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Abstract: Vapour-liquid-solid (VLS) techniques are popular routes for the scalable synthesis 

of semiconductor nanowires.  In this article, in-situ electron microscopy is used to correlate 

the equilibrium content of ternary (Au0.75Ag0.25-Ge and Au0.65Ag0.35-Ge) metastable alloys 

with the kinetics, thermodynamics and diameter of Ge nanowires grown via a VLS 

mechanism.  The shape and geometry of the heterogeneous interfaces between the liquid 

eutectic and solid Ge nanowires varies as a function of nanowire diameter and eutectic alloy 

composition.  The behaviour of the faceted heterogeneous liquid-solid interface links with the 

growth kinetics of the nanowires, where the truncated facets at the solid nanowire-liquid 

catalyst drop contact line lengthens for faster nanowire growth kinetics.  Pronounced 

diameter dependent growth kinetics, as inferred from liquid-solid interfacial behaviour, is 

apparent for the synthesised nanowires.  Direct in-situ microscopy observations facilitates the 

comparison between the nanowire growth behaviour from ternary (Au-Ag-Ge) and binary 

(Au-Ge) eutectic systems. 
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1. Introduction 

Three phase vapour-liquid-solid (VLS) growth processes enable the synthesis of 

semiconductor nanowires with controllable structure and composition, paving the way for 

their application in nanoscale electronics, photonics and sensing devices.[1-8]  Gold (Au) is the 

most commonly used growth promoter for the VLS growth of Ge or Si nanowires; forming 

Au-Ge and Au-Si binary eutectic alloy respectively during one-dimensional (1-D) crystal 

growth.  The composition of the liquid metal-semiconductor binary eutectic alloy (Au-Ge or 

Au-Si), governs the supersaturation, or driving force[9], in a layer-by-layer 1-D crystal growth 

process[10], and hence nanowire VLS-growth kinetics.  Equilibrium phase diagrams, mainly 

the liquidus curves (metal and semiconductor liquidus), provide information about the 

composition of eutectics at different temperatures during nanowire growth.  A shift in the 

liquidus curve, i.e. the equilibrium composition of the eutectic alloy, alters the 

supersaturation of the catalyst seeds which subsequently influences the kinetics of nanowire 

growth; favouring faster crystallisation rates at the TPB at high supersaturation values.[11, 12]  

A shift in the liquidus of Au-Ge (or Au-Si) binary alloy can therefore be achieved by 

incorporating an external metal (foreign) element into the metal-semiconductor eutectic.[13]  

For example, incorporation of Ag (≤ 25 at%) leads to an altered eutectic equilibrium 

concentration of Ge in the liquid phase and hence a change in the supersaturation and 

nanowire growth kinetics.[14]  Determination of the Ge-liquidus from Ge equilibrium 

concentrations of nanoscale ternary eutectic systems (Au-Ag-Ge), will enable interpretation 

of supersaturation and hence nanowire growth kinetics (as this depends on supersaturation) 

from ternary eutectic systems, compared to binary systems (Au-Ge).  In-situ electron 

microscopy experiments provide a feasible way to calculate equilibrium concentrations of Ge 

[15] at elevated temperatures in metastable eutectic alloys, permitting determination of Ge-

liquidus curves for different sized nanoscale binary and ternary systems.  A modified phase 
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diagram has been shown for nanoscale systems (especially for binary Au-Ge), compared to 

their bulk counterparts, due to the influence of capillary forces and stress at the nanoscale.[15-

17] 

Apart from the Ge concentration in the eutectic volume, the behaviour of the triple 

phase boundary (TPB) at the nanowire-liquid metal interface provides an understanding of 

growth phenomenon at an atomic level.[18-24]  For example, interfacial energies and capillary 

forces during steady-state nanowire growth determine the dynamics of the seed droplet at the 

tip of a nanowire, e.g. influencing the pinning of the droplet seed at the nanowire sidewall 

facets.[20, 22]  Also, the capillary-related wetting behaviour of a non-planar catalyst-nanowire 

interface can be associated with the nucleation barrier of a 2D-island at the TPB.[18]  The 

position and shape of the droplet at a nanowire tip determines the facet dynamics and hence 

nominal crystal growth.  In-situ observation of liquid-solid interfaces at nanowire growth 

temperatures between ~400-500 ºC[14, 25-27], provide the opportunity to correlate liquid-solid 

interfacial behaviour to nanowire growth kinetics.[22, 28]  Thus observation of the 

characteristics of the liquid-solid interfaces for ternary (Au-Ag-Ge) and binary alloys (Au-

Ge) at nanowire growth temperatures enables comparison of nanowire growth kinetics for 

binary and ternary alloy systems. 

However, direct evaluation of eutectic droplet shapes and the triple phase contact line 

at the liquid-solid-vapour interface during nanowire growth is highly demanding.  High 

temperature in-situ electron microscopy experiments have provided the opportunity to 

replicate and visualise nanowire growth over a range of temperatures, allowing catalyst-

nanowire interface dynamics to be investigated.[19, 29, 30]  In this article, the nanoscale 

behaviour associated with the growth of Ge nanowires from ternary eutectic (Au-Ag-Ge) 

alloys, assuming an equilibrium growth scenario, is explored via post-growth high 

temperature in-situ electron microscopy.  Specifically, the shape of the liquid droplet and the 
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liquid (seed)-solid (nanowire) contact line are related to the equilibrium concentration and the 

supersaturation of Ge in the catalyst drop.  Additionally, a correlation between the nanowire 

growth kinetics and the dynamics at the catalyst seed-nanowire interface is investigated for 

eutectic systems of different dimensions and compositions. 

 

2. Results and Discussion 

The first issue to consider is the equilibrium concentration of Ge and the projection of Ge-

liquidus for ternary eutectic systems.  Linear and quadratic dependences of nanowire growth 

rates on Δμ have been reported with VLS models, where the rate limiting step involves 

nucleation and growth of 2D-islands at the seed-nanowire interface.[9, 31-33]  The magnitude of 

the concentration (C) of the growth species in a solid or liquid solution can be written in 

terms of the supersaturation (Δμ), the thermal energy of the system (kT) and the equilibrium 

concentration (Ce) for a bulk system as  eCCkT ln , where the equilibrium 

concentration signifies the concentration above which a eutectic rejects its excess Ge content.  

Au-Ge is the most popular binary eutectic system investigated for the VLS growth of Ge 

nanowires, due to the low eutectic melting temperature and high solubility of Ge.  A 

deviation in the Au-Ge phase diagram, mainly the Ge-liquidus, i.e. the equilibrium 

concentration, is expected upon the inclusion of a small amount of Ag into the binary 

eutectic[13], thus influencing Δμ and the kinetics of VLS-nanowire growth.[13, 14] 

 

2.1 Nanoscale shift in Ge-liquidus and the resulting effect on supersaturation 

Apart from the deviation in the Ge-liquidus with the incorporation of Ag into the Au-Ge 

eutectic, a divergence in the liquidus is also expected due to nanosize effects, resulting from 

an enhanced surface contribution.  The change in the equilibrium concentration of a 
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nanoscale eutectic droplet )( nanoC  of a given diameter (d), compared to its bulk counterpart 

( bulkC ), is predicted according to: )4exp( dkTCC bulknano   , where κ is a shape constant 

at a certain temperature (from Henry’s law: ii CP  ),  is the atomic volume of the liquid 

and γ is the surface energy.[11]  In this study ternary eutectic alloys (Au0.75Ag0.25-Ge and 

Au0.65Ag0.35-Ge) were compared with a conventional binary eutectic system (Au-Ge) via 

nanowire post growth in-situ TEM annealing experiments (Inset in Figure 1 shows EDX 

compositional analysis at the tips of the Ge nanowires at room temperature).  The behaviour 

of binary and ternary eutectic alloy droplets of different dimensions, at the tips of the Ge 

nanowires, was recorded at various temperatures (see Figure S1 in the Supporting 

Information).  Au and AuAg-seeded Ge nanowires were grown using a liquid-injection 

chemical vapour deposition technique (see Supporting Information for details about nanowire 

synthesis).  Only [111]-directed nanowires with no evidence of carbon or any amorphous 

outer shells (at temperature ˃ 300 ºC) at the nanowire and metal tip surfaces were considered 

for post-growth experiments to omit any surface energy-related effects with different faceted 

nanowires (Figure 1 and S2 in Supporting Information shows transmission electron 

microscopy (TEM) images of [111] oriented Ge nanowires) and possible changes to 

interfacial surface energies resulting from carbon shells.  Nanowires grown with ternary 

drops were mostly single crystalline in nature, with a minimal number (around 5-10 % of 

total nanowires) of nanowires containing twinning and stacking faults or kinks (Figure 1 

shows TEM and SEM images of the Ge nanowires).[14]  The composition and diameter-

dependent melting of metal seeds at the tips of Ge nanowires were determined from in-situ 

TEM experiments; with relatively higher melting temperatures (~430-440 ºC) noted for 

alloys with a higher Ag content and larger dimensions.  TEM images depicted in Figures S1 

and S3 (in Supporting Information) and the selected area electron diffraction (SAED) 
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patterns recorded from seed-nanowire interface areas (Figure S3) confirms the melting of the 

seeds at the tips of the nanowires with no observed diffraction spots, corresponding to melted 

metallic components, at elevated temperatures.  The increase in the melting point of the 

eutectic alloys with increasing Ag content is due to the elevation of the bulk eutectic 

temperature for a Ag-Au-Ge system compared to a Au-Ge system.[13]  Although a large 

undercooling, relative to the bulk eutectic, was previously reported for Au-Ge binary alloys 

owing to Ge supersaturation at lower temperatures for nanoscale systems[34], only a small 

depression (~5-25 ºC) in the eutectic temperature was observed for eutectic droplets 

investigated in this study with diameters between 25-70 nm.  The lowering of the eutectic 

temperature for nanosized systems is associated with capillary effects and an increase in the 

Gibbs energy for nanoscale binary and ternary systems.[35]  Capillary effects, often 

represented by the Gibbs-Thomson pressure, and which are proportional to the product of the 

surface curvature and surface energy, increase the Gibbs energy of the nanoparticle catalyst 

and the nanowire relative to their bulk values.  For nanoscale binary and ternary eutectic 

systems, the total Gibbs energy becomes very significant at high surface energies, resulting in 

a lowering of the eutectic temperature for nanosize objects.[36] 

 

A further increase in the in-situ annealing temperature away from the eutectic point results in 

a gradual increase in the volume of the alloy droplet, due to an expansion of the interface 

between the liquid alloy and solid nanowire (Figure S1 in Supporting Information).  The 

change in the volume of the liquid alloy droplets, due to Ge uptake from the nanowire, as a 

function of temperature for the different eutectic systems (Au-Ge and Au-Ag-Ge) was 

measured, allowing the equilibrium compositions of Ge in the various eutectic melts to be 

determined.[16]  Drop-volume measurements (V(T)) of the liquid spherical cap (the dark, 

contrasted Au-Ge and Au-Ag-Ge tips of the nanowires shown in Figure S1) on top of the 
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cylindrical nanowires provided an estimate of the equilibrium Ge concentration (NGe) 

according to NGevGe = V(T)- Ʃ Nivi, where Ni is the number of metal atoms of eutectic 

components in the drop and vi and vGe are the atomic volumes of the metal components and 

Ge respectively (see Supporting Information for detailed discussion on the calculation of 

equilibrium concentrations).[15]  Each Ge-liquidus in the semiconductor-rich side of the phase 

diagram were evaluated from the equilibrium Ge concentrations (NGe) in the metastable 

binary and ternary eutectics (Figure 2).  Ge-liquidus curves for binary and ternary systems 

over the temperature range of 360-500 ºC were determined, representing the most relevant 

temperatures for VLS growth of Ge nanowires.[25, 37-39]  Figure 2(a) compares the calculated 

Ge-liquidus curves for ternary Au-Ag-Ge alloy systems with the Ge-liquidus of the bulk 

(green line) and nanoscale (for various radial dimensions within 24-65 nm) of Au-Ge 

systems.  For a certain composition of metal (Au or AuAg) in a eutectic system and at a 

certain temperature, the Ge-liquidus shifts towards a higher Ge content with decreasing 

diameter due to nanosize effects, implying enhanced eutectic melting of the smaller 

metastable eutectic alloys, which contain higher Ge concentrations than larger diameter 

eutectics.  With the inclusion of Ag in the Au-Ge eutectic alloys, the liquidus curves moves 

towards a lower Ge concentration compared to the Au-Ge liquidus, with the largest shift 

observed for the Au0.65Ag0.35-Ge system.  The shift in the liquidus curves, i.e. equilibrium 

concentrations, directly affects the Ge supersaturation (Δμ); with high Δμ values expected at 

low equilibrium concentrations (Ce)
[14], according to the equation:  eCCkT ln .  

Experimental observations of the Ge-liquidus for different sized binary and ternary eutectic 

alloys were verified through a theoretical fit based on the Gibbs-Thompson equation.[11]  The 

diameter dependent Ge content at 460 and 480 C in the Au-Ge, Au0.75Ag0.25-Ge, and 

Au0.65Ag0.35-Ge eutectic alloys for different nanowire diameters are shown in Figure 2(b).  

Experimental data agrees well with the simulated curves (dashed lines) for all three of the 
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eutectic alloys considered.  A three atomic percent error (in the Y-axis) is included with the 

calculated values of Ge equilibrium concentrations.  This incorporated error in the 

equilibrium concentration accounts for the inaccuracies in calculating the volume expansion 

(due to deformation from spherical cap shape) of a eutectic drop due to Ge uptake.  The little 

discrepancies between the experimental and simulated plots may be due to the difference 

between simulating spherical particle tips and calculating the Ge concentration from actual 

hemispherical seeds.[40]  An upward trend in the Ge equilibrium concentration as a function 

of decreasing nanowire diameter was clearly evident for all of the eutectic systems studied, in 

agreement with the Gibbs-Thompson effect, i.e. the supersaturation (Δμ) becomes diameter 

(d) dependent according to: d  40 , where 0  is the supersaturation at a plane 

boundary (d → ∞), Ω is the atomic volume of the liquid and α is the surface energy.  The 

change in the Ge-equilibrium concentration in the eutectic alloys at different dimensions and 

compositions can be directly related to the supersaturation and nanowire growth kinetics, as 

reported in our previous report and other publications.[9, 14, 33, 41] 

 

2.2 Catalyst-nanowire interface characteristics 

Equilibrium compositions of a eutectic drop determine the interfacial dynamics between a 

liquid catalyst and a nanowire through the balance of interfacial forces at the TPB.  Interfacial 

dynamics at the TPB also act as an indicative measure of the kinetics of nanowire growth.[20, 

22, 28]  The balance of interfacial forces (vapour-liquid (γvl), solid-liquid (γsl) and vapour-solid 

(γvs) surface energies) determines the equilibrium shape of the solid nanowire-liquid catalyst 

interface at steady state.  For an equilibrated liquid drop-nanowire system, often a flat 

interface between the liquid droplet and semiconductor nanowire, with sharp corners at the 

TPB contact line, is observed.[32, 42]  However, recent theoretical and in-situ experimental 
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studies have demonstrated a faceted interface at the TPB with truncation at the corner of the 

TPB contact lines.[20, 21, 23, 28, 32, 42]  Probable structures of liquid-solid interfaces, i.e. flat and 

truncated interfaces with different facet lengths at the TPB are shown in Figure S4.  The 

Young’s balance of forces along the liquid-solid and vapour-solid interfaces account for 

stepped structures, i.e. facets, at the corner of the TPB contact line for <111˃ directed 

nanowires.  The truncating facets mainly consist of the {113} family of planes at the corner 

of the TPB line.  For the liquid-solid interface of liquid metal alloys with solid Ge <111˃ 

semiconductor nanowires, {111} centre facets dominate the length of the TPB contact line 

with {113} truncated facets extending for a few nanometers (< 10 nm) at the edges (Figure 

3(a)).  The faceted shape of the liquid-solid interface observed in our case agrees well with 

the theoretical observation of the TPB morphology during VLS nanowire growth[22, 43], taking 

into account the balance of Young’s forces at the TPB.  Our observations of the truncated 

liquid-solid interface with {111} centre facets at the TPB for Au-Ge and Au-Ag-Ge systems 

also agrees well with the equilibrium Wulff shape for a diamond cubic (DC) crystal of Ge; 

for a equilibrated liquid drop-nanowire system.[22, 44]  Schematics of faceted catalyst drop-

nanowire interfaces with different surface forces and wetting angles are shown in Figure 

3(a), where the relative degree of truncation represents a different scale of atomic order, or 

roughness, at the TPB.[20]  The TEM image of a AuGe liquid drop-Ge nanowire system 

(pictured at 420 ºC) and the SAED pattern recorded at the liquid-solid interface confirms the 

multi-faceted interface with central {111} planes surrounded by {113} faceted segments at 

the periphery (Figure 3(a)).[16]  As Ge uptake from the nanowires, through a time dependent 

diffusion process, can change the interfacial dynamics (Figure S5, Supporting Information), 

a 10 min waiting time was applied at each temperature to observe the equilibrium shape of 

the droplet.  TEM images shown in Figure 3(b) show the interface of liquid eutectic metal 

seeds (Au0.75Ag0.25-Ge) containing equilibrium amounts of Ge and solid Ge nanowires of two 
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different diameters (23 and 65 nm) at different temperatures (440 and 480 ºC).  Different 

liquid drop curvatures on nanowire sidewalls, i.e. different degrees of truncation of the 

contact line, were observed for the growth of varying diameter Ge nanowires from the 

Au0.75Ag0.25-Ge eutectic system (Figure 3(b)).  Equilibrium wetting angles (θ) at the tri-

junction varied with temperature and also with the radial dimension of the nanowires, for the 

Au-Ge (Figure S6) and different Au-Ag-Ge alloys (Figure 3(b) and 4 for Au0.75Ag0.25-Ge 

system and Au0.65Ag0.35-Ge system respectively).  For all of the eutectic systems studied, a 

pronounced wetting of the liquid drop, i.e. a decrease in the wetting angle (θ), into the 

nanowire sidewalls and a high degree of truncation of the TPB contact line was observed for 

thinner nanowires, whereas a much flatter growth front, with relatively small {113} facets at 

the corner of liquid-solid contact line was evident for thicker nanowires. 

 

The balance of forces at the vapour-solid and liquid-solid interfaces determines the shape of 

the TPB.  To satisfy the balance of forces along the vapour-solid surface, for a flatter growth 

front at the interface of the liquid drop and solid nanowire, γvl needs to be ≥ γvs.
[43]  For the 

Au-Ge and Au-Ag-Ge systems, with a considerably high (˃ 25 at%) equilibrium Ge 

concentration in the metastable liquid melt, the liquid surface energy (γvl) decreases[35] as Ge 

incorporation into the seed lowers γvl and the surface force conditions for a flat growth front 

is rarely satisfied, resulting in a faceted triple junction at equilibrium.  The amount of Ge in 

the liquid alloy at the nanowire tips is higher for the small diameter nanowires (Figure 2(a)).  

As a high content of Ge in the liquid eutectic alloy (Au-Ge and Au-Ag-Ge) lowers the liquid 

alloy’s surface energy, a greater reduction in surface energy is expected for small diameter 

nanowires.  Hence, the balance of forces at the liquid (seed)-solid (nanowire) junction drive 

the contact line towards prominent truncated structures for small diameter nanowires, with 

smaller wetting angles (θ) compared to large diameter nanowires. 
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Differences in the shape of the TPB are also observed with changes in the metal composition 

of the eutectics (Au, Au0.75Ag0.25 and Au0.65Ag0.35) for similar diameter nanowires (d = 68 

nm) in-situ annealed at the same temperature (Figure 5).  A large faceted growth front is 

observed with a pure Au-Ge system, whereas inclusion of Ag in the eutectic alloys forces the 

liquid-solid contact line towards a relatively flatter shape with smaller {113} corner facets.  

According to Young’s balance of forces (surface forces) for a truncated TPB morphology, the 

net presence of an upward force at the liquid-solid interface is expected upon lowering the 

liquid-vapour surface energy.[43]  The greater amount of Ge present in a Au-Ge eutectic liquid 

alloy compared to a Au-Ag-Ge eutectic of similar size (as inferred from the Ge-liquidus in 

Figure 2(a)) accounts for a smaller vapour-liquid surface energy (γvl) in Au-Ge compared in 

the Au-Ag-Ge alloys.  For similar diameter nanowires, a greater imbalance in the Young’s 

balance of forces at different interfaces with low γvl values for the Au-Ge system results in a 

faceted growth front, with higher facet curvature at the liquid-solid interface compared to Au-

Ag-Ge system.  The amount of Ag in the eutectic liquid alloy also plays a significant role in 

determining γvl of the eutectic liquid and hence wetting of the nanowire sidewalls. 

 

2.3 Nanowire growth kinetics inferred from liquid seed-solid nanowire interfacial 

characteristics 

The heterogeneous nature of the TPB facets has important implications for nanowire growth 

kinetics.[28]  Forces present at the TPB, i.e. different surface energies, control the chemical 

potentials of the Ge facets and hence control the nucleation and growth kinetics.[23]  The 

growth kinetics of the nanowires as a function of radial dimension and the metal composition 

of the seed, i.e. the relative amount of Au and Ag in the alloy, is expected to vary due to a 

change in the equilibrium Ge concentration (Figure 2(a)) in the eutectic melt.[14]  For 
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different eutectics systems, i.e. Au-Ge and Au-Ag-Ge, of different dimensions and 

compositions, the differing amounts of Ge in the drop modifies the shape of the eutectic 

liquid alloy–solid nanowire interfaces for the equilibrated liquid drop-nanowire system, as 

discussed in the section above. 

 

Different faceting behaviour with varying wetting angles (θ), during in-situ TEM annealing, 

is clearly evident for different diameter nanowires for all three eutectic systems studied 

(Figure 3(b), 4 and S6).  The curvature and the length of the corner {113} facets at the 

liquid-solid contact vary as a function of metal composition (Au and Ag) in the alloy seed 

and nanowire diameter.  An increase in the liquid contact area with the solid nanowire 

sidewall, and a decrease of the wetting angle, is obvious for the relatively small diameter 

nanowires with all three systems investigated.  Considering three nanowires of similar 

diameters (~ 68 nm) grown from different eutectic systems (Au-Ge, Au0.75Ag0.25-Ge and 

Au0.65Ag0.35-Ge), increased faceting at the liquid-solid interface, i.e. increased area of the 

{113} side facets, was observed (Figure 5) to a greater extent for the binary Au-Ge system 

compared to the Au-Ag-Ge systems at 460 ºC (near our growth temperature).  The growth 

rate of each facet, central {111} facet and corner {113} facets, during nanowire growth 

depends on the chemical potential difference of the growth species in the eutectic liquid and 

solid nanowire facets.  The larger value of the chemical potential difference, i.e. higher 

supersaturation, means that the nucleation barrier for Ge crystallisation at the TPB is reduced, 

thus favouring faster nucleation and crystallisation of Ge growth species at the interface.  The 

morphologies, i.e. the extension of the facet lengths (main growth facet and {113} side 

facets), of eutectic systems with different dimensions and compositions play an important 

role in revealing nanowire growth kinetics.  Truncated {113} facets impact the interface 

nucleation and growth rates due to oscillatory nucleation/dissolution behaviour.[20]  Clusters 
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of adatoms at the {113} facets lower the nucleation barrier and promote mass transfer 

towards the main growth facets, promoting nanowire growth along the [111] direction.[28]  

We can assume in our study that the shape of the heterogeneous interface at equilibrium, with 

the smaller side {113} facet lengths for systems with lower Ge equilibrium concentration 

(higher growth kinetics) encourages favourable growth along the main {111} growth facets, 

with faster/protracted oscillatory fluctuations of truncated facets during actual nanowire 

growth.  In our post-growth in-situ experiments we are considering an immobile equilibrium 

growth picture (without any Ge flux) and are not observing time-resolved mobile liquid-solid 

interfacial behaviour for different nucleation cycles during steady state nanowire growth; 

which would be more conclusive evidence for the correlation of facet lengths with growth 

kinetics as reported by other researchers.[20, 21, 29, 30]  Hence, for low equilibrium Ge 

concentration systems, i.e. ternary AuAg-Ge alloys, the geometry of the seed-nanowire 

interface changes towards a much flattened growth front (Figure 5) due to changes in the 

interfacial surface tensions and Wulff constructions, which in turn suggests faster growth 

kinetics with these systems.  Theoretical estimations[23] also indicated a tendency for driving 

out the side facets for faster growth kinetics.  Both classes of facets contribute towards the 

linear growth of nanowires.  For nanowires with smaller extensions of truncated facets (at 

equilibrium), due to higher weighted curvature of relatively smaller facets, the chemical 

potential is higher at the smaller truncated facets.  As growth velocity depends on the 

difference between the chemical potential of the growth species in a liquid catalyst and the 

solid facets, a higher chemical potential at smaller truncated facets decreases the growth 

velocity at side facets with a relatively higher growth rate at the main facets. 

 

At equilibrium the liquid droplet at the tips of the nanowires has a uniform composition and 

chemical potential so that the balance of forces is in equilibrium to create a unique scalar 
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surface curvature of the liquid drop.  The relatively flatter growth front, in an equilibrium 

state, with the large central {111} facet observed at 460 ºC for the eutectic system containing 

the highest amount of Ag (65 at.%), is due to lower Ge equilibrium concentration and reflects 

fast nanowire growth kinetics from Au0.65Ag0.35 seeds (Figure 5) compared to Au0.75Ag0.25 

and Au seeds.  Different curvatures of the liquid-solid interface and larger {113} side facets 

observed for the different diameter nanowires for all the eutectic systems studied (Figure 

3(b), 4 and S6 in Supporting Information) can be directly related to the Gibbs-Thompson 

effect, i.e. diameter dependent nanowire growth kinetics.  Liquid-solid contact lines with 

longer side facet ({113}) lengths, were observed for thin nanowires compared to thick 

nanowires grown from a certain type of eutectic alloy drop, which is characteristic of eutectic 

systems with higher Ge equilibrium concentrations, i.e. with lower supersaturation and 

growth kinetics.  So the Gibbs-Thompson effect for nanowire growth can be directly 

interpreted from the liquid-solid interfacial behaviour as the interface morphology is directly 

related to nanowire growth kinetics.  The in-situ observation of the liquid-solid interfaces and 

the morphology of the nanowire growth front relate well with the reported theoretical 

simulations of the TPB behaviour in nanowire growth kinetics.[22, 23, 28]  Also, the part the Ge 

equilibrium concentration (Ce) plays in determining the supersaturation and nanowire growth 

kinetics with the eutectic systems with different metal compositions is obvious from the fact 

that the eutectic liquid, having a lower Ge equilibrium content (Au0.65Ag0.35-Ge), displays 

relatively flattened interfacial curvature at the TPB, which correlates with faster nanowire 

growth kinetics.  Diameter dependent ex-situ growth rate measurements (see Supporting 

Information for detail) for the synthesised Ge nanowires from different catalyst systems also 

depicted a faster growth rate for relatively thicker nanowires grown from Ag-rich seeds 

(Figure S7, Supporting Information), agreeing well with  the findings from the TPB shape-

based arguments for the nanowire growth kinetics.  Larger diameter nanowires grown from 
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seeds with a high Ag content showed relatively flat growth fronts (Figures 3, 4 and 5) and 

exhibited fast growth kinetics, with a non-linear dependence on nanowire diameter. 

 

2.4 Liquid seed-solid nanowire interfacial characteristics and nanowire diameter 

Nanowire diameter is another important aspect to contemplate when considering the relative 

wettability and change in the volume of the liquid catalyst droplet at the tip of the nanowires, 

as a function of liquid-drop composition.  Surface energies at different interfaces accordingly 

define the mean eutectic drop volume and nanowire diameter.[16, 45, 46]  Nanowire diameter (d) 

relates to the catalyst drop volume (V), taking the growth front wetting into consideration, as 

d = V1/3 f(β), where f(β) is a function of the contact angle (β) of the droplet with the nanowire 

growth front.[32, 43]  The growth of two different diameter nanowires from similar sized 

catalyst drops of different eutectic compositions correlates with different wetting behaviour 

of the liquid alloy and different surface energies at the growth front.  As f(β) changes for 

similar volume (V) catalyst drops of Au-Ge and Au-Ag-Ge, nanowires of different diameters 

are expected from different catalytic drops of similar size.  One such example is shown in 

Figure 6(a), where two different catalyst drops of similar volumes (1.19  10-4 μm3 for 

Au0.75Ag0.25 -Ge and 1.17  10-4 μm3 for Au-Ge) at 480 ºC results in nanowires with different 

diameters.  For the Au0.75Ag0.25 alloy seed the nanowire diameter is 47 nm whereas for the Au 

particle seed the nanowire diameter is 35 nm.  As observed in Figure 6(a), the different 

wetting and shapes of the nanoparticle drops at the tip of the nanowires leads to different 

nanowire diameters.  Large wetting angles of liquid drops (β = 140º) for the Au0.75Ag0.25-Ge 

eutectic alloy results in nanowires with narrower radial dimensions compared to Au-Ge 

systems where the wetting angle is smaller (β = 101º).  Plots showing a few examples of the 

variation in nanowire diameter with catalyst drop volume (a larger value of f(β) signifies a 

smaller drop volume, as f(β) correlates with d and V), for both the Au-Ge and Au0.75Ag0.25-Ge 
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systems, are shown in Figure 6(b).  The data clearly show the requirement for a larger 

eutectic catalyst Au-Ge drop compared to Au-Ag-Ge drop for the growth of similar diameter 

nanowires, especially in the narrower diameter range (< 50 nm).  No clear trend in the 

behaviour of f(β) as a function diameter (figure 6(b)) was observed, possibly due to the 

theoretical requirement for cylindrical cross sectioned nanowires to satisfy the relationship 

between d, V and f(β). 

 

3. Conclusion 

In conclusion, the equilibrium concentration of Ge and Ge-liquidus projections were 

determined for different binary (Au-Ge) and ternary (Au-Ag-Ge) eutectic alloys using in-situ 

TEM heating experiments.  The change in the equilibrium concentrations and supersaturation 

with different metal compositions in the alloys was related to the different eutectic liquid-

solid nanowire interfacial behaviour.  Furthermore, growth kinetics of the nanowires 

synthesised from different catalytic seeds was associated with the shape of the liquid-solid 

contact line in a steady state nanowire growth scenario.  Varying compositions of the metal 

components in the alloy seeds facilitated manipulation of the Ge equilibrium concentration 

for different supersaturation.  Ag-rich eutectic alloys showed relatively flattened liquid-solid 

interfaces which correlate with faster nanowire growth kinetics.  The Gibbs-Thompson effect 

for the growth of Ge nanowires with binary and ternary eutectic systems was inferred from 

facet dynamics at the TPB, with thin nanowires showing liquid-solid interfacial 

characteristics of slower nanowire growth kinetics, with a higher degree of truncation and 

longer {113} side facets at the catalyst-nanowire interface.  Evidence of the correlation 

between the equilibrium concentration, growth kinetics, and liquid metal-semiconductor 

interfacial behaviour exhibited here for VLS nanowire growth, could lead to surface 

engineering of the different interfaces for complex nanowire growth and defect engineering.  
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Keeping in mind the large amount of possible metal alloy combinations which can act as 

growth promoters for group 14 and 13-15 nanowires, ternary eutectic systems have the 

potential to introduce unlimited thermodynamic and energetic variation in the catalyst phase 

to greatly influence nanowire growth. 

 

Supporting Information 

Nanowire and seed nanoparticle synthesis detail and calculation of the equilibrium 

concentration of the alloy seeds at the tip of the nanowires, detail of the nanowires including 

growth direction, TEM images recorded at high temperatures to show the liquid-solid 

interfacial behavior for different catalyst system, nanowire growth rate.  This material is 

available free of charge via Wiley Online Library.ch 
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Figure 1.  SEM images of Ge nanowire synthesised from: (a) a Au0.75Ag0.25 catalyst and (b) a 

Au catalyst on Ge (001) substrates after a 45 min growth time.  Part (b) shows a TEM image 

of (111)-directed Ge-nanowire.  Insets in part (b) depicts the composition of Ag in the droplet 

seed (estimated from EDX) for two alloy systems at room temperature. 
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Figure 2.  (a) Ge-liquidus curves showing the shift in the atomic concentration of Ge with 

different ratios of Au and Ag in the eutectic alloys.  Prominent nanoscale effect for all three 

eutectic systems is evident from the plot.  (b) Theoretical fit (dashed lines) according to the 

Gibbs-Thompson effect and experimental data for all three Ge-eutectic compositions at 

different radial dimensions.   
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Figure 3.  (a) Schematic of a liquid drop-nanowire interface and a TEM image of a Au-Ge 

eutectic and Ge nanowire interface.  The inset shows an SAED of the liquid catalyst-solid 

nanowire interface.  (b) TEM images showing eutectic liquid-solid nanowire interfaces for 

two different diameter nanowires; 23 nm and 65 nm.  Different wetting of the liquid eutectic 

(Au
0.75

Ag
0.25

-Ge eutectic) was evident at different temperatures from the different contact 

angles between eutectic droplet and nanowire side walls.  Different facet length scales at the 

liquid-solid interface advocate diameter dependent growth.  Scale bar denotes 10 nm. 
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Figure 4.  TEM images showing liquid catalyst-solid nanowire interfacial behavior for 

Au0.65Ag0.35-Ge system.  Gibbs-Thompson effect (diameter dependent growth) in nanowire 

growth was evident from the behavior of the contact angles of eutectic liquid droplets with 

side wall facets of nanowire for different diameter nanowires with Au-Ag-Ge alloy: (a) 47 

nm and (b) 30 nm.  Liquid-solid interface is expanded in the insets with corresponding color 

index. 
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Figure 5.  Participation of different nanowire growth kinetics for different eutectic alloys 

with same diameter (68 nm) nanowire; (a) Au-Ge, (b)
 
Au

0.75
Ag

0.25  
 and (c) Au

0.65
Ag

0.35 ,
was 

evident from different contact angles of eutectic drop with nanowire side facets from the 

TEM images recorded at 460 ºC. 
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Figure 6.  (a) TEM images shows two different eutectic systems of similar volume resulted 

in different nanowire diameters. Differences in the wetting behavior of the liquid catalyst for 

Au-Ge and Au-Ag-Ge are also evident from the TEM images (scale bar depicts 20 nm 

length). (b) Variation in liquid drop wetting behavior (f(β)) with nanowires of different 

diameters for Au-Ge and Au-Ag-Ge eutectic systems. 
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TOC text: 

In-situ Transmission electron microscopy (TEM) at elevated temperature is used to observe 

the characteristics of ternary (Au-Ag-Ge) liquid eutectic catalyst drop and nanowire 

interfaces at nanowire growth temperature.  At high temperature germanium equilibrium 

concentrations in the eutectic melts determine the geometry of the heterogeneous nanowire-

catalyst interface which is correlated with the diameter and eutectic composition dependent 

nanowire growth kinetics. 
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Experimental Methods: 

Nanoparticle synthesis: A colloidal dispersion of seed nanoparticles with different Au and Ag 

ratios were synthesized by varying the molarity of the Au+ and Ag+.  Dodecanethiol (DDT)-

stabilized nanoparticles were prepared in chloroform using tetra-octyel amino bromide 

(TOAB), (C8H17)4NBr), as a phase transfer catalyst and an aqueous sodium borohydride 

solution (~0.44 M), NaBH4, as the reducing agent.  The organic phase was separated and 

precipitated with ethanol.  The precipitation was cleaned with ethanol and redispersed in 

toluene for further use as catalyst in nanowire growth. 
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Nanowire synthesis: Continuous-flow reactions for nanowire growth were carried out in a 

toluene medium using a liquid-injection chemical vapor deposition (LICVD) technique.  

Metal nanoparticles were spin-coated onto a H-terminated Si (001) or Ge (001) substrate and 

loaded into a stainless steel micro reactor cell, connected to metal tubing.  The reaction cell 

and connections were dried for 24 hr at 180 ºC under vacuum.  Solutions of diphenylgermane 

(DPG), the Ge precursor, in anhydrous toluene were prepared in an N2 glove box with a 

typical concentration of 5 μmole ml-1.  A DPG solution (5 μmole ml-1 ) was loaded into a 

Hamilton sample-lock syringe inside a nitrogen-filled glovebox.  Prior to injection, the coated 

Si substrate was annealed for 15 min at 460 ºC under a flowing H2/Ar atmosphere inside a 

tube furnace.  The precursor solution was then injected into the metal reaction cell using a 

high pressure syringe pump at a rate of 0.025 ml min-1.  A H2/Ar flow rate of 0.5 ml min-1 

was maintained during the entire growth period.  Typical growth times were varied to study 

the effect on nanowire length.  The reaction cell was allowed to cool to room temperature and 

disassembled to access the growth substrate.  Nanowires were washed with dry toluene and 

dried under N2 flow for further characterization. 

Characterization: The one-dimensional Ge nanostructures were analyzed 

using a FEI quanta 650 scanning electron microscope (SEM) and a JEOL 

2100 transmission electron microscope (TEM) operated at 200 kV 

equipped with an EDX detector (Oxford Instruments INCA energy 

system).  X-ray diffraction (XRD) studies were performed on a Phillips 

Xpert diffractometer.  The TEM heating experiments were performed on a JEOL 2100 TEM 

equipped with a Gatan 652 high-temperature sample holder. The in-situ experiments cover 

the temperature range from room temperature to 500 ºC. 
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Measurement of equilibrium concentration: Equilibrium concentrations was measured by 

heating the nanowires deposited on lacey carbon coated Cu grids (3 mm diameter).  In-situ 

experiments cover the temperature range between room temperature and 500 ºC.  The 

electron beam intensity was kept low (~ 1 A/ cm2) during the in-situ observation.  To avoid 

any change in the thermal environment between different nanowires during a single heating 

experiment nanowires in close proximities (in a 10  10 μm2 area) were considered.  Alloy 

compositions in the eutectic seeds at the tips of the nanowires at high temperatures were 

measured from the expansion of volume (V(T)-V(RT)) of the catalyst drop from room 

temperature to high temperature.  The equilibrium Ge content was calculated according to 

NGe = (V(T) – V(RT)/vGe, where NGe is the number of Ge atoms in the drop and vGe are atomic 

volumes of germanium (calculated from atomic mass and density).  Atomic percentage (XGe) 

of Ge content in the eutectic was calculated according to XGe = (NGe/(NAuAg + NGe)) × 100 

where NAuAg, number of Au and Ag atoms in the drop was calculated  from the room 

temperature volume according to NAuAg = V(RT)/vAuAg, where vAuAg is the atomic volume of 

Au-Ag alloy.  We have considered the catalyst shape at the tip of the nanowire as spherical 

cap and volume (V) at room temperature and high temperature was calculated according to 

V= πh/6 (3r2 + h2), where r is the radius of the cap and h is the height (see figure attached 

with this section).  A five percent error was incorporated in the calculation of equilibrium 

concentrations (Figure 2(b)) to consider the deviation of the shape from the exact spherical 

cap. 

Measurement of contact angle: Contact angles were measured at the liquid catalyst seed and 

solid nanowire interface by using imageJ and digitalmicrograph software.  High-resolution 

TEM images were used to precisely measure the angle at the tri-junction.  Results obtained 

with both the software were compared to minimise the error in the angle measurement.  An 
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approximate random error of ± 2º is present due to manual error and Fresnel fringe contrast. 

The lines drawn in the TEM images to reflect the angles serve as guide to the eye. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1.  Melting for three different eutectic systems: (a) 38 nm Au-Ge (b) 46 nm 

Au0.75Ag0.25-Ge and (c) 46 nm Au0.65Ag0.35-Ge is shown through TEM images during in-situ 

annealing of metal droplets at the tip of the nanowires between room temperature and 480 ºC. 
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Figure. S2.  (a-b) TEM images showing a few examples of (111)-directed Ge-nanowires. 
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Figure S3.  Eutectic melting is observed for Au0.65Ag0.35-Ge systems of two different 

dimensions (left: 45 nm and right: 95 nm) as confirmed from the SAED pattern in the inset.  

No diffraction spots corresponding to metal components are observed at high temperature. 

(a) (b) 
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Figure S4.  Schematic showing morphologies at the triple phase boundary with: (a) flat 

growth from and (b, c) faceted growth front with different degree of truncation, i.e. the length 

of {113} facets.  Arrows show different interfacial surface forces. 
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Figure S5.  TEM images showing the time dependent change in the eutectic Au0.75Ag0.25-Ge 

droplet shape at 460 ºC; a stable equilibrium structure was formed after a 8-10 min interval. 
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Figure S6.  The Gibbs-Thompson effect on nanowire growth was also evident from the TEM 

images for Au-Ge eutectics from the behavior of the contact angles of eutectic liquid droplets 

(at 460 ºC) with side wall facets of nanowire for different diameter nanowires: (a) 36 nm and 

(b) 70 nm. 
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Figure S7.  Graph showing the non-linear dependence of the nanowire growth rate with 

nanowire diameter for two different seeds.  The ternary seed enables a higher growth velocity 

compared to pure Au seeds.  The length of the nanowires were measured by dark-field 

STEM, after transferring the nanowires from growth substrate to a SiN membrane grid.  For 

the ex-situ growth rate measurements short length nanowires of shorter lengths (<10 μm) 

grown after 45 min growth time was used (unclear what you mean by this sentence – please 

clarify).  
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