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Abstract 

In several nanotechnological applications the dewetting process is crucial. Although not 

all phenomena of dewetting are fully understood yet, especially with regard to metallic 

fluids, it is clear that the formation of nanoparticles, -droplets, and -clusters and their 

movement is strongly linked to their wetting behaviour. For this reason, the 

thermodynamic stability of thin metal layers (0.1 – 100 nm) with respect to its free 

energy is examined here. The decisive factor for the theoretical consideration is the 

interfacial energy. In order to achieve a better understanding of the interface 

interactions, three different models for the estimation of this energy are presented: i. 

fully theoretical, ii. empirical and iii. semi-empirical. The formation of nanometre-sized 

gold particles on silicon and silicon oxide is investigated in detail, elucidating the 

strengths and weaknesses of the three models, comparing the different substrates, and 

verifying the possibility of further processing of the gained particles as nanocatalysts. 

The importance of a persistent thin communication wetting layer between the particles 

and its effects on their size and number also becomes clear. In particular, the intrinsic 

reduction of the Laplace pressure of the system by material re-evaporation and Ostwald 

ripening is considered to describe the theoretically predicted and experimentally found 

effects. Thus dewetting phenomena of thin metal layers can be well-directed used for 

the manufacturing of nanostructured devices. From this viewpoint, the behaviour of gold 

droplets as catalysts to grow germanium nanowires on different substrates is described.  
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Introduction 
 

Wetting phenomena and the formation and movement of droplets are essential for 

numerous applications. Surface treatments, for example, modify the wetting behavior 

of active fluids on composite materials or porous media to increase the efficiency and 

selectivity of catalytic processes.[1] Droplet-based microfluidics, which deals among 

other things with on-chip and off-chip incubation in immiscible phases even developed 

into an independent field of science.[2] This shows that wetting phenomena are crucial 

for a variety of industrial processes and research topics, as well.  In microtechnology, 

the dispersion of organic photoresists on substrates is indispensable for lithographic 

top-down microstructuring to produce highly functional intermediate products for further 

processing.[3][4] However, the presence of droplets and dewetting phenomena are not 

only observed in aqueous and organic systems, but in inorganic systems, such as liquid 

metals[5] or (ultra-)thin layers[6], too. The formation of metallic nanodroplets can be 

favourable when intentionally used, e.g. to create strongly localized heat sources[7][8], 

but can be disruptive, such as in the case of the collapse of ultra-thin copper layers on 

titanium nitride which damages the electronic devices.[9][10] However, these 

phenomena in thin film technologies are rarely attributed to the dewetting process, 

which is recognizable in the usual naming of the resulting structures as nanoparticles 

or clusters but only infrequently as droplets. Nevertheless, the origin of these structures 

from fluid-like states offers the opportunity for novel bottom-up techniques to produce 

precursor materials for functional materials such as chalcopyrites[11] or precursors  for 

complex structures such as nanowires.[12] Silicon, germanium and silicon oxide 

nanowires, for example, can be formed on different substrates using metal catalysts in 

form of tin, indium or gold nanodroplets.[13][14] Such nanometre-sized one-

dimensional materials are therefore promising for gate all-round architectures[15], 

which are very attractive for future low-power field effect transistors (FETs)[16] or 

thermoelectrics.[17][18][19]  
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The formation of nanodroplets as described leads to various outcomes depending on 

the combination of substrate and droplet material. Thus, the interactions between the 

catalytic nanodroplets and the substrate surface must be investigated in more detail 

beforehand to gain a better understanding and control over the process. The 

examination of the surface diffusion processes was carried out here to describe the 

growth process, in order to effectively control the formation of the nanostructures. 

As an example of various metallic droplet interactions with diverse surfaces the 

behaviour of gold deposited on silicon and silicon oxide wafers is demonstrated. The 

property of gold to form a layer, droplets or particles on silicon or silicon oxide is 

theoretically described and experimentally shown by ultra-high vacuum physical vapour 

deposition (UHV-PVD) of the predicted structures. The theoretical description base on 

a fundamental description of the dewetting phenomenon from an energetic point of 

view. A closer look is taken at the thermodynamic differences in free energy and 

interfacial potentials between gold and silicon or silicon oxide. For this purpose, the 

interfacial potentials are calculated using three different techniques: An empirical 

approach in which the wetting angle is taken into account (WA model); a completely 

theoretical approach in which the interface is described only by van der Waals 

interactions (vW model); and a semi-empirical approach in which R. H. Ewing's 

considerations of the interface energy between a solid metal and its own melt are 

applied to a substrate-fluid interface of different materials (AE model). The influence of 

the resulting free energy leads to differently pronounced nanodroplets and changes 

their behaviour as catalysts during the growth of nanowires which is shown in the 

following.  

 

Results 

 

Theoretical Results 

 

Gold on silicon oxide – Au on SiOx  
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Figure 1 shows the first derivative of the free energy to the layer thickness. Two different 

behaviours of gold on silicon oxide depending on the used model can be seen. While 

the vW model has a zero crossing in dreal = 0.5 nm, the other two models follow a 

classical dewetting mechanism: The function of the first derivative only assumes values 

below the abscissa axis and converges towards zero. This is a major difference since 

values above zero lead to the formation of a continuous thin film. Respectively, values 

below zero promote the formation of droplets on the surface.  

Since a monolayer of gold has a nominal thickness of 0.32 nm, the maximum thickness 

of 0.5 nm predicted in vW-model is already exceeded with a second monolayer of gold. 

Consequently, this model predicts the layer growth of gold on silicon oxide. In contrast 

to the vW model, the other two models WA and AE predict droplet formation over the 

entire thickness range. 
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Figure 1: Derivative of the free energy versus the film thickness for gold on silicon oxide 

and gold on silicon at 300 K (solid lines) and 675 K (dashed lines). The calculations for 

the interfacial energy was made by three different models vW (bluei), WA (green) and 

AE (red). Values above zero indicate a stable thin layer of gold, while values below zero 

indicate an unstable thin layer, which consequently results into the formation of droplets 

or particles. 

 

Gold on silicon – Au on Si 

In contrast to gold on silicon oxide, gold on silicon in figure 1 shows a dependence of 

the free energy on temperature. As the temperature rises, the first derivative of the free 

energy, respectively its slope, increases. Qualitatively, all three models predict the 

same behaviour: Gold forms droplets on silicon with a wetting layer between the 

droplets. The thickness of the wetting layer lays between 0.37 nm and 0.49 nm at room 

temperature and between 0.42 nm and 0.71 nm at 400° C, since the zero crossings of 

the graphs arise at these values. Assuming a monolayer thickness of gold of 0.32 nm, 

one or two monolayers of gold at room temperature and one to three monolayers at 

400°C are stable, as long as the systems are in thermodynamic equilibrium 

 

 

 

Practical Results 

Gold on silicon oxide – Au on SiOx  

UHV-PVD deposited gold droplets on SiOx are characterized in figure 2. Here the 

behaviour of mean gold droplet diameter and the number of gold droplets per area over 

substrate temperature are shown both. The size distribution at 300°C is also presented, 

which is representative for all distributions in the temperature range shown. The 

diameter of the gold droplets remains constant throughout, while the size distribution 

can be described by a Gaussian distribution curve. In the visualization of the number of 

droplets per area two temperature ranges are visible which merge into each other at 
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approximately 550° C. At this point the number of droplets is minimal and increases 

with rising distance from this point. 

 

Figure 2: Behaviour of gold droplets on silicon oxide and silicon. The plots show the 

evolution of the number of droplet per area (red squares, guide to the eye: red dashed 

line) and mean droplet diameters (black dots, guide to the eye: black dashed line) with 

respect to the substrate temperature. The insets show histograms containing the size 

distribution of droplet diameters at 550°C (Au on SiOx) and at 600°C (Au on Si). For Au 

on SiOx the distribution is approximated by a Gaussian. For Au on Si the distribution is 

given by a Lifshitz-Slyosov-Wagner expression. 

Gold on silicon – Au on Si 

In figure 2 also results for gold droplet formation on Si(111) wafers are shown.  A 

decrease in number and an increase in droplet diameter with temperature can be seen. 

The droplet diameter distribution shown can be described by a Lifshitz-Slyozov-Wagner 

(LSW) distribution. Figure 3 shows gold particles on silicon at room temperature. Tiny 
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gold clusters of less than 10 nm are visible between the droplets in the SEM and the 

TEM image. 

 

Figure 3: SEM image of gold on silicon after cooling down to room temperature. 

Between the droplets tiny clusters of gold have nucleated on the silicon surface. The 

inset shows a TEM image of those tiny gold clusters.  

Growth of germanium nanowires  

Figure 4 shows images of the resulting gold droplets on various substrates and the 

results after deposition of germanium on these samples. In (a) a silicon oxide substrate 

was used for gold deposition. In (b) the sample was deposited with germanium. No 1D 

structures are formed here. Instead, there are random germanium clusters everywhere 

on the sample.  (c) and (d) show the results for gold deposition and subsequent 

germanium deposition on silicon. Here the gold droplets are much greater than on 

silicon and germanium nanowires were grown. The in-plane nanowires started to grow 

at places where the gold droplets formed before. The inset shows that the gold is still 

on top of the wire, as this is where continuous homoepitaxial growth is catalysed. A 

sample with a silicon nanotip[20] surrounded by a silicon oxide matrix is shown in (e) 

and (f). The gold droplet forms on the silicon tip during gold deposition. After germanium 
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deposition, the gold droplet on the silicon tip forms a single in-plane nanowire on the 

surface of the silicon oxide matrix. 

 

 

Figure 4: Images of the gold droplets and the results after the experiments to grow 

germanium nanowires. The insets at the upper right corners show sketches of the 

shown systems in side view.  a: SEM top view image of gold nanodroplets (≈15 nm) on 

silicon oxide. b: SEM image of a gold/silicon oxide sample after germanium deposition. 

The growth of nanowires was not catalysed by the gold droplets. Instead, germanium 

clusters are formed.  c: SEM top view of gold nanodroplets (≈100 nm) on silicon. The 

inset at the lower left corner shows an image of an inclined sample with a drawn-in 

wetting angle θ. d: SEM image of germanium-1D structures on germanium, which are 

formed by the gold droplets catalysed during germanium deposition. The inset at the 

lower left corner shows an image of an inclined sample. The droplet on top of the wire 

is clearly visible. e: SEM top view of one gold nanodroplet on a silicon tip in a silicon 
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oxide matrix. As can be seen, the droplet sits on only one side of the silicon tip. f: SEM 

image of the sample shown in e after germanium deposition.  The drop catalysed the 

growth of a nanowire.  

 

Discussion 

The aim of this publication is a two-fold insight. Firstly, the comparison the three different 

models of interfacial energy and their agreement with the experimental results 

(Table 1). Secondly, the behaviour of gold on silicon oxide and gold on silicon will be 

compared. 

Gold on silicon oxide – Au on SiOx  

The two models WA and AE show that a thin gold layer on silicon oxide is unstable and 

therefore forms droplets or particles on the surface (figure 1). Only the fully theoretical 

VW model for the interfacial energy predicts a free energy which leads to a stable thin 

gold layer for thicknesses above 0.5 nm. But the experimental data, as shown in 

figure 2, 3, and 4, indicate that the vW model fails here due to the clear observable 

formation of gold droplets on the silicon oxide surface. Calculations by van-der-Waals 

interactions need a deep insight into characteristics and properties of the observed 

material. But in thermal silicon oxide there is no defined crystallographic orientation and 

no defined surface chemistry, since different types of oxide can occur. The complete 

theoretical description of gold on silicon oxide by the vW model fails because there is 

not enough information about this morphologically and chemically heterogeneous 

silicon oxide surface. Even for thermal silicon oxide surfaces which have grown in a 

well-controlled process, only approximate values are given in the literature.[21] In 

addition, the van der Waals energy between silicon oxide and gold is repulsive, which 

is unsuitable for a model that assumes two surfaces, that are brought closer together. 

For such complex and repulsive systems, empirical or semi-empirical methods are more 

appropriate.  
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Table 1: Comparison between the three models WA, vW, and AE and the experimental 

results. 
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On silicon oxide, the number of droplets per area of gold decreases up to a temperature 

of 550°C. At higher temperature the number then rises again. The mean droplet 

diameter remains constant over the entire temperature range. This effect can be 

explained by re-evaporation of the droplets. The vapour pressure of bulk gold at 550° 

C is 10-14 - 10-16 bar[22] and becomes even higher on surfaces with strong curvature 

such as droplets. Small droplets are characterized by a high surface curvature, which 

leads to a high Laplace pressure. As the temperature rises, the Laplace pressure in the 

droplets increases, increasing the likelihood of re-evaporation as long as the pressure 

cannot be reduced by other effects such as Ostwald ripening. Ostwald ripening needs 

a medium of material transport. But since there is no wetting layer according to two 

models WA and EA in figure 1, this pressure cannot be relieved by Ostwald ripening. 

Nevertheless, an Ostwald ripening process could also take place through the gas 

phase, although this process is kinetically inhibited. 

The re-evaporation process leads to a decreasing number of droplets per area, while the 

droplet diameters remain constant and the diameter distribution remains Gaussian, and 

no LSW distribution as in Ostwald ripening processes.[23][24] This behaviour derived 

from theoretical considerations fits with the results in figure 2, 3, and 4. The increasing 

number of droplets above 550°C can be attributed to a spinodal dewetting mechanism: 

Higher temperatures in the initial fluid layer leads to greater internal heat and faster 

movements of atoms. Thus the system reaches a supercritical state, in which the layer 

thickness fluctuates increasingly and finally destabilises. Therefore higher temperatures 

result in higher numbers of droplets per area during dewetting.  

Gold on silicon – Au on Si  

All three models show the same behaviour of droplet formation for gold on silicon, which 

is confirmed in the experiments and described in the literature.[25] This second system 

is simpler to model than the first system of gold on silicon oxide. Pure silicon wafers 

have a defined surface orientation with well understood physical and chemical 

properties, wherefore even the fully theoretical model vW fits the real behaviour. 
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Nevertheless, the results for gold on silicon also vary due to the wide range of possible 

Hamaker constants, which are needed in the calculations. Hamaker constants can be 

found in literature, measured, calculated by material constants (see equation (3)) or 

simulated by microscopic and macroscopic models. This variety for the determination 

leads to a wide spectrum of different values. Furthermore only the non-retarded 

interactions are considered, but at higher thicknesses (> 10 nm) the retarded 

interactions become more relevant. Nevertheless, all essential effects and values occur 

in thicknesses below 1 nm. Since the Hamaker constant is a critical value for the models 

shown here, its wide range can lead to difficulties in obtaining reliable values for the 

free energy of a system, especially for the fully theoretical model, which focuses on the 

van der Waals interactions. However, the theoretical predictions for gold on silicon fit 

very well to the observed experimental behaviour. The theoretical results predict a gold 

wetting layer on silicon of 0.34 nm. As seen in figure 2, the number of droplets per area of 

gold decreases with increasing temperature, while the droplet diameter increases. This 

effect can be linked to the wetting layer. Such a layer acts as a mediating 

communication layer among the droplets and promotes the material transport, thereby 

accelerating such effects as Ostwald ripening. This argumentation is also supported by 

the observed LSW distribution of droplet diameters, hence this distribution is 

characteristic for Ostwald ripening processes. Nevertheless, it should be mentioned that 

thicker wetting layers can occur at high temperatures if the system deviates from its 

equilibrium state. It can therefore be assumed that smaller droplets can form between 

the larger droplets if the thickness of the wetting layer is forced to decrease during 

cooling as it is shown in figure 3. Tiny gold clusters of less than 10 nm are visible 

between the droplets. This indicates that the wetting layer collapses during cooling. It 

remains unclear whether the wetting layer completely disappears into these clusters or 

just becomes thinner or perforated. However, the TEM data do not show any evidence 

of a wetting layer at room temperature, only of the tiny gold clusters that form during the 

cooling process. This is in high agreement with the LEEM calculations given in the 
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literature, which predict a change in the surface recombination of gold on silicon formed 

during cooling.[26]  

Growth of germanium nanowires 

The main reason for germanium nanowires growing on silicon and not on silicon oxide 

lays in the size of the gold droplets. Since the nanowire growth by VLS process is a 

catalytic process there has to be a minimum amount of gold atoms inside the droplet to 

solve germanium inside the gold cluster. This minimum amount is exceeded on silicon 

while it is not on silicon oxide. However, in literature there is evidence that wire growth 

by VLS is possible on silicon oxide, but the gold droplets are generated by a different 

process and are much larger than in this study. This also strongly indicates a size effect. 

If there are silicon and silicon oxide areas on a substrate as it is the case in figure 4 (e) 

and (f), the gold place itself purposefully on the silicon area. Bearing in mind that a 

eutectic decomposition of gold and silicon takes place in bulk mixtures at a temperature 

of 630 K a chemical affinity of gold for silicon can be supposed. The chemical affinity of 

silicon to gold is also indicated by the fact that up to 2 ppm gold can dissolve in bulk 

silicon at higher temperatures.[22] Therefor the formation of the major droplet on silicon 

is no effect of Laplace pressure – neither reevaporation nor Ostwald ripening. It is just 

an effect of compound affinity. The droplet even etches the silicon into a stable 

<111> plane, which is why the droplet seem to be placed just on one site of the silicon 

spot. The germanium nanowire then grows from the etched facet in <110> direction.  

 

Conclusion 

A theoretical prediction of the behaviour of metal droplets on different surfaces was 

presented. For this purpose, thin gold layers on silicon oxide and silicon were prepared 

and investigated. Both systems show the formation of gold droplets or particles on the 

surface. The theoretical description focuses on the determination of the interfacial 

energies between gold and silicon oxide and gold and silicon, respectively. Three 
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models were presented: A fully theoretical model (vW model), a semi-empirical model 

(AE model) and a fully empirical model (WA model). The interfacial energies are needed 

in order to calculate the free energy and, more precisely, the first derivative of the free 

energy. A positive first derivative of the free energy indicates a stable thin layer of the 

deposited material on the substrate, otherwise the layer is unstable and collapses to 

droplets, particles or clusters. The gold on silicon oxide system is correctly predicted by 

the semi-empirical and empirical models. Only the fully theoretical model fails by 

predicting a stable thin gold layer on silicon oxide. One reason for this error is the 

unknown ratio of different oxide species on the substrate surface and their unknown 

orientation. This makes an exact theoretical description difficult. The two empirical 

models predict the formation of isolated droplets without a wetting layer in-between. 

The experiments with MBE formed gold droplets on silicon oxide show no material 

exchange between the droplets. The data indicate a re-evaporation process at elevated 

temperatures, which is due to a temperature induced reduction of Laplace pressure in 

the overall system. 

The gold on silicon system is correctly predicted by all three models. The first derivative 

of the free energy indicates a droplet formation above 0.34 nm, which corresponds to a 

monolayer of gold. This means that an ultrathin layer of gold on silicon must be stable. 

This wetting layer can be considered as a mediating communication layer or also as a 

material transport layer, which enable Ostwald ripening processes. Indeed, the MBE 

formed gold droplets on silicon show material fluctuation between the droplets. Here, 

the increased Laplace pressure is not reduced by re-evaporation, but by Ostwald 

ripening, which requires a medium of material transport and has a lower activation 

energy than evaporation. The monolayer of gold between the droplets represents this 

medium. The contribution of the droplet diameters also indicates an Ostwald ripening 

process. 

With the models shown here it is possible to predict the behaviour of droplets under 

consideration of free energy. This knowledge provides the understanding of dewetting 
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phenomena of thin metal layers and for the fabrication of nano- and microelectronic 

devices, such as energy conversion cells, FETs or thermoelectric materials by 

nanowires. 

 

Experimental 

Theory 

The ability of a fluid to disperse or form droplets on a substrate is related to the free 

energy F(d) of the system depending on the layer thickness d: 

where F0 is the basic free energy, R is a contribution of van der Waals energy,  is the 

so-called spreading factor and A is the surface area.[27] Since R is a long-range force 

it decreases with the square of the film thickness d2 and increases proportionally with 

the difference between the Hamaker constants ASF of solid-liquid and AFF of fluid-fluid 

interaction: 

𝑅 = (
𝐴𝑆𝐹 − 𝐴𝐹𝐹
12 ∙ 𝜋 ∙ 𝑑2

) (2) 

The Hamaker constants are a scale for the interaction between particles of certain 

materials and the electric fields they generate.[28] This electrical responsiveness or 

susceptibility is closely related to the permittivity/polarizability  of the materials, the 

particle volume density m and the (first) ionization energies I of the particles: 

𝐴𝑖𝑗 =
3

2
∙ 𝜋2 ∙ 𝛼𝑖 ∙ 𝛼𝑗 ∙ 𝑚𝑖 ∙ 𝑚𝑗 ∙

(𝐼𝑖 ∙ 𝐼𝑗)

(𝐼𝑖 + 𝐼𝑗)
 (3) 

It follows that a fluid layer can be attracted or repelled by a substrate, which leads to a 

wetting or dewetting tendency.  

𝐹(𝑑)

𝐴
=
𝐹0
𝐴
+ 𝑅(𝑑−2) − 𝛤 (1) 
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The spreading factor is defined as the difference between the surface energy of the 

pristine substrate S and the surface energies of the wetted substrate (SF+F): 

𝛤 = 𝛾𝑆 − (𝛾𝑆𝐹 + 𝛾𝐹) (4) 

In an ideal van der Waals system, it can be shown that surface energies are also 

associated with polarizability.[29] For real systems, however, it is more precise to use 

experimentally measured surface energies that are listed for many materials in the 

literature. Although, the determination of the surface energy between substrate and 

fluid, also called the interfacial energy SF, can be more challenging. Thus the following 

three methods are used to determine and compare the respective interfacial energy: 1. 

Empirical by the wetting angle (WA model) 2. Fundamental by the long-distance 

contribution of the van der Waals energy (vW model) 3. Semi-empirical according to 

the Ewing model (AE model). 

1. WA model: Determination of SF by the droplet angle. In systems with droplet 

formation, the Young-Dupré equation[30][31][32] is used to determine the interfacial 

energy SF. Since SF is associated besides S and F with the contact wetting angle , 

the angle between substrate and drop surface has to be determined: 

𝛾𝑆𝐹 = 𝛾𝑆 − 𝛾𝐹 ∙ cos 𝜃 (5) 

However, this equation is only valid for equilibrium states and on ideal surfaces. Defects 

on the substrate can lead to hysteresis effects that change the contact wetting 

angle.[33] Other surface effects such as coarsening, ageing or ripening can additionally 

lead to hysteresis effects that make it more complicated to interpret the results.[34] 

2. vW model: Determination of SF by the long range contribution of the van der Waals 

energy. As mentioned before, the surface energies are also connected with the 

polarizability of the system, i.e. with the Hamaker constants. In order to approximate 

the interfacial energy, it can be assumed that free surfaces with given Hamaker 

constants are brought closer together. If the surfaces reach a distance of the diameter 
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of one particle, the two surfaces touch each other. At this point, the non-retarded 

van-der-Waals interaction will match the ratio of surface energies. More precisely, the 

spreading factor  is the limit value of R at the point d=d0 with d0 as particle 

diameter[29]: 

𝑅(𝑑0) = (
𝐴𝑆𝐹 − 𝐴𝐹𝐹

12 ∙ 𝜋 ∙ 𝑑0
2) = 𝛤 = 𝛾𝑆 − (𝛾𝑆𝐹 + 𝛾𝐹) (6) 

Thus the interfacial energy can be determined by the R-value and the surface energies: 

𝛾𝑆𝐹 = (𝛾𝑆 − 𝛾𝐹) − (
𝐴𝑆𝐹 − 𝐴𝐹𝐹

12 ∙ 𝜋 ∙ 𝑑0
2) (7) 

3. AE model: Determination of SF according to R. H. Ewing. The AE model offers a 

semi-empirical possibility to determine the interfacial energy SF.[35] R. H. Ewing 

postulated that the interfacial energy of a solid material and its own melt consists of an 

energetic part of the solid SF
S and a part of the fluid SF

F because the chemical and 

physical bonds between the material and its melt are solid and liquid at the same time: 

𝛾𝑆𝐹 = 𝛾𝑆𝐹
𝑆 + 𝛾𝑆𝐹

𝐹 (8) 

More information can be found at R. H. Ewing's publications.[36],[37] In the following, 

the model is not used to calculate the interfacial energy between a solid and its own 

melt, but instead, to determine the interfacial energy between a solid and a fluid of 

another compound. This results in a sufficient well approximation for the true value of 

SF. 

However, the wettability of a system is not directly predictable by the free energy itself, 

but by the slope of its function. Accordingly, this is given by the first derivative of free 

energy. In order to derive the free energy, a constant volume for the system with A=V×d 

must be considered. The three different descriptions for the interfacial energy result in:  

 WA model,  
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𝜕
Δ𝐹(𝑑)
Δ𝑉
𝜕𝑑

= −(
𝐴𝑆𝐹 − 𝐴𝐹𝐹
4𝜋𝑑4

) −
𝛾𝐹(cos 𝜃 + 1)

𝑑2
 

(9) 

 vW model,  

𝜕
Δ𝐹(𝑑)
Δ𝑉
𝜕𝑑

= −(
𝐴𝑆𝐹 − 𝐴𝐹𝐹
4𝜋𝑑4

) +
𝐴𝑆𝐹 − 𝐴𝐹𝐹

12𝜋𝑑0
2𝑑2

 (10) 

 AE model, 

𝜕
Δ𝐹(𝑑)
Δ𝑉
𝜕𝑑

= −(
𝐴𝑆𝐹 − 𝐴𝐹𝐹
4𝜋𝑑4

) +
(𝛾𝑆 − (𝛾𝑆𝐹

𝑆 + 𝛾𝑆𝐹
𝐹 + 𝛾𝐹))

𝑑2
 

(11) 

If the first derivative is positive, then the fluid wets the substrate. At negative values, 

dewetting will occur. At zero, there is a stable maximum thickness and droplets form as 

soon as this thickness is exceeded. In this case, a material layer of the maximum stable 

thickness, the wetting layer, may persist between the droplets. However, all calculations 

shown here apply only to thicknesses below capillary length (>1µm) of the fluid, since 

gravity can be neglected within this range.[29] 

Table (1) (Appendix) shows the set of values required for calculating the free energy 

per unit area and its first derivative for gold on silicon oxide and gold on silicon. 

Experiments 

The UHV-PVD experiments were carried out in a molecular beam epitaxy (MBE) 

chamber with a base pressure of 2×10-10 mbar. Two different types of substrates were 

used for the experiments: The first type of substrates are single-crystalline Si(111) 

wafers of 25×25×0.525 mm³ size which where chemically cleaned by the conventional 

RCA 1 and RCA 2 etching process to get hydrophilic silicon surfaces immediately before 

transferring to the UHV system. Before the growth, the Si(111) substrates were 

annealed at 900 °C for 30 min to desorb residual silicon oxide from the surface. The 

second variety of substrates consist of a chemical vapour deposited (CVD) SiOx layer 
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(500 nm thick) on top of a Si(001) wafer. The subsequent chemical mechanical polishing 

provides a highly-flat-surface (RMS 0.3 nm). Gold with a nominal thickness of 1 nm was 

evaporated from an effusion cell onto the heated substrate with a deposition rate of 0.01 

nm/s, which was calibrated before with an Inficon XTC/3 quartz crystal microbalance. 

Series of experiments were carried out at substrate temperatures of 300, 400, 500, 550, 

600, and 650°C in case of SiOx on Si(001) and substrate temperatures in the range of 

400 to 700°C in steps of 50 K for Si(111) wafers. The gold droplet formation was 

analysed with a Dual Beam FEI Nova 600 NanoLab scanning electron microscope 

(SEM). The SEM images were used to determine the shapes, sizes, number and 

wetting angles of gold droplets. The growth of germanium structures took place at 

temperatures of 500 °C and germanium deposition rates of 0.005 nms -1. Since the 

solubility of germanium in gold is high, a supersaturated mixture will form. To reduce 

the supersaturation germanium may precipitate at the bottom of the gold droplet. This 

way germanium nanowires may grow. This process is known as vapour-liquid-solid-

process (VLS). 

 

Supporting information 

Supporting information features all values used for the calculations shown in figure 1 

and equations 9, 10, and 11 including their references. 
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