of 330 and 

290 °C, increasing the growth temperature resulted in the formation of nanowires of 

mixed ST12-Ge and dc-Ge phase (at 350 °C) (see Figure A3.2 in Appendix 3.6) and 

phase pure dc-Ge (at 380 and 440°C) (see Figures A3.3a and A3.3b in Appendix 3.6). 
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Figure 3.1.  (a), (b) SEM micrographs of Ge nanowires grown at a temperature of 

330 °C from a 40 and 60 mM DPG/toluene solution, respectively.  (c) XRD pattern of 

a nanowire sample showing the formation of ST12-Ge crystal structure.  (d) Raman 

spectrum of ST12-Ge nanowires.   

 

Raman Spectroscopy, a powerful and non-destructive tool, was used to further confirm 

the phase of the Ge nanowires.  Figure 3.1d shows room temperature Raman spectra 

recorded from the Ge nanowires between wavenumbers of 50 to 500 range.  The 

measurements were performed at a low laser power (0.18 mW) to avoid laser-induced 

heating.  The ST12 phase of Ge has a P43212 crystal structure and group theory 

analysis suggests that this phase has 4A1 + 5B1 + 4B2 + 8E Raman active optical 

phonon modes, while the dc-Ge phase only has one Raman active mode (E2g); which 

originates from a doubly degenerate LO-TO phonon.  The Raman spectra, from an 

ST12-Ge nanowire sample, synthesized at 330 °C, displayed several peaks below 
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300 cm-1.  These peaks are in general agreement with the previously reported Raman 

data for ST12-Ge.1,31  No peaks corresponding to dc-Ge further demonstrates the 

formation of phase-pure ST12-Ge nanowires.  The broadness of the Raman peaks was 

possibly caused by phonon confinement present in the nanowires.  The magnified view 

of the peaks in the region around 1500 cm-1 are shown in the inset of Figure 3.1d.  The 

sharp peak around 1580 cm-1 corresponds to the C-C G-band and indicates the 

presence of a carbonaceous structure in the nanowire samples. 

 

Chemical analysis of ST12-Ge nanowires.  The chemical purity of the Ge nanowires 

was further characterised by EDX analysis, which confirmed that the bulk of the 

nanowires was solely comprised of Ge atoms (see Figure A3.4 in Appendix 3.6).  The 

pure Ge composition was consistent throughout the nanowire body; as verified by 

EDX elemental mapping.  EDX mapping also revealed the presence of oxygen on the 

surface of the nanowires due to the oxidation caused by air exposure of the sample. 

 

The carbonaceous layer surrounding the Ge nanowires, as shown in the SEM images 

of Figures 3.1a and 3.1b, was analysed by FTIR absorption spectroscopy and XPS.  

Characterisation of the ST12-Ge nanowire samples via FTIR spectroscopy revealed 

the presence and interaction between the Ge nanowires and certain carbonaceous 

structures.  FTIR spectra taken from nanowires samples showed absorption bands at 

~ 2350, ~ 970, ~ 890 and ~ 819 cm-1 (see Figure 3.2a).  These bands have previously 

been reported and, ~ 2350 and 890 cm-1 in particular, correspond to the vibration 

modes of C=C32.  The other bands, ~ 970 and ~819 cm-1 are consistent with the CO2 

vibration and Ge-CH3 rocking vibrations, respectively.33  FTIR analysis, therefore, 

confirms the formation of carbonaceous material in the nanowire samples.  
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Absorption bands at ~ 560, ~ 615 and ~ 740 cm-1 have been also observed in the FTIR 

spectra which can be assigned to the stretching modes of C-Ge-C32, Ge-C34 bonds 

and Ge-H wagging mode35, respectively.  These data not only confirm the presence 

of a carbonaceous matrix within the Ge nanowire sample but also suggest the 

interaction of this layer with the surface of the nanowires. 

 

 

Figure 3.2.  (a) FT-IR spectrum of cleaned Ge nanowires (with no carbonaceous 

matrix) and deposited on a Si substrate.  XPS spectrum of C 1s peaks from nanowires 

grown at (b) a reaction temperature of 330 °C and DPG concentration of 60 mM 

(ST12-Ge nanowires) and (c) at a reaction temperature of 440 °C and a DPG 

concentration of 60 mM (dc-Ge nanowires). 

 

XPS analysis was also performed on a representative nanowire sample grown at 

330 °C and a DPG concentration of 60 mM, to further study the interaction between 

the Ge nanowires and the as described carbonaceous structure.  XPS spectra of the 
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tetragonal ST12-Ge nanowires was compared with XPS data obtained from dc-Ge 

nanowires grown under similar growth condition but at the higher growth 

temperature of 440 °C (see Figures 3.2b and 3.2c).  The C 1s peak of the XPS 

spectrum (see Figure 3.2b) of ST12-Ge and dc-Ge nanowires highlights a different 

interaction between the carbonaceous structures and the two Ge nanowire crystal 

phases.  The peak at ~ 283.9 eV was only present in the XPS spectrum of ST12-Ge 

and can be assigned to a strong interaction (covalent bonding) between carbon and 

the surface of the ST12-Ge nanowire as Ge-C (see Figure 3.2b).  This observation 

validates the FTIR data which suggests that an interaction exists between the 

carbonaceous matrix and the ST12-Ge nanowires (see Figure 3.2a).  No analogous 

peak was found in the XPS spectrum of dc-Ge nanowires (see Figure 3.2c).  C-C, 

C=C, C-O and CO3 bonds were present in the C1s spectrum for both samples.  

Germanium oxide formation was also found (see Figure A3.5 in Appendix 3.6) due 

to air exposure of the samples when stored in an ambient atmosphere.  Thus, the 

carbonaceous compounds bonded to the nanowire surface do not act as a passivation 

layer to protect the Ge nanowires from oxidation.  Both FT-IR and XPS evaluations 

confirm carbonaceous compound formation in the samples and interaction between 

this carbonaceous matrix with the surface of the ST12-Ge nanowires. 

 

Structural and crystal quality analysis of ST12-Ge nanowires.  The surface 

interaction of the Ge nanowires with the carbonaceous matrix can potentially induce 

strain and crystal deformation, such as the formation of twins and stacking faults.  

HAADF-STEM, HRTEM and Selected area electron diffraction (SAED) were used to 

further confirm the formation of the ST12-Ge crystalline phase and structural quality 

of the nanowires.  Figures 3.3a and 3.3b show HAADF-STEM data from an ST12-Ge 
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nanowire sample grown at 330 °C from a 60mM DPG/toluene solution.  The nanowire 

exhibited uniform structural quality and a crystalline nature, analogous to the other 

nanowires formed under similar growth conditions.  The ST12-Ge structure had a 

distorted tetrahedral arrangement with a packing density about 11 % greater than that 

of dc-Ge.15  The nanowires presented a high instability under the TEM electron beam 

and, consequently, a transformation to the dc-Ge was repeatedly observed.  This 

behaviour can be explained by the metastability of the ST12-Ge29 phase which, upon 

external perturbation such as heating or high energy electron beam exposure, 

transform back into the stable dc-Ge form.20  HAADF-STEM of the Ge nanowires 

showed the stacking of {110} planes along the nanowire growth direction (see Figure 

3.3a).  The <110> nanowire growth direction is the most common growth direction 

for diamond cubic Si and Ge nanowires of this dimension36–38 and seems also valid 

for the ST12-Ge nanowires.  As the stacking of some of the (112) crystal planes in the 

family of {112} plane is perpendicular to the {110} plane for the tetragonal crystal, a 

strong {112} reflection is justified in the XRD pattern (see Figure 3.1c). 

 

A more detailed examination of the nanowire crystal is depicted in the HRSTEM 

image (see Figure 3.3b), oriented along the <110> zone axis, and recorded from the 

core of a crystalline ST12-Ge nanowire.  HRSTEM imaging reveals an interplanar 

spacing (d) of 0.21 nm (see Figure 3.3b) along with the nanowire growth axis, 

corresponding to the {220} plane of an ST12-Ge crystal.  All the interplanar spacings 

for other planes match well with the ST12-Ge (JCPDS 072-1425).  SAED 

measurements on the single nanowire could only be indexed to the ST12-Ge structure 

(see Figure 3.3c) and the reflections were assigned to the high-order Laue zone 

diffraction of {002}, {111} and {220} planes of ST12-Ge (JCPDS 072-1425).  
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Additionally, the interplanar angles of ~ 31°, ~ 59° and ~ 90° were measured between 

(111) and (220), (002) and (111), and (002) and (220), respectively.  These interplanar 

angles match well with the tetragonal Ge crystal and are particularly useful in 

assigning the lattices with closely matched spacings.  SAED patterns recorded from 

the nanowire also corresponds to ST12-Ge (JCPDS 72-1425) and confirms the single-

crystalline nature of the nanowires. 

 

 

Figure 3.3.  (a) HRSTEM image of ST12-Ge nanowires with the stacking of (110) 

plane along the nanowire growth axis.  (b) Latticed-resolved HRSTEM image of an 

ST12-Ge nanowire.  (c) SAED pattern recorded from a representative ST12-Ge 

nanowire which confirms the ST12 structure.  (d) Diameter distributions of Ge 

nanowires obtained at 330 °C from a 60mM DPG/toluene solution.  (e) HRTEM image 

of a Ge seed and nanowire interface (shown by the red box on the top-left inset) 

confirms the self-seeded growth.  Top-right inset shows an FFT of the seed area. 

 

The presence of the amorphous carbon on the surface of the nanowires was observed 

by TEM to be a discontinuous and uneven coating along the length of the nanowires 

(see Figure A3.6 in Appendix 3.6).  Figure 3.3d shows a diameter distribution 

analysis of a nanowire sample grown at 330 ºC with a mean diameter of 

9.0 (± 1.4) nm.  The mean diameter of the Ge nanowires was found to be uniform for 



144 
 

all growth conditions.  Most of the nanowires exceeded a measurable length over 

4 μm and very few displayed kinking at growth temperatures employed.  Tapered 

nanowires were also not observed under any growth conditions investigated. 

 

The presence of hemispherical seed and the seed-nanowire interface was further 

examined by HRTEM (see Figure 3.3e).  A low-magnification TEM image of a Ge 

nanowire with a growth seed can be seen in the inset of Figure 3.3e (top-left) which 

confirms the participation of a seeded, bottom-up growth mechanism. Figure 3.3e 

shows a high-magnification TEM image recorded with <110> zone axis alignment, 

from the same nanowire.  A smooth interface is observed between the nanowire and 

the nanoparticle seed with no crystallographic difference.  The crystal structure in both 

the nanoparticle and the nanowire segments correspond to ST12-Ge.  Fast Fourier 

Transform (FFT), in the top-right inset of Figure 3.3e, of the seed region also confirms 

the formation of crystalline ST12-Ge.  The apparent continuity of the similar lattice 

from the seed to the nanowire confirms self-seeding of the nanowires, i.e. seeded from 

in situ formed Ge nanoparticles.39–41 

 

Growth mechanism of ST12-Ge Nanowires.  The growth of the self-seeded ST12-Ge 

nanowires likely occurs via a triple-phase (source-seed-nanowire) bottom-up growth 

which is aided by the formation of the carbonaceous matrix.  The formation of Ge 

seeds and their participation in nanowire growth (self-seeded) is evident from the 

presence of Ge nanoparticles at the tips of the nanowires (see Figure 3.3e).  In self-

catalytic growth temperature and pressure are key factors associated with the Ge 

precursor decomposition and nanowire growth.  In our experiments, ST12-Ge 

nanowires were only synthesised under certain temperatures (290 and 330 ºC) and 
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pressure (an in situ generated pressure of ≤ 48 bar) conditions, close to the critical 

point of pure toluene (318.6 °C and 41.3 bar).  These reaction conditions give the 

necessary environment to generate ST12-Ge nanoparticles which act as the catalytic 

seed for ST12-Ge nanowire growth (see Figure 3.3e).  The formation of the 

nanoparticle phase (see Figure A3.3c in Appendix 3.6) takes place when the Ge 

precursor (DPG) decomposes to form Ge adatoms, liberating very reactive phenyl 

groups.42  The formation of Ge nanoparticles seeds for nanowire growth can be 

described as a spontaneous phenomenon.  Simultaneously, the carbonaceous material 

forms via polymerisation of the phenyl compounds.  At this point, available Ge 

adatoms, via decomposition of DPG, aggregate and dissolve into the carbonaceous 

matrix to form the Ge nanoparticles.  The as-formed organic structures limit the 

capacity of aggregation and Ostwald ripening of the Ge nanoparticles and thus the 

formation of larger spherical particles.  The Ge nanoparticles placed at the outer 

surface of the polymer are exposed for the attachment of Ge adatoms for the growth 

of Ge nanowires.  Self-seeded growth of Ge nanowires from in situ generated 

nanoparticles has previously been proposed via “pseudo” vapour-liquid-solid (VLS)0 

like growth.40,43  In our particular case, the initial formation of Ge nanoparticles in the 

carbonaceous template (analogous to the dc-Ge nanoparticles we can observe in 

Figure A3.3c in Appendix 3.6) and the presence of these nanoparticles at the tips of 

the nanowires, indicates the participation of nanoparticle seeds in the growth of the 

ST12-Ge nanowires. 

 

The formation of the carbonaceous structure on the Ge nanostructures and its 

interaction with the Ge is key to the observation of ST12-Ge over dc-Ge crystalline 

structure under certain growth conditions.  In nanowires, due to the high surface to 
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volume ratio, surface energy plays a crucial role in the formation and stability of the 

metastable nanostructure, particularly in the case of small radii.  The nanowire 

diameter and its specific sidewall facets have been often pointed out as key factors 

determining the crystal phase of nanowires.44  The energy difference between dc-Ge 

and ST12-Ge structures gets significantly small for nanostructures with small 

dimensions.45,46  The energy difference between the two phases further decreases with 

the change in the surface properties, e.g. reconstructed surface, of the nanostructures.46  

The chemical interaction at the surface plays a key role in the stability of the ST12 

phase in nanostructures.46  The formation of metastable tetragonal clusters is possible 

by trapping amorphous Ge nanoparticles with carbon resulting in unsaturated and 

reconstructed surfaces at low temperatures.  Thus, along with the nanowire diameter 

(diameter of ~ 9 nm for ST12-Ge nanowires), the formation of singular carbonaceous-

structure compositions and their interaction with the available Ge surface (both for 

nanoparticles in the initial stage of the growth and for nanowires) could be crucial in 

determining the phase and the stability of the ST12-Ge nanowire phase.  As the cubic 

and ST12-Ge nanostructures have comparable lattice energies, their nucleation is 

likely dependent on local environmental factors such as growth temperature and 

pressure. 

 

Surface tension could also be a key contributor to the persistence of the ST12 phase 

in Ge nanostructures.  Kim et al.28 suggested that the addition of the sterically hindered 

organometallic reagent t-BuMgCl promotes the nucleation of ST12 structures in Ge 

nanoparticles by imparting surface strain onto nascent amorphous Ge nanoclusters.  

This results in a metastable surface with a high degree of unsaturation that leads to an 

ST12-Ge structure. In our case, ST12-Ge nanowires are only obtained at growth 
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temperatures between 290 and 330 ºC, whereas dc-Ge was obtained at high 

temperatures.  An interaction between the Ge and the carbonaceous compound was 

only observed, with the formation of the Ge-C bond, for the ST12-Ge nanowires (see 

Figure 3.2b).  Osten et al.47 have previously postulated that a small amount of 

isoelectronic carbon (< 2 at.%) can induce strain in the SiGe lattice for a tetragonal 

distortion.  The formation of the Ge-C bond at the surface of the Ge nanowires can 

therefore potentially induce strain in the Ge lattice due to the change in the bonding 

environment, the bond length of Ge-C 1.98 Å and Ge-Ge 2.46 Å.  This strain can 

change the Ge-Ge bond length and angular distortion in the lattice and create a 

tetragonal symmetry in the nanowires.  Additionally, the surface stress, which can be 

induced by the carbonaceous matrix, can act as the driving force by creating a 

compressive strain in a certain crystal direction, e.g. [001], for the phase 

transformation.48  The presence of the carbonaceous matrix and the Ge-C bond 

formation at the surface of the Ge nanowire plays a crucial role in the formation of the 

ST12 phase.  This is confirmed by the removal of the carbonaceous compound (by 

sonication in ethanol), which transformed the ST12 nanowires to dc-Ge nanowire (see 

Figures A3.7a and A3.7b in Appendix 3.6). 

 

Photoluminescence of ST12-Ge Nanowires.  Photoluminescence (PL) is a primary 

technique to determine the nature of the bandgap in nanoscale systems.  PL peak 

positions, intensity and linewidths can be used to determine the nature of an electronic 

band transition.  Previous attempts to obtain detectable PL signals in the near-infrared 

(NIR) region of the spectrum from the ST12-Ge crystal structure were not successful 

for both room temperature and low-temperature measurements.27,28  To examine the 

nature of the band transition in ST12 nanowires, low-temperature PL studies were 
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carried out using a liquid helium cryostat.  A PL spectrum recorded from ST12-Ge 

nanowires recorded at 10 K using a Ti:Sa laser with an excitation wavelength of 

700 nm is depicted in Figure 3.4a.  The PL spectrum shows an intense PL peak centred 

at 1938 nm, which equates to bandgap energy of 0.64 eV.  Another low-intensity small 

shoulder peak was also observed at a higher wavelength of 2343 nm (~ 0.53 eV).  By 

fitting the spectra to the Gauss function, the full width half maximum (FWHM) of the 

peak was obtained.  The primary emission peak has a relatively narrow linewidth of 

322 nm.  The very strong main peak at 0.64 eV can be assigned to direct bandgap 

emission and the weak shoulder peak centred at around 0.53 eV is ascribed to indirect 

bandgap related emission.  The PL peak position of the ST12-Ge (0.64 eV) reported 

here matches well with the theoretically calculated bandgap for ST12-Ge.1,49  Zhao et. 

al.1 and Malone et. al.2 have calculated, by DFT calculations using a hybrid functional 

approach, the fundamental bandgap to be indirect with values of 0.70 and 0.54 eV 

respectively.  However, their calculation also predicted a relatively "weak" indirect 

bandgap for ST12-Ge, in the sense that the direct bandgap is only ~ 20 meV larger 

than the indirect bandgap. Experimental determination of the bandgap of ST12-Ge is 

rarely reported.  A bandgap of 1.5 eV was reported for cluster beam deposited Ge 

nanograins through optical absorption measurements,20 whereas optical absorbance 

and reflectivity measurements of bulk ST12-Ge and Tauc plot analysis showed a 

fundamental indirect bandgap of 0.59 eV and a direct transition at 0.74 eV.1 
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Figure 3.4.  (a) PL spectra of ST12-Ge nanowires obtained at 10 K.  (b) Temperature-

dependent PL spectrum obtained from ST12-Ge nanowires at temperatures between 

10 to 300 K.  (c) Lineal fit plot of the integral PL intensity vs temperature of the peak 

at ~ 1940 nm from 10 to 100 K with the coefficient of determination close to unity 

(R2 = 0.9908).  (d) The Arrhenius relation of the integral PL intensity vs temperature 

of the peak at ~ 1940 nm from 10 to 100 K with the coefficient of determination close 

to unity (R2 = 0.9967).  (e) Lineal fit plot (black) of the PL peak position vs 

temperature of the peak at ~ 1940 nm from 10 to 100 K with the coefficient of 

determination close to unity (R2 = 0.9926).  Red dot plot corresponds to the PL peak 

FWHM at the different temperatures.  

 

Temperature-dependent PL studies are invaluable for probing the nature of the 

fundamental bandgap of a material.50,51  Temperature-dependent PL studies have 

previously been used to probe the direct/indirect nature of the fundamental gap in 1D 

nanoscale materials.52–54  The nature of the bandgap for ST12-Ge nanowires was 

verified by temperature-dependent studies between 10 - 300 K.  PL spectra recorded 

as a function of temperatures are plotted in Figure 3.4b and to the best of our 
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knowledge, is the first reported experimental observation of a PL-determined bandgap 

from any ST12-Ge structure.  The primary PL emission (at ~ 0.64 eV) from ST12 

nanowires monotonously decreases in intensity with increasing temperature (see 

Figure 3.4b), which can be attributed to a reduced transfer of electrons from the Γ to 

L valleys by thermal activation, thus a higher electron population in the Γ valley. A 

monotonical decrease (see Figure 3.4c) in the PL intensity with increasing 

temperature, which is typical behaviour of a direct bandgap semiconductor,50,54–56 

confirms the direct bandgap nature of the ST12-Ge nanowires.  With increasing 

temperature, the fast diffusion of photocarriers toward surfaces and interfaces leads to 

non-radiative surface and interface recombination respectively, reducing the radiative 

transition rate, along with the activation energy EA.  An Arrhenius plot, depicting 

integrated photoluminescence intensity as a function of inverted temperature is shown 

in Figure 3.4d.  Arrhenius plots have been fitted with a single exponential function 

with a coefficient of determination (R2) close to unity (R2 = 0.9989).  The activation 

energy (EA) for the non-radiative processes from the Arrhenius plots was calculated to 

be 83 meV from the first three displayed points.  The high activation energy for the 

non-radiative process at higher temperature indicates a direct bandgap material, 

although the calculated value may appear on the higher limit due to the particular data 

available.  Furthermore, narrow linewidth deviation, determined by the FWHM when 

fitted with a Gaussian function, of the PL emission at low temperatures (between 360 

to 300 nm for temperature between 10 to 70 K) is indicative of a single channel of 

recombination and thus indicates a direct bandgap transition.50 

 

The effect of temperature on the peak position is displayed in Figure 3.4e.  The 

temperature dependence of the PL peak position shows an increase in bandgap energy 
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for a decrease in temperature from 100 to 10 K.  The bandgap is blue-shifted from 

0.61 to 0.64 eV with the decrease in temperature.  The temperature dependence of the 

PL peak energy can provide information on the carrier distribution within electronic 

bands or localised states.  The monotonic decrease of the direct bandgap with 

temperature follows the bandgap (Varshni law) and carrier distribution variation in a 

semiconductor,57 similar to previous observations for Ge and GeSn alloys.50–52  We 

have only selected the last 5 points in the linear fitting due to the usual flat behaviour 

at the lowest temperatures.58  However, the apparent redshift of the PL peak position 

with temperature can also be caused by laser-induced heating and subsequent heat-

trapping within the dense nanowires array.59,60  The weak peak at 0.54 eV at 10 K is 

associated with the indirect transition.  The PL intensity of this indirect emission 

decreases continuously as T increases from 10 to 100 K, and then the peak disappears 

at room temperature.  At a temperature ≥ 100 K, the phonon-assisted indirect L-valley 

to valence band transition (2275 nm) is almost as intense as the direct bandgap 

transition (2005 nm) (see Figure A3.8 in Appendix 3.6), indicating the availability of 

enough phonons at higher temperatures, which are essential for the momentum 

conservation in the transition process.  The temperature-dependent PL observation 

indicates a higher probability of the direct transition below 100 K, compared to the 

phonon-assisted indirect transition, for ST12-Ge nanowires.  A dominant direct 

bandgap transition is observed, especially at low temperatures (below 100 K).  The 

nature of the bandgap in the ST12-Ge nanowires has therefore changed significantly 

from the reported cubic Ge bandgap or the calculated bandgap for ST12-Ge bulk 

crystals.  This might be due to the presence of carbonaceous structures on the surface 

of the nanowires and the formation of Ge-C bonds at the surface samples.  The very 

narrow diameter of the nanowires (~ 9 nm) and quantum confinement effects 
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associated with this dimension could be responsible for the observation of a 

fundamental direct bandgap in the ST12-Ge nanowires.  Although the steady-state PL 

measurements gave an indication on the nature of the bandgap for ST12-Ge nanowires, 

direct measurements of the carrier lifetimes are required to precisely resolve the 

directness of the electronic band structure. 

 

3.5. Conclusions 

In summary, an alternative and simple synthetic method for growing ST12-Ge 1D 

nanostructures has been developed. ST12 nanowire growth was achieved at moderate 

temperatures and a much lower pressure compared to previously synthesised ST12-Ge 

bulk crystals.  In situ polymerisation of a simple Ge precursor and the formation of 

carbonaceous compounds on the surface of the nanowires, in a batch setup, leads to 

the growth of this novel allotrope (ST12) of Ge in 1-D nanoform.  Three-phase bottom-

up growth, via in situ formed Ge growth catalysts, is liable for the 1D growth.  This 

method opens a new window of fast and accessible procedures for obtaining 

crystalline zero-dimensional (0D) and 1D nanostructures.  Further engineering of the 

ST12 nanostructures, e.g. through doping, heterostructure formation, to tune the 

physical properties of this novel material could also be achieved via this bottom-up 

growth approach.  PL studies suggest that the ST12-Ge nanowires possess a bandgap 

with direct character ~ 0.64 eV, which is in contrast to the previous theoretical 

suggestion that bulk ST12-Ge is an indirect semiconductor.  Overall, we have 

demonstrated that bottom-up grown ST12-Ge nanowires represent a low-cost 

approach to meet the growing demand for direct-gap group-IV optoelectronic 

materials suitable for monolithic integration on Si. 
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3.6. Appendix 

 

Figure A3.1.  SEM images of ST12-Ge nanowires obtained as a function of reaction 

temperature and precursor (DPG) concentration.  Corresponding yield of every 

reaction condition on top-right of SEM images. 
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Figure A3.2.  (a) SEM micrographs of mixed phase of dc-Ge and ST12-Ge nanowires 

grown at a temperature of 350 °C from a 60 mM DPG/toluene solution and a filling 

volume of 60 % of the total reactor’s volume.  (b) XRD pattern of a nanowire sample 

showing the formation of both dc-Ge and ST12-Ge crystal structures.  (c) Raman 

spectrum of the mixture of dc-Ge and ST12-Ge nanowires.  Inset of (c) depicts a 

detailed view of the C-C G-band area. 
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Figure A3.3.  (a) SEM micrographs of dc-Ge nanowires grown at a temperature of 

440 °C from a 60 mM DPG/toluene solution and a filling volume of 60 % of the total 

reactor’s volume.  (b) XRD pattern of a nanowire sample showing the formation of 

dc-Ge crystal structure.  (c) SEM micrographs of dc-Ge nanoparticles grown at a 

temperature of 440 °C from a 20 mM DPG/toluene solution and a filling volume of 

20 % of the total reactor’s volume. 
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Figure A3.4.  EDX spectrum recorded from the body of several ST12-Ge nanowires 

showing the sole presence of Ge and native O. 
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Figure A3.5.  XPS spectra from ST12-Ge nanowires of the (a) Ge 2p and (b) Ge 3d 

regions.  Oxidation peaks can be appreciated on a sample exposed to air during a year. 
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Figure A3.6.  (a), (b) HRSTEM images of ST12-Ge nanowires where the 

discontinuous uneven amorphous carbonaceous coating can be observed along the 

lengths of the nanowires. 
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Figure A3.7.  (a) HRSTEM image of originally ST12-Ge nanowires, restructured into 

dc-Ge nanowires once the carbonaceous coating was removed, with the stacking of 

(110) plane along the nanowire growth axis.  Inset shows the FFT pattern from the 

displayed dc-Ge nanowire.  (b) XRD pattern of a nanowire sample showing the 

formation of dc-Ge crystal structure.  Stars depict peaks corresponding to Si substrate. 
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Figure A3.8.  NIR PL spectra of ST12-Ge nanowires obtained at 100 K. 
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Chapter 4 
 

 

Batch-produced self-seeded Germanium-Tin 

Alloy Nanowires as Highly Efficient Li-Ion 

Battery Anodes 

 

Data from this chapter is currently in preparation for publication.  Consequently, 

sections of the chapter such as the abstract and introduction may contain repeating 

concepts and paragraphs.  I synthesised and performed the elemental and structural 

analysis of the nanowires reported in this chapter.  I co-wrote the paper with SB and 

JDH and analysed Raman, TEM and electrochemical data obtained from collaborators. 

 

Garcia-Gil, A.; Biswas, S.; McNulty, D.; Roy, A.; Ryan, K.M.; Nicolosi, V.; Holmes, 

J. D., ‘Batch-produced self-seeded Germanium-Tin Alloy Nanowires as Highly 

Efficient Li-Ion Battery Anodes’.  Submitted August 2021. 
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4.1. Abstract 

Ge1-xSnx nanomaterials have potential applications in optical, electronic and energy 

storage devices.  Considerable research has recently been undertaken on Ge1-xSnx 

nanostructures, including Ge1-xSnx nanowires.  However, many Ge1-xSnx nanowires 

synthesised to date are thick and short with low aspect ratios (< 50) and have tapered 

morphologies.  Here, we report the fabrication of a high aspect ratio (> 440) Ge1-xSnx 

nanowires with super-thin (~ 9 nm) diameter using a simple solvothermal-like growth 

method under supercritical toluene conditions at a reaction temperature of 440 °C.  

Ge1-xSnx nanowires were grown with varying amounts of Sn in Ge lattice, between 

3.1 to 10.2 at.%.  The growth of the Ge1-xSnx alloy nanowires follows a vapour-liquid-

solid (VLS) paradigm, where nanowires are directly formed on titanium substrates 

for electrical testing as potential Li-ion anodes.  No additional catalytic seeds were 

required for the growth of the nanowires.  The electrochemical performance of the 

Ge1-xSnx nanowires as an anode material for Li-ion batteries was investigated via 

galvanostatic cycling and detailed analysis of differential capacity plots.  The 

dimensions of the nanowires, and the amount of Sn in Ge, was critical to achieve a 

high specific capacity and capacity retention.  Ge1-xSnx nanowires with the highest 

aspect ratios and with the lowest Sn content (3.1. at.%) demonstrated exceptional 

capacity retention of ~ 90 and 86 % from the 10th to the 100th and 150th cycles 

respectively, while maintaining a specific capacity value of 1176 mA h g-1 and 

1127 mA h g-1 after the 100 cycles and150 cycles respectively.   
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4.2. Introduction 

Over the past two decades, the growth and properties of Ge1-xSnx alloy, mainly in thin-

film form, have been extensively studied.1  Theoretical and experimental studies have 

depicted a series of interesting features about Ge1-xSnx alloys, such as (i) higher carrier 

mobility (proportional to Sn content)2 compared to Si3 and Ge4 individually, (ii) a 

tunable bandgap,5 (iii) a narrow direct bandgap structure (with > 6.5 at.% Sn)6,7 and 

(iv) a low-synthesis temperature (eutectic point at 231.1 °C) compared to Si and Ge8.  

Ge1-xSnx alloys are also deemed to be very versatile and a Si-friendly technology, i.e. 

compatible with industrial Si processing.  Specifically, the direct bandgap of Ge1-xSnx 

alloys makes them an ideal material for photonics and optoelectronics, e.g. infrared 

lasers9–11 and photodectors12,13, light-emitting diodes14–16, whereas their high 

electronic conductivity makes them ideal for high-speed field-effect transistors17,18 

and energy storage devices, e.g. Li-ion batteries19,20. 

 

Li-ion batteries, in particular, claim a suitable replacement for graphite as an anode 

material to satisfy the increasing demands for batteries with high power and energy 

densities.21,22  Ge and Sn, display higher theoretical capacities than graphite 

(1620 mA h g-1, 991 mA h g-1 and 372 mA h g-1, respectively)23,24 and, as consequence, 

Ge and Ge1-xSnx alloys have been put forward as an alternative to graphite for high 

specific capacity commercial cells.19,25,26  Ge also exhibit a high electrical conductivity 

(two orders of magnitude higher than Si) and high Li-ion diffusion at room 

temperature (~ 400 times greater than that of Li ions in Si).23,27  The combination of 

two active Li-ion materials, Ge and Sn, can result in improved conduction paths with 

high capacity retention, due to the different levels of expansion of Ge and Sn 

components in the alloy upon lithiation.  Ge1-xSnx alloy nanostructures have shown 
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improved conduction paths with higher capacity retention and enhanced cycling 

performance, in comparison with their individual components.26,28–30  Further to this, 

the relative cost of the Ge anode materials could be also reduced by alloying it with 

cheaper and more abundant elements, such as Sn. 

 

However, the main drawback when using Ge and Ge1-xSnx in Li-ion battery anode is 

the large volume changes encountered upon lithiation/delithiation, which leads to 

structural cracking and pulverisation, resulting in capacity fading and poor cycling 

life.  Among other solutions, nanostructuring (microflowers,31 nanoparticles,32 

branched nanostructures,33 nanowires,20 nanotubes,34 etc.) of anode materials has been 

screened to mitigate this obstacle.  Specifically, the many benefits of using nanowires 

as anode materials in Li-ion batteries include high interfacial area, short Li-ion 

diffusion path lengths, good electrical conductivity along their lengths and the unique 

ability to convert from crystalline to amorphous phases while preserving their 

structural stability over many cycles.  Nanowire structure is particularly suitable to 

accommodate high Sn incorporation due to a series of advantages such as strain 

accommodation due to nanoscale dimensions, growth at lower reaction temperatures 

etc.  At the same time nanowire structure has attracted much attention for Li-ion 

batteries due to its advantages in providing one-dimensional conductive path, large 

specific surface area, short diffusion path of charge carriers (especially thin 

nanowires), more space to buffer volume change and high crack resistance.35  

Developing new, simpler and scalable fabrication methods to tune Sn incorporation in 

the Ge1-xSnx nanostructure and for the generation of long and thinner nanowire 

morphologies for superior electrochemical  performances is key for the development 

of Li-ion battery anodes based on GeSn alloys.35  
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Low-temperature chemical vapour deposition (CVD) and solution-based methods 

have been employed to synthesise Ge1-xSnx nanowires with a Sn incorporation far in 

excess (x ≥ 0.10) of the equilibrium concentration of Sn in Ge.8,36,37  Typically, 

bottom-up growth processes employing metal catalysts are used for synthesising 

Ge1-xSnx nanowires.25,38  The use of external catalysts can enhance Sn incorporation 

in Ge nanowires, but can also lead to impurity incorporation from the metallic seeds 

into the nanowire structure; which can influence the mechanical and electrical 

properties of the nanowires and potentially the charge capacity of Li-ion cells.  Also, 

the application of Ge1-xSnx alloy nanowires in Li-ion batteries is seriously hindered by 

the tendency for Sn to segregate at high concentrations and the short and tapered 

morphologies of Ge1-xSnx nanowires synthesised, not suitable for high capacity anodes 

with large capacity retentions.8,28,36,38  Additionally, the necessity for scalability of 

Ge1-xSnx nanowires have placed a different set of demands on synthetic protocols.  For 

Li-ion anodes, the synthesis of long, high-density nanowires grown without any 

additional catalyst and directly onto the conducting substrates via a simple and 

scalable method is ideal.39 

 

Here we report, the fabrication of Ge1-xSnx (x = 0.03, 0.08 and 0.10) alloy nanowires 

using a simple, single-step batch synthesis method, without the need for additional 

catalysts (metal or metalloid) or templates.  Ge1-xSnx nanowires were synthesised in 

supercritical toluene atmosphere directly onto Ti metal disc, used as current collectors 

for Li-ion battery. This direct growth eliminates the requirement for conductive 

slurries and binders.  The electrochemical performance of the nanowires as Li-ion 

battery anode was evaluated via long-term galvanostatic cycling.  The Ge1-xSnx 

(x = 0.03) nanowires exhibited impressive electrochemical performance in terms of 



172 
 

specific capacity retention, demonstrating a reversible capacity of > 1120 mA h g-1 

after the 150 cycles, which is close to the theoretical capacity of Ge and 

outperforming Ge1-xSnx nanostructure and most Ge nanowire anodes reported to date. 

 

4.3. Experimental 

Anhydrous toluene (99.8 %) was purchased from Sigma-Aldrich Co, 

diphenylgermane (DPG) 95 % was purchased from Fluorochem and tetraethyltin 

(TET) 97 % was purchased from Alpha Aesar.  All chemicals were stored and used 

under N2 in a glovebox (O2 < 0.1 ppm, H2O < 0.5 ppm). 

 

Ge1-xSnx nanowire synthesis was carried out in a 1 mL stainless steel reaction cell.  

Prior to synthesis, the reaction cell and connectors were dried under vacuum at 125 ºC 

for 12 h.  Reactions were performed at a temperature of 440 °C on Ti foil disk 

substrates (0.6 cm in diameter, native oxide present).  The reaction temperature was 

monitored using a thermocouple connected to the reaction vessel and the pressure 

was monitored via a pressure gauge, connected to one end of the reaction cell.  In 

general, 0.6 ml of a DPG/TET/toluene solution was added to the 1 ml reaction cell 

and the cell was heated to the desired temperature in a tube furnace for 60 min.  The 

DPG/TET concentration was varied between 20/1 mM, 20/2 mM, 20/4 mM and 

20/7 mM, which correspond to mole ratios of 95:5, 90:10, 85:15 and 75:25.  The 

filling volume of the reactant solution, i.e. filling fraction, was 60 % of the total 

reactor’s volume (1 ml).  The reaction cell was cooled to room temperature after the 

reaction and disassembled to access the growth substrate.  Growth substrates were 

washed with dry toluene and dried under a N2 flow for further characterisation. 
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Structural and chemical characterisation.  Samples were imaged using a FEI 

Quanta FEG 650 scanning electron microscope (SEM) operated at 15 kV.  High-

resolution transmission electron microscopy (HRTEM) and high resolution scanning 

transmission electron microscopy (HRSTEM) imaging were performed on a JEOL 

2100 electron microscope operated at 200 kV and an FEI Titan electron microscope, 

operating at 300 kV.  High-angle annular-dark-field scanning-transmission-electron-

microscopy (HAADF-STEM) was performed on the FEI Titan electron microscope 

operated at 300 kV.  Raman scattering analysis was performed using a Lab RAM HR 

(Jobin Yvon) spectrometer equipped with a 488 nm laser source and a CCD detector.  

The laser was focused on the sample using a 100× objective lens.  The laser power 

was maintained at 0.18 mW throughout the measurement, the spot size used was 

660 μm (which corresponds to an intensity of 526 W m-2) and the data acquisition 

time was 50 s.  Raman scattering analysis was performed on the nanowires at low 

power (0.18 mW); to avoid laser-induced heating which can cause structural changes 

in the nanowires and a red-shift in the Ge-Ge phonon vibration.  Raman spectra for 

the nanowires were recorded over a wavenumber range between 200 - 400 cm-1.  

Fourier-transform infrared spectroscopy (FTIR) spectra were recorded on Varian IR 

660 infrared spectrometer between the wavelength range of 400 to 4000 cm-1. 

 

The electrochemical properties of Ge1-xSnx nanowire anodes were investigated in two 

electrode Swagelok cells assembled in an Ar filled glovebox.  Ge1-xSnx nanowire 

anodes were cycled against pure Li metal counter electrodes.  Electrochemical tests 

were performed using a BioLogic VSP Potentiostat/Galvanostat.  The electrolyte was 

a 1 mol dm-3 solution of LiPF6 in a 1:1 (v/v) mixture of ethylene carbonate in dimethyl 

carbonate with 3 wt.% vinylene carbonate; 200 µL of electrolyte was used in each 
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cell.  The separator used in all electrochemical tests was Celgard 2400 (diameter: 

13 mm, thickness: 25 µm).  A Mettler Toledo XP2U ultra microbalance was used to 

determine the mass of Ge1-xSnx nanowires on the Ti foil substrates.  The size of the 

Ti foil substrates was 0.5 × 1.0 cm, therefore the areal mass loading of the Ge1-xSnx 

nanowires on the stainless-steel current collectors was 3.45 μg mm-2.  Cyclic 

voltammetry was performed at a scan rate of 0.1 mV/s in a potential window of 

1.5 - 0.01 V (vs Li/Li+).  Galvanostatic cycling was performed at 0.2 C in a potential 

window of 1.5 - 0.01 V (vs Li/Li+). 

 

4.4. Results and Discussion 

For the application of nanomaterials as Li-ion battery anodes, it is key to develop a 

simple and cost-effective growth process to produce high-yields of nanomaterials. The 

growth of Ge1-xSnx alloy nanowires was achieved via a single-step solvothermal-like 

synthesis method, solely in the presence of Ge and Sn precursors under a supercritical 

toluene atmosphere, i.e. without any additional catalytic metal seeds or growth 

directing templates.  Novel self-seeded growth of Ge1-xSnx nanostructures was also 

achieved directly on Ti substrates, which also acted as current collectors for Li-ion 

anodes.  Closed-cell nanowire growth in a supercritical toluene atmosphere provided 

ideal conditions for fast precursor decomposition and the formation of high-aspect-

ratio nanostructures. 

 

Figure 4.1a shows a high magnification SEM image of Ge1-xSnx nanowires grown on 

a Ti substrate at a temperature of 440 °C from a DPG/TET (95:5 molar ratio) solution 

in toluene.  Figures 4.1a and 4.1b highlight the formation of high-aspect-ratio 

nanowires with uniform radial dimensions along their lengths, with lengths of several 
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micrometres (> 4 μm).  The STEM image shown in Figure 4.1b highlights the detailed 

nature of the Ge1-xSnx nanowires, which display moderate bends and kinks along their 

lengths.  The Ge1-xSnx nanowires exhibited a mean diameter of 9.3 ( 0.2) nm, 

evaluation of > 100 nanowires, and most of the nanowires exceeded a measurable 

length over 4 μm (see Figure 4.1c); giving an aspect ratio of > 4 × 102.  This is the first 

report of Ge1-xSnx nanowire with diameter below the Bohr radius (which is the 

preferred separation distance between the electron and hole probability distributions 

in an exciton) of Ge and with the aspect ratio of  > 100.1,40  EDX elemental mapping 

was performed on Ge1-xSnx nanowires to confirm the presence of Sn and the 

uniformity of Sn dissolution in Ge  (see Figure 4.1d).  EDX maps ruled out the 

formation of any Sn clusters or aggregates in the core or on the surfaces of the 

nanowires.  The uniformity of Sn dissolution in the alloy nanowires was further 

confirmed by evaluating over 30 nanowires through EDX point scans at different 

positions along the lengths of the nanowires, obtaining a mean Sn concentration of 

3.1 ( 1.0) at.%.  Additionally, contrary to the previous Ge1-xSnx nanowire growth,40 

no spherical (or hemispherical) growth seeds at the tips of the nanowires were 

observed, which is typical for catalytic bottom-up growth.  The dark-field STEM 

image shown in Figure 4.1b confirms the morphology of the nanowires and highlights 

the absence of growth seeds at the tip of the nanowires. 

 

An increase in the Sn concentration in the nanowires and radically different nanowire 

morphologies were observed when the Ge:Sn precursor mole ratio was varied from 

95:5 to 85:15 (in the reaction solution), keeping the amount (moles) of Ge precursor 

constant.  Average Sn incorporation increased from 3.1 ( 1.0) at.% to 7.9 ( 2.0) and 
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10.2 ( 2.5) at.% with the increase of Sn precursor concentration in the initial solution 

to 90:10 and 85:15 respectively (see Figure A4.1a in Appendix 4.6).   

 

 

Figure 4.1.  (a) SEM image of Ge1-xSnx nanowires grown on a Ti substrate from a 

95:5 mole ratio of DPG/TET initial solution in toluene at a temperature of 440 °C 

with a mean Sn content of 3.1 at.%.  (b) A STEM image of the same batch of 

nanowires as shown in part (a).  (c) Diameter distribution of the nanowires; showing 

the mean diameter of 9.3 nm and standard deviation of 0.2.  (d) HAADF-STEM 

image and corresponding Ge and Sn EDX maps of a single Ge1-xSnx nanowire. 

 

Tin distribution and incorporation was also evaluated in high-Sn content nanowires 

via EDX line-scans and mapping (see Figure A4.2 in Appendix 4.6).  Sn was found to 

be homogeneously distributed in nanowires with high Sn contents, i.e. 7.9 and 10.2 

at.%, without any Sn segregation.  Line-scans and mapping EDX provide atomic 
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percentage quantification only when considering the exact thickness of the studied 

nanowire, data observed on these images (see Figure A4.2 in Appendix 4.6) 

corresponds to indicative elemental proportions.  These nanowires also displayed Sn-

rich alloy seeds at their tip, suggesting growth through a vapour-liquid-solid (VLS) 

growth mechanism. 

 

While nanowires grown with a 95:5 (Ge:Sn) mole ratio reaction solution displayed 

long, thin nanowires with no spherical seeds at their tips (see Figures 4.1a and 4.1b), 

nanowires grown from 90:10 and 85:15 (Ge:Sn) solution are 5 to 10 times thicker 

(mean diameters of 48.3 ( 2.0) and 108.8 ( 2.4) nm) than Ge1-xSnx nanowires grown 

from 95:5 (Ge:Sn) solution.  Spherical seeds, typical for catalytic bottom-up growth, 

were also observed at the tips of these nanowires (see Figure A4.1b in Appendix 4.6). 

These nanowires also revealed appreciable inverse tapering along their lengths (see 

Figure A4.1b in Appendix 4.6); up to 100 nm diameter difference along the length of 

a given nanowire.  Ge1-xSnx nanowires generated from the 90:10 solution exhibited a 

mixed morphology of long and uniform nanowires, with the presence of inverse 

tapered and short nanowires.  The amount of inverse tapered nanowires increased and 

more pronounced tapering was observed in Ge1-xSnx nanowires generated from 85:15 

Ge1-xSnx solution. Tapered nanowires were measured at the base of the seed as a 

reference diameter value.  A radical change in the nanowire morphology with Sn 

concentrations suggests a very different growth setting with a higher amount of Sn in 

the initial reaction solution.   

 

Chemical & structural analysis of Ge1-xSnx nanowires.  Raman spectroscopy was 

also used to quantify the Sn inclusion in the Ge1-xSnx nanowires.  Figure 4.2a shows 
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Raman spectra from Ge1-xSnx alloy nanowires with different Sn concentrations.  The 

Ge-Ge LO Raman mode recorded from the nanowires was observed to gradually 

redshift from bulk Ge40,41 (303 cm-1), with the LO peak at 298 to 293 cm-1 for Ge1-xSnx 

nanowires with 3.1 and 10.2 at.% Sn, respectively.  A subtle redshift (< 5 cm-1) in the 

Ge-Ge LO mode has previously been reported for phase pure  Ge nanowires with 

diameters < 50 nm, in comparison with bulk Ge, due to the phonon confinement 

effect.19,41  The Raman shift towards the lower wavenumbers in the Ge1-xSnx 

nanowires could therefore be due to both an alloying effect (e.g. mass disorder, bond 

distortion) and phonon confinement (especially for Ge1-xSnx (x = 0.03) nanowires with 

9.3 nm average diameter); where phonon confinement can also result in the peak 

broadening.  As all Raman measurements were performed at room temperature and at 

low laser power, the peak shift and broadening observed for the Ge1-xSnx nanowires 

was not due to sample heating.  The largest Raman shift was observed for the thickest 

nanowires (mean diameter of 108.8 nm) with the highest Sn incorporation (10.2 at.%) 

along with the maximum broadening (FWHM of 14.2 cm-1).  The presence of any 

compressive or tensile strain in the nanowires is unlikely, as strain is efficiently 

released in high surface area structures.42  While comparison with pure Ge nanowires 

might be advantageous, similar growth conditions without Sn incorporation yielded 

Ge nanowires with completely different sizes and morphologies. Additionally, an 

asymmetry in the lower energy side of the Ge-Ge LO mode was observed in the spectra 

(especially for the nanowires with higher Sn content) due to the development of a 

Ge-Sn couple vibrational mode with increasing Sn concentration.43   

 

Li et al.43 introduced a linear expression (ω(x) = ω0 + Δωx) for Ge1-xSnx alloy to 

correlate Sn concentration with the Raman peak shit, obtaining a value of 
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Δω = – 68 (± 5) cm-1, while describing the characterized films as completely strain-

free.  When fitting the Raman peak shift against Sn composition (see Figure 4.2b) the 

obtained value for Δω was found to be – (69.8 ± 2.2) cm-1, consistent with the 

previously reported value for strain-free thin film.  This linear correlation in the alloy 

nanowires corroborates the Sn content determined by EDX in the Ge1-xSnx nanowires. 

 

 

Figure 4.2.  (a) Raman spectra of Ge1-xSnx nanowires as a function of the average Sn 

content (at.%), within the wavenumber range of 200-400 cm-1.  (b) Plotting of the 

downshift of Ge-Ge LO mode as a function of Sn percentage.  Experimental data are 

represented with dots which fits (straight line with R2 = 0.9999) well with the linear 

expression, ω(x) = ω0 + Δωx.  (c) FT-IR spectra of the Ge1-xSnx nanowires deposited 

on a Si substrate. 

 

An FTIR spectra taken from Ge1-xSnx (x = 0.03) nanowires show absorption bands at 

~ 750 and ~ 890 cm-1 (see Figure 4.2c). This spectrum is representative of all other      
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Ge1-xSnx nanowires with different Sn content. These bands have previously been 

assigned to the wagging mode of Ge-H44 and Ge-CH3 rocking vibrations45,46, 

respectively.  These data suggest the formation of a carbonaceous structure around 

the crystalline nanowires due to the presence of peaks at ~ 963 and ~ 815 cm-1, 

corresponding to C=C,45 as well as ~ 963 cm-1 which is associated with the presence 

of Ge-C-C45,47.  These data also suggest a definite interaction of the carbonaceous 

matrix within the Ge nanowire surfaces.  The binary phase diagram of C and Ge 

alloys implies that the formation of solid solutions of carbonaceous Ge (C-Ge) is 

unlikely at the growth temperature in this study.48  The carbon content detected in the 

samples arises from the omnipresent adventitious carbon and carbonaceous structures 

generated during the reaction.  

 

Structural characterisation of nanowires via STEM and HRTEM analysis.  To 

determine the crystal quality of the nanowires, their morphologies were investigated 

by HRTEM, HAADF-STEM and selected area electron diffraction (SAED) (see 

Figure 4.3 and Figure A4.3 in Appendix 4.6).  Figure 4.3a shows HAADF-STEM of 

representative Ge1-xSnx nanowires grown with an initial Ge:Sn mole ratio of 95:5.  The 

nanowire imaged displayed uniform structural quality and a crystalline nature, without 

any crystal defects such as stacking faults and twinning.  Defect-free materials are 

typically better as Li-ion battery anode materials due to their long life cycles.49  

HRTEM imaging of the nanowires (mean diameter 9.3 nm) revealed an interplanar 

spacing (d) of 0.33 nm (see Figure 4.3a) along with a <111> growth direction.  The 

interplanar spacing is marginally larger than the d value reported for bulk diamond 

cubic Ge (dc-Ge) (0.326 nm from the JCPDS 04-0545), corresponding to (111) planes 

of Ge diamond cubic crystal structure. Fast Fourier Transform (FFT) analysis of a 
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HAADF-STEM image on a single nanowire could only be indexed to the dc-Ge 

structure (inset of Figure 4.3a) and the spot pattern indicates that the Ge nanowires are 

single-crystalline.  Further analysis of the FFT data (insert of Figure 4.3a) also 

confirmed the formation of dc-Ge crystal structure and the reflections were assigned 

to the high-order Laue zone diffraction of two {111} and {200} planes of dc-Ge.50 

 

 

Figure 4.3.  (a) Latticed-resolved HRTEM image of a Ge1-xSnx nanowire with a mean 

Sn content of 3.1 at.%, revealing an interspace d value of 0.333 nm corresponding to 

the dc-Ge crystal structure.  Bottom-left inset shows an FFT of the full image with a 

corresponding pattern of a representative dc-Ge structure.  (b) HRTEM image of a 

Ge/Sn seed.  The top-right inset shows an FFT of the full image. 

 

Growth seeds were not readily observed at the tips of the alloy nanowires with the 

lowest Sn content (3.1 at.%).  The presence of any observable seeds was further 

examined by HRTEM (see Figure 4.3b).  Growth seeds with different shapes and 

nature in comparison to those formed by a conventional VLS process were observed 

in few instances for these nanowires.  Figure 4.3b shows an HRTEM image of 

overlapping growth seeds at the tips of two Ge1-xSnx nanowires (3.1 at.%), confirming 

the participation of seeded bottom-up growth.  The HRTEM image revealed an 
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interplanar spacing (d) of 0.34 nm, corresponding to <111> planes of the dc-Ge 

crystal.  No crystallographic differences, and a smooth interface, were observed 

between the “seed” and the nanowire segments.  This apparent continuity of the lattice 

from the seed to the nanowire confirms a VLS-like nanowire growth mechanism, 

catalysed from in situ formed Ge nanoparticles.  The FFT pattern of the HRTEM 

image, in the top-right inset of Figure 4.3b, of the seed region (corresponding to the 

red-squared area highlighted on the main image) also confirms the formation of the 

dc-Ge.  FFT analysis was recorded from the same nanowire with <110> zone axis 

alignment.  The observation of Ge-rich seeds for low Sn content nanowires is contrary 

to the observation of Sn-rich (> 90 at.%) seeds for Ge1-xSnx nanowires with a high Sn 

content, i.e. 7.9 and 10.2 at.% (see Figure A4.2 in Appendix 4.6). The observation of 

Sn rich seeds is similar to previously reported CVD-grown Ge1-xSnx nanowires.40,41  

Shorter and tapered Ge1-xSnx nanowires (see Figure A4.1b in Appendix 4.6) with a 

mean Sn content of 7.9 and 10.2 at.% clearly display spherical nanoparticle seeds at 

their tips (see Figure A4.3a and Figure A4.2a in Appendix 4.6).  This further suggests 

two very different growth mechanisms for low and high Sn-content alloy nanowires. 

High Sn-content (7.9 and 10.2 at.%) Ge1-xSnx nanowires also depicted a dc-Ge crystal 

structure, as confirmed by HRSTEM and SAED (see Figure A4.3b in Appendix 4.6). 

 

Growth mechanism of Ge1-xSnx Nanowires.  The growth of Ge1-xSnx nanowires is 

believed to occur through a self-seeded supercritical fluid-liquid-solid (SFLS) growth 

mechanism.  The incorporation of Sn in the growing nanowires likely occurs through 

a solute trapping mechanism.51  We propose two different growth scenarios for the 

Ge1-xSnx nanowires with low- (3.1 at.%) and high-Sn (7.9 and 10.1 at.%) content.  

With low ratios of the Sn precursor in the initial solution Ge1-xSnx nanowire growth 
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was initiated by Ge nanoparticle seeds, depicted in the HRTEM image in Figure 4.3b 

(see Figure 4.4a). These Ge nanoparticle seeds were formed by DPG decomposition 

and stabilized by carbonaceous compounds (formation of carbonaceous structure is 

confirmed from FTIR in Figure 4.2c), formed via polymerization of phenyl molecules 

(liberated as a by-product of DPG decomposition) in supercritical toluene atmosphere. 

These results in Ge1-xSnx nanowires with a very thin diameter (9.3 nm) with narrow 

diameter distribution.  Formation of Ge nanoparticle seeds from DPG decomposition 

seems kinetically favoured for the nanowire growth reaction with 95:5 (Ge:Sn) initial 

solution.  

 

 

Figure 4.4.  Illustration of the two proposed nanowire growth mechanisms.  

(a) Corresponds to the nanowires (3.1 at.% Sn incorporation) grown from an initial 

solution of 95:5 (Ge:Sn precursors) which generated Ge nanoparticle seed.  

(b) Corresponds to the nanowires (7.9 and 10.1 at.% Sn incorporation) grown from 

initial solutions of 90:10 and 85:15 (Ge:Sn precursors) respectively generating Sn 

seeds. 
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For the growth of Ge1-xSnx nanowires with high Sn, high mole ratios of Sn precursor 

(TET) in the reaction solution favours homogenous nucleation of Sn and the formation 

of larger Sn nanoparticle seeds (see Figure 4.4b).  The formation of Sn nanoparticles 

occurs during the Sn precursor decomposition, forming catalytic seed for nanowire 

growth.  A lack of stabilization of Sn nanoparticles, contrary to the Ge-rich 

nanoparticle seeds, resulted in thicker nanowires (d = 48.3 and 108.8 nm) with tapered 

morphology.  The inverted and tapered nature of the Ge1-xSnx (x = 0.08, 0.10) 

nanowires grown from an initial solution of 90:10 and 85:15 (Ge:Sn precursors) is 

caused by the continuous incorporation of Sn adatoms into the catalyst seeds during 

nanowire growth.  A schematic of both growth scenarios is presented in Figure 4.4. 

 

During the nanowire growth, Sn is incorporated into the nanowire structure at the 

seed/nanowire interphase.52  The non-equilibrium incorporation of Sn in the nanowire 

can be attributed to solute trapping, a kinetically driven process. The difference in 

atomic concentration of Sn in different phases influences the trapping of Sn adatoms 

at the triple-phase interface, as previously described.40,41,51  For the high Sn content 

nanowire with Sn seed, a large difference in the Sn concentration between the Sn-rich 

liquid eutectic seed and nanowire can result in the solute trapping of Sn.  Additionally, 

as discussed by Wen et al.,53 large diameter nanowires have higher step velocities 

(growth at the atomic level by step flow) compared to their smaller diameter 

counterparts, which is also related to a faster impurity trapping rate in the growing 

nanowires.  This higher step velocity in nanowires with larger diameters (d = 48.3 and 

108.8 nm) can result in increased Sn% incorporation (7.9 and 10.1 at.%).  
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Electrochemical analysis of Ge1-xSnx Nanowires.  The morphology and crystal 

structure of nanowires are tightly related with several Li-ion battery variables like the 

contact area between active material and electrolyte, the diffusion length for Li-ions, 

and the area of the solid electrolyte interface (SEI) film, which will influence the 

electrochemical properties.54  The motivation to integrate functional materials with 

high surface areas make super-thin 3.1 at.% Sn containing alloy nanowires good 

candidates for Li-ion batteries. Besides, as previously shown, Ge1-xSnx nanocrystals 

with high Sn incorporation (~ 10 at.%) resulted in a decrease in specific capacity due 

to the tendency of metallic Sn to segregate, leading to significant side reactions.26  

Therefore, the electrochemical performance of Ge1-xSnx nanowires as anodes for 

Li-ion batteries (LIB) was tested for the super-thin nanowires with a mean Sn content 

of 3.1 at.%. 

 

The electrochemical properties of Ge1-xSnx nanowires with a mean Sn loading of 

3.1 at.% were initially investigated by cyclic voltammetry (CV).  The first anodic scan 

(lithiation), (see Figure 4.5a), consisted of a weak reduction peak at ~ 0.5 V, associated 

with the initial lithiation of crystalline Ge and two strong reduction peaks at ~ 0.20 

and 0.09 V, corresponding to the formation of amorphous (a) and crystalline (c) 

Li15Ge4 alloys, respectively.21,55  After this initial lithiation, there is a distinct change 

in the profile of the reduction peaks observed from the second cycle onwards.  Three 

reduction peaks were observed at ~ 0.47, 0.33 and 0.12 V (see Figure 4.5b), 

corresponding to the stepwise formation of different Li−Ge alloys (a-LixGe → 

a-Li15Ge4 → c-Li15Ge4).
56  One sharp asymmetric oxidation peak was observed in the 

cathodic (delithiation) CV scans.  The asymmetric nature of this peak indicates that it 
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is a convolution of peaks associated with the delithiation of c-Li15Ge4 and a-Li15Ge4 

phases. 

 

 

Figure 4.5.  Cyclic voltammograms of Ge1-xSnx nanowires with a mean Sn content of 

3.1 at.% showing (a) the 1st and (b) the 2nd, 5th and 10th cycles; cycled at 0.1 mV/s in 

a potential window from 1.5 - 0.01 V. 

 

Galvanostatic cycling of Ge1-xSnx nanowires with a Sn content of 3.1. at.% was 

performed to determine the specific capacity values they can deliver and to examine 

their capacity retention ability.  Voltage profiles, observed during galvanostatic 

cycling at C/5 in a voltage window of 1.5 – 0.01 V (vs Li/Li+), are shown in Figure 4.6.  

During the first charge curve (lithiation), the voltage decreased quickly until the initial 

lithiation of crystalline Ge commenced at ~ 0.5 V, followed by a more gradual 

decrease to the low voltage limit of 0.01 V, due to the formation of a-Li15Ge4 and 

c-Li15Ge4 alloys (inset of Figure 4.6a).  A plateau was observed at ~ 0.53 V during the 

first discharge process (delithiation), corresponding to the dealloying of the 

nanowires.19  The specific capacities after the first lithiation and delithiation were 2438 

and 1165 mA h g-1, respectively, resulting in an initial Coulombic efficiency (ICE) of 

~ 47.8 %.  Low ICE values are commonly reported for alloying mode anode materials 
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and can be attributed to a combination of different factors including, the initial 

formation of an SEI layer on the surface of the NWs, electrolyte decomposition and 

the as well as the formation of quasi reversible Li2O.57–60  There was no significant 

change in the trend of the voltage profiles from the 2nd to the 150th cycle, which 

indicates that the lithiation of the nanowires is a highly reversible process from the 

second cycle onwards. 

 

 

Figure 4.6.  Voltage profiles for (a) the 1st, 2nd, 10th, 20th and 50th  cycles, (b) the 60th, 

70th, 80th, 90th and 100th cycles and (c) the 110th, 120th, 130th, 140th and 150th cycles 

for Ge1-xSnx nanowires, with a mean Sn content of 3.1 at.%, at 0.2 C in a potential 

window of 1.50 – 0.01 V (vs Li/Li+).  (d) Specific capacity and Coulombic efficiency 

values obtained for the same nanowires. 

 

The specific capacity values measured for the nanowires during 150 cycles at 0.2 C, 

and the corresponding CEs, are shown in Figure 4.6d.  The nanowires demonstrated a 

high level of capacity retention.  The specific capacity after the 10th charge was 

1312 mA h g-1 and this value decreased gradually to 1176 mA h g-1 after the 100th 
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charge and 1127 mA h g-1 after the 150th charge.  This change corresponds to a capacity 

retention of ~ 90 and 86 % from the 10th to the 100th and 150th cycles respectively.  

The mean capacity decay per cycle from the 2nd cycle onwards was ~ 2.8 mA h g-1.  

The impressive capacity retention of the Ge1-xSnx nanowires was also demonstrated in 

the CE values.  After the first 10 cycles, the CE values were > 95 % and they remained 

above this value for the remainder of the 150 cycles.  

 

The redox properties of Ge1-xSnx nanowires were further examined through analysis 

of differential charge plots (DCPs), which were calculated from galvanostatic cycling 

curves.  The DCP for the first charge (lithiation) consisted of three reduction peaks 

(see Figure 4.7a), which is in good agreement with the first anodic scan in the CV 

curves (see Figure 4.5a).  The intensity of the sharp reduction peak associated with the 

initial lithiation of crystalline Ge, significantly decreased from the second cycle 

onwards, indicating that after the initial lithiation process, the Ge1-xSnx nanowires may 

not return to a fully delithiated crystalline Ge phase.  A similar observation has been 

reported for other Ge1-xSnx nanowires anodes.25,33  The strong reduction peaks 

observed at ~ 0.35 and 0.18 V can be attributed to the formation of a-Li15Ge4 and 

c-Li15Ge4 alloys, respectively.55  The DCP for the first charge (delithiation) consisted 

of one broad, asymmetric peak which is associated with the delithiation of the 

c-Li15Ge4 and a-Li15Ge4 phases. 

 

Contour plots were calculated from the DCPs acquired from the 2nd to the 150th cycles 

(see Figures 4.7c and 4.7d).  These contour plots allow visualisation of changes in the 

intensities of the redox peaks during galvanostatic cycling.  The contour plot for the 

lithiation process (see Figure 4.7a) demonstrates three reduction peaks at ~ 0.50, 0.35 
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and 0.17 V, corresponding to the formation of amorphous Li-Ge alloys (a-LixGe and 

a-Li15Ge4), and a crystalline Li-Ge alloy (c-Li15Ge4), respectively.61  The intensity of 

the reduction peak associated with a-LixGe decreases sharply during initial cycling, 

suggesting that as cycling progresses, less and less of the overall charge stored is due 

to the formation of this amorphous alloy.  The reduction peak associated with the a-

Li15Ge4 alloy is observed throughout the 150 cycles, however, the intensity of this peak 

gradually fades as cycling progressed.  Figure 4.7a shows that the reduction process, 

which consistently contributes the most towards the overall charge stored, is due to 

the formation of the c-Li15Ge4 phase.  The delithiation contour plot (see Figure 4.7d) 

consists of one wide band, centred at ~ 0.50 V, which is attributed to the overlapping 

delithiation of the a-Li15Ge4 and c-Li15Ge4 alloys.  Of note, there was no significant 

shift of the potentials at which the redox process occur during 150 cycles; this stability 

may contribute towards the capacity retention demonstrated in Figure 4.6d. 

 

With the aim to compare the performance displayed by Ge1-xSnx nanowires (x = 0.03) 

nanowires with the higher Sn content nanowires, the specific capacity values obtained 

for the Ge1-xSnx nanowires with a mean Sn content of 7.9 at.% were measured during 

100 cycles at 0.2 C, and the corresponding CEs, are shown in Figure A4.4 in Appendix 

4.6.  The specific capacity after the 150th charge was 780 mA h g-1.  These nanowires 

also demonstrated a high level of capacity retention of ~ 86 % from the 10th to the 

150th cycles and a CE after the first 10 cycles > 95 % which remained above this value 

for the remainder of the 150 cycles. This nanowire sample (7.9 at.% of mean Sn 

content) displayed a significantly lower specific capacity (780 mA h g-1 after 150 

cycles) in comparison with the sample with a 3.1 at.% of mean Sn content 

(1127 mA h g-1 after 150 cycles) while exhibiting comparable columbic efficiencies. 
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The contrasting battery performance displayed might be associated with each 

particular morphology and Sn content exhibited.  

 

The electrochemical results demonstrated here for Ge1-xSnx nanowires are comparable 

to and, in many cases, greater than previously reported capacities for Ge1-xSnx alloy-

based anodes (Table A1 in Appendix 4.6).  The Ge1-xSnx nanowire-based anode 

fabricated in this work (mean Sn content of 3.1 at.%) shows the longest cycling 

stability up to 150 cycles together with the highest reversible capacity displayed at 

0.2 C cycling rate.  There are several factors which contribute towards the impressive 

specific capacity values and stable capacity retention observed.  The growth of the 

Ge1-xSnx (3.1 at.%) nanowires was catalysed via a self-seeded approach (i.e. Ge 

nanoparticle catalyst).  The formation of Li-Sn alloys has previously been observed 

for Ge1-xSnx nanowires which were synthesized with Sn seeds, however, we do not see 

any contribution from Sn in the DCPs.55  This is because the 3.1 at.% Sn incorporated 

Ge1-xSnx nanowires are predominantly seeded by Ge (see Figure 4.3b). A low amount 

of Sn presence in the nanowire bulk and no apparent presence of Sn nanoparticles in 

the nanowire sample suggests that the formation of any Li-Sn alloys has a negligible 

contribution towards the overall charge stored.  Very thin nanowire morphology for 

3.1 at.% Sn incorporated nanowires could also contribute to stable and high capacity, 

as previously reported for Si nanowires.62 This could be due to the shorter diffusion 

pathway for lithium in thin Ge1-xSnx nanowires, ensuring a fast and homogeneous 

lithiation. Additionally, our Ge1-xSnx nanowires are grown directly on a Ti substrate, 

ensuring that the nanowires are in intimate contact with the current collector.  Growing 

Ge1-xSnx nanowires directly on a current collector also negates the need to prepare a 

traditional slurry with a conductive additive and binder.  The stable capacity retention 
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shown in Figure 4.6d is impressive as it was achieved without the need to prepare 

slurry-based electrodes. 

 

 

Figure 4.7.  Differential charge plots (DCPs) of Ge1-xSnx nanowires (mean Sn content 

of 3.1 at.%) calculated from (a) the 1st charge and (b) the 1st discharges at 0.2 C.  

(c) Contour DCP calculated from differential charge curves from the 2nd to the 150th 

charge.  (d) Contour DCP calculated from differential discharge curves from the 2nd 

to the 150th discharge. 
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4.5. Conclusions 

In summary, an alternative and simple bottom-up method was developed for the 

growth Ge1-xSnx nanowires that could potentially be used as an anode material in 

Li-ion batteries.  These alloy nanowires were successfully grown directly on titanium 

substrates, which act as anode current collectors, eliminating the need for conductive 

slurry and binders.  The simple and versatile solvothermal-like growth method does 

not require any catalyst metal seeds, templates, designer precursors or high boiling 

point solvents.  Sn incorporation into the Ge lattice was achieved between 3.1 to 

10.2 at.%.  A distinct change in the morphology of the nanowires and growth seeds 

was observed for Ge1-xSnx nanowires with different Sn content.  Ge1-xSnx nanowires 

with 3.1 at.% Sn incorporation are very thin (mean diameter of 9.3 nm) and long, 

whereas thicker, shorter and tapered (mean diameter of 48.3 and 108.8 nm) nanowires 

were observed for larger (~ 8 - 10 at.%) Sn incorporation. 

 

Ge1-xSnx nanowires with a mean Sn content of 3.1 at.% demonstrated good 

performance as Li-ion battery anodes.  The nanowires exhibited a high level of 

capacity retention, with a reversible specific capacity of 1127 mA h g-1 after the 150th 

charge, when cycled at 0.2 C.  The impressive capacity retention of the nanowires 

was highlighted by the mean capacity decay per cycle of just ~ 2.8 mA h g-1 from the 

2nd to the 150th cycle.  Analysis of differential charge plots revealed that the formation 

of a-Li15Ge4 and c-Li15Ge4 alloys are highly reversible and that the majority of charge 

stored is due to the reduction process associated with the development of the 

c-Li15Ge4 phase.  The impressive stable cycling performance of the nanowires was 

achieved without the presence of conductive additives or binders, as the nanowires 

were grown directly on current collecting substrates.  The high specific capacity 
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values obtained for the nanowires surpassed previously reported values for other Ge 

based anodes.  The impressive electrochemical performance of the nanowires in 

terms of specific capacities, Coulombic efficiency and voltage stability demonstrates 

that they are a promising anode material for advanced Li-ion batteries. 

 

  



194 
 

4.6. Appendix 

 

Figure A4.1.  (a) A plot showing the variations in Sn concentration for Ge1-xSnx 

nanowires under different growth conditions.  (b) STEM images and diameter 

distributions of the Ge1-xSnx nanowires grown from 90:10 and 85:15 Ge:Sn mole ratio 

solutions.  Inserts shows mean diameters and standard deviations. 
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Figure A4.2.  (a) EDX linear concentration profile of Ge and Sn from a Ge1-xSnx 

nanowire; grown on Ti substrate from a DPG/TET mole ratio of 85:15 in toluene at a 

temperature of 440 °C (~ 10.2 at.% Sn incorporation).  (b) EDX radial scan of a 

Ge1-xSnx nanowire from the same samples as in (a).  (c) EDX seed-region mapping of 

Ge and Sn from a Ge1-xSnx nanowire grown on Ti substrate from a DPG/TET mole 

ratio of 90:10 mole at a temperature of 440 °C (~ 7.9 at.% Sn incorporation).  EDX 

profiles show no segregation of Sn at or near the nanowire surface. 
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Figure A4.3.  (a) TEM image of Ge1-xSnx nanowire grown on Ti substrate from a 

DPG/TET mole ratio of 90:10 in toluene at a temperature of 440 °C; showing the 

spherical nature of the nanoparticle seeds present at the tips of the nanowires.  

(b) Latticed-resolved HRSTEM image shows a nanowire with a <111> growth 

direction and the displayed interplanar spacing.  (c) SAED pattern of the same 

nanowire with a corresponding pattern of a representative dc-Ge structure. 
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Figure A4.4.  Voltage profiles for (a) the 1st cycle, (b) the 2nd, 5th, 10th and 25th  cycles 

and (c) the 50th, 75th, 100th, 125th and 150th cycles for Ge1-xSnx nanowires, with a mean 

Sn content of 7.9 at.%, at 0.2 C in a potential window of 1.50 - 0.01 V (vs Li/Li+).  

(d) Specific capacity and Coulombic efficiency values obtained for the same 

nanowires.  



198 
 

Table A1. Cycling performance of Ge1-xSnx nanostructures previously reported as 

anode electrodes.  

GeSn nano-

structures 

Prepara-

tion 

method 

Sn 

incorpora-

tion 

Cycling  

performance 

Number 

of cycles 

Electrode 

preparation 
Ref. 

GeSn Alloy 

Nanowires 

Liquid-

injection 

chemical 

vapour 

deposition 

4.8 at.% 
~ 921 mA h g-1 

at 0.2 C 

100 

cycles 

As-

synthesised 

(Stainless 

Steel) 

25 

GeSn 

nanocrystals 

Gas-phase 

laser 

photolysis 

5 at.% 
1010 mA h g-1 at 

0.1 C 
50 cycles 

Conductive 

mixture 
26 

GeSn 

Branched 

Nanowires 

Liquid-

injection 

chemical 

vapour 

deposition 

~ 8 at.% in 

the branches 

1040 mA h g-1 at 

0.2 C 
25 cycles 

As-

synthesised 

(Stainless 

Steel) 

33 

Crystalline 

GeSn 

nanograins 

Melt 

spinning 

process 

20 at.% 
~ 1000 mA h g-1 

at 0.1 C 
60 cycles 

Conductive 

mixture 
63 

Nano-

composite of 

Amorphous  

Ge gels and 

SnP0.94 

Vacuum 

annealing 
59 at.% 

~ 700 mA h g-1 

at 0.2 C 
50 cycles 

Conductive 

mixture 
29 

GeSn@ 

Carbon 

Core−Shell 

Nanowires 

Thermal 

annealing 
78 at.% 

1050 mA h g-1 at 

0.3 C 
45 cycles 

Conductive 

mixture 
28 
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Progress achieved in the last two decades has fueled the possibility of self-seeded Ge 

nanowires integration in a broad diversity of applications. Although nowadays Si still 

prevails over any other material for the microelectronics industry as well as graphite 

(carbon) does the same in the LIB industry, the demands of the industry will soon 

require new materials to fulfil the new demands from the consumers. Germanium, and 

Ge nanowires, in particular, offers a unique alternative in many application fields due 

to the particular advantages that presents in each of them. Self-seeded Ge nanowires 

is a contrasted material which can overcome issues associated with widely tested 

materials such as the impurity issues associated with metal-catalysed Ge nanowires. 

At the same time, it can provide unique and competitive features i.e. nanowire growth 

rates, narrow-diameter distributions and analogous morphologies. 

 

A considerable number of quite distinct growth methods were described in the last few 

decades.  However, the usual doubt arises about the method that suits best, but it 

mainly depends on the application.  In this thesis, an alternative and simple synthetic 

method for the growth of group IV semiconductor nanowires has been developed 

which may be useful for a broad number of applications.  This single-pot synthetic 

method favours the formation of self-seeded nanowires, without the use of metal 

catalysts or templating agents.  This approach can be used to grow highly crystalline 

Ge, with different polymorphs, and GeSn nanowires from simple and commercially 

available precursors, at moderate reaction temperatures between 330 and 490 °C.  

Different reaction constraints such as growth time, temperature, volume fraction, 

precursor type and concentration were screened to obtain optimal growth conditions 

for Ge and GeSn nanowires.  However, alternative growth conditions such as lower 

and higher initial concentrations, alternative metalorganic precursors, longer or shorter 
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reaction times, etc. remain to be explored.  At the same time, industrial large scale 

production may have a preference for the nanowires production in a flow-through 

setup, thus, alternative laboratory setups may be explored.    

 

Both Ge and GeSn nanowires with diameters as small as 9 nm, surrounded by a thin 

carbonaceous matrix, could be generated in high yields using the supercritical fluid 

assisted batch method.  Yields discussed along this thesis were compared with the 

obtained results by the gold-seeded CVD method using the same amount of Ge and 

GeSn precursors.  Results were revealed to be significantly higher when using the 

supercritical fluid assisted batch method.  FTIR and XPS techniques were used to 

confirm the presence and nature of the carbon in the surrounding carbonaceous shell 

and TEM analysis further confirmed the amorphous nature, inhomogeneity and 

irregularity of the shell.  The amount of these carbonaceous structures found in the Ge 

nanowire samples decreased with the growth temperature (from 490 to 290 °C), with 

GeSn nanowires having a significantly lower carbon shell content compared to Ge 

nanowires under the same growth temperature (at 440 °C).  The metastable tetragonal 

ST12 Ge polymorph was also successfully formed for the first time in the 1D 

nanoform.  Photoluminescence studies of the ST12-Ge nanowires suggested a direct 

bandgap for the tetragonal nanowires with a fundamental direct bandgap of ~ 0.64 eV. 

 

Generally, as in our case, bottom-up nanowire synthetic approaches produce meshes 

of entangled nanowires.  This means that successive steps of positioning and assembly 

step for device integration may be required in some application fields.  The lack of in-

place fabrication methods, that is, the synthesis of nanowires at specific positions on 

a substrate is still a great challenge which needs to be addressed.  Success in this field 
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would allow the bottom-up growth approaches to directly challenge the top-down 

fabrication methods that dominate in the industry. This would mean significant 

progress in terms of growth control, large scale method reliability and nanowire size 

variability and tunability.   

 

Studies, both experimental and computational, about the self-seeded growth of Ge 

nanowires growth mechanisms are still necessary for this process to be understood in 

detail.  Yet, some connections have been discussed between the different approaches 

reported in the literature.  Solution-phase methods (including supercritical-phase 

methods) share many points in common, such as the presence of organic ligands 

(carbonaceous structures) and their decomposition pathways. These structures, at the 

same time, seem to play a key role in the growth of self-seeded Ge nanowires.  In this 

thesis, a self-seeded nanowire growth process was put forward as the mechanism for 

Ge nanowire growth; also including an interpretation for the growth of the small-

diameter GeSn nanowires.  In situ formation of Ge seeds and their participation in 

nanowire growth was evident from their presence at the tips of synthesised nanowires.  

Spontaneous in situ polymerisation of the organic ligands present in the Ge precursor, 

i.e. diphenylgermane, is a crucial and distinctive step for the formation of 

carbonaceous compounds and stabilisation of the catalytic nanoparticle seeds.  These 

carbonaceous materials also precipitated onto the sidewalls of the nanowires to create 

a ‘carbon shell’ around them.  Temperature and pressure were found to be crucial 

factors for the initial decomposition of diphenylgermane and the formation of the 

carbonaceous material. 
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Both cubic carbonaceous Ge (C-Ge) and GeSn nanowires were evaluated as potential 

anodes for LIBs.  For this purpose nanowires were grown directly onto metallic 

substrates, i.e. Ti discs.  Both the dc-Ge and GeSn nanowires demonstrated 

exceptional promise as Li-ion battery anodes, capable of delivering impressively high 

specific charge values (> 1200 mA h g-1 after 500 cycles at 0.2 C for dc-Ge nanowires 

and 1127 mA h g-1 after 150 cycles at 0.2 C for GeSn nanowires), with very low-

capacity decay.  The small mean diameter of the C-Ge and GeSn nanowires and the 

presence of the carbonaceous shell around C-Ge nanowires were crucial to achieve a 

high specific capacity and capacity retention.  The impressive electrochemical 

performance of the Ge and GeSn nanowires demonstrates an advantage of directly 

growing nanowires on metallic anode current collectors and of having a carbon shell 

surrounding the nanowires. 

 

The nanowire synthesis process described in this thesis represents a low-cost method 

to meet the growing demand for group-IV semiconducting nanomaterials for 

electronic, optoelectronic and portable energy storage devices.  The synthesis of high-

quality nanowires without the need for any external metal catalysts, or templates, 

could potentially be used to other group IV nanowires, e.g. Si and SiGe.  Growth 

constraints could be employed to synthesise group IV alloys that are often difficult to 

obtain difficult in nanowire form, e.g. SiGeSn.  Also, this growth method could be 

used to grow III-V and II-VI nanowires, as an alternative approach to catalyst-assisted 

CVD or template-mediated solvothermal growth.   

A more in-depth exploration of the nucleation and crystallisation mechanisms 

involved in the self-seeded growth of Ge-based nanowires is also required to provide 

a more detailed understanding of precursor decomposition kinetics and possible 
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fragment polymerisation, the influence of solvent on nanowire growth and 

stabilisation and the role of the carbonaceous structures play in nanowire formation.  

This knowledge will permit better control over the morphologies, crystal structure and 

surfaces of the nanowires.  The simplicity of this method allows the exploration of 

initial solution mixtures with a certain complexity. However, the initial solution is 

only composed of the metalorganic precursor and the organic solvent.  The possibility 

of using different precursors or certain additives (i.e. secondary ligands), such as 

thiols, could lead to not only new nanostructured morphologies, such as 2D nanoflakes 

but also new properties and features which may make them suitable for other 

application fields.  My research has only investigated the application of the Ge and 

GeSn nanowires synthesised as anode materials for Li-ion batteries.  However, their 

unique characteristics, e.g. the presence of the carbonaceous shell, their small 

diameters, may also makes them promising materials for use in other fields such as 

photocatalysis, and nanoscale electrical sensors. 
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