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ABSTRACT OF THE DISSERTATION 

 

Interfacial Chemistry of Liquid Metals: Eutectic Gallium Indium (E-GaIn) 

 

by 

 

Logan A. Stewart 

Doctor of Philosophy in Chemistry 

University of California, Los Angeles, 2019 

Professor Paul S. Weiss, Committee Chair 

 

Gallium-based liquid metal alloys have garnered attention for their use in self-healing and 

flexible electronics, soft robotics, catalysis, and biomedicine.  Advances in these next-

generation materials have only been made possible through understanding the liquid-

metal interfaces and the interactions of matter with these liquids. We propose that liquid 

metal chemistry of gallium and gallium-based alloys can be subdivided into a series of 

interfacial phenomenon. To study the interfacial properties of liquid metal, eutectic 

gallium indium (E-GaIn), a non-toxic liquid metal alloy comprised of ~75% gallium and 

~25% indium, and has a melting temperature of 15.5 °C, was employed for its liquid state 

at room temperature. 

With an overview of the breadth of chemistry involved within liquid metal 

systems, we first consider the oxidation of liquid metals in air.  Room-temperature liquid 

metals, their interactions in air, and the kinetics of oxidation are critical first steps 
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towards understanding the materials properties of liquid metals, such as surface-

energy/surface-tension that originate at the metal-oxide interface. Once understood, this 

oxidation can be prevented via surface-bound ligands. We employed gallium-thiol 

chemistry and bi-functional thiol molecules as capping ligands for the surface 

stabilization of gallium-based liquid-metal nanostructures. These surface stabilization 

effects, within mixtures of liquid metal and polar solution, such as water and ethanol, are 

examined as a new type of emulsified system. These emulsified systems, with the help of 

surface-active molecules, can exist in both their singly and doubly emulsified forms. Like 

mercury and other liquid metals, E-GaIn has a high surface tension, which when broken 

can form ultra-small droplets, ~4 nm. These ultra-small liquid metal droplets were found 

to undergo higher order assemblies in the form of fractal aggregates under evaporation of 

the surrounding solvent. 

When examining the doubly emulsified form, these liquid metal droplets present a 

novel approach for the encapsulation of cargo. The material properties of E-GaIn present 

an interesting avenue for the study of nanocarriers. Eutectic gallium indium, which has 

low toxicity, enable considering this liquid metal for drug-delivery applications. 

Furthermore, where traditional nanoparticle carriers typically have cargo decorated on the 

surface, or within pores and imperfections; liquid-metal double emulsions, which have a 

non-metallic phase embedded within the core of the liquid metal droplets, allow for cargo 

loading much larger than the surface of the nanostructure. Lastly, competition for 

interfaces and the role of self-assembly at metallic interfaces presents a scaffold for the 

post-encapsulation functionalization of liquid metal carriers. 

The ‘skin’ of liquid E-GaIn, whether comprised of metal oxide, metal thiolate, or 
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pristine surface can act as a barrier for reaction kinetics, such as in the case of surface 

oxidation and the prevention of it with thiol/thiolate assemblies at the liquid metal 

interface, or a regenerative reactive interface, as in the case of surface-initiated galvanic 

reduction. Galvanic reduction with gallium, as the name implies, can act as a free-

electron surface for the reduction of simple metal salts.  Similar to hanging mercury drop 

experiments, liquid metals provide a pristine, self-regenerating, liquid metal surface. We 

explore the galvanic reduction of silver salts on nanoscopic liquid metal seeds via 

solution-liquid-solid-growth of silver nanovines. We found these arboriform liquid metal 

structures were grown as diffusion-limited aggregates and we were able to impart control 

on both the growth front thickness and aspect ratio. 

The manipulation of liquid metals with surface-active molecules will have 

applications in next-generation devices and soft robotics. By incorporating liquid metal as 

the conductive contacts, we enable malleable devices. Liquid metals enable new 

applications of traditional conductive materials with certain advantages. We envision 

robots, sensors, and a variety of future prospects where liquid metal can open new doors 

to a variety of applications. In an effort to explore these devices, we have shown 

that E-GaIn is an ideal contact material for an ultra-thin indium oxide based field-effect 

transistor (FET). These liquid-metal-enabled devices provide lower barriers to charge 

transfer, yielding lower power devices as compared to gold. 

Liquid-metal-enabled emulsions, materials, and devices present new chapters in 

inorganic chemistry, materials chemistry, engineering, nanoscience, and medicine. By 

looking at the interfacial phenomenon that dictates the interactions of liquid metal with 

the environment, we explore these avenues of control and application. With the rise in 
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availability for three-dimensional (3-D) printers, liquid metal and hybrid materials 

comprised of liquid-metal-based emulsions are a new frontier. The field of liquid-metal-

enabled materials remains relatively unexplored.  
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Emergence of Liquid Metals in Nanotechnology 

 

Publication: ACS Nano120 

Authors: Kourosh Kalantar-Zadeh, Jianbo Tang, Torben Daeneke, 

Anthony P. O’Mullane, Logan A. Stewart, Jing Liu, Carmel 

Majidi, Rodney S. Ruoff, Paul S. Weiss and Michael D. Dickey 
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1.1 Abstract 

Bulk liquid metals have prospective applications as soft and fluid electrical and 

thermal conductors in electronic and optical devices, composites, microfluidics, robotics, 

and metallurgy with unique opportunities for processing, chemistry, and function. Yet 

liquid metals’ great potential in nanotechnology remains in its infancy. Although work to 

date focuses primarily on Ga, Hg, and their alloys, to expand the field, we define “liquid 

metals” as metals and alloys with melting points (mp) up to 330 °C, readily accessible 

and processable even using household kitchen appliances. Such a definition encompasses 

a family of metals -- including the majority of post-transition metals and Zn group 

elements (excluding Zn itself) -- with remarkable versatility in chemistry, physics, and 

engineering. These liquid alloys can create metallic compounds of different 

morphologies, compositions, and properties, thereby enabling control over nanoscale 

phenomena. In addition, the presence of electronic and ionic “pools” within the bulk of 

liquid metals, as well as deviation from classical metallurgy on the surfaces of liquid 

metals, provides opportunities for gaining new capabilities in nanotechnology. For 

example, the bulk and surfaces of liquid metals can be used as reaction media for creating 

and manipulating nanomaterials, promoting reactions, or controlling crystallization of 

dissolved species. Interestingly, liquid metals have enormous surface tensions, yet the 

tension can be tuned electrically over a wide range or modified via surface species, such 

as the native oxides. The ability to control the interfacial tension allows these liquids to 

be readily reduced in size to the nanoscale. The liquid nature of such nanoparticles 

enables shape-reconfigurable structures, the creation of soft metallic nanocomposites, and 

the dissolution or dispersion of other materials within (or on) the metal to produce 
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multiphasic or heterostructure particles. This chapter highlights the salient features of 

these materials and seeks to raise awareness of future opportunities to understand and to 

utilize liquid metals for nanotechnology. 

1.2 Introduction 

Liquid metals are elemental or alloyed materials predominantly composed of 

post-transition and zinc group metals (excluding zinc itself). The conventional definition 

of liquid metals refers to those with melting points near or below room temperature. Hg 

and Ga are the two most recognized elemental liquid metals. Hg has a low melting point 

of −38.8 °C, but its potential hazards rule it out for many applications. Ga has a melting 

point of 29.8 °C and is considered to have low toxicity, which makes it suitable for many 

applications.1,2 

Although few metals are liquid near room temperature, there are several elemental 

metals with melting points significantly lower than what one might expect of common 

metals such as Al (mp 660 °C) or Cu (mp 1085 °C). In the interest of broadening the 

field, we consider metals that melt under 330 °C within the “extended family” of liquid 

metals (Table 1.1). Although this upper limit of temperature is subjective, we base it on 

the accessibility of achieving a molten state, considering that even cookware in 

household kitchens can operate within this range of temperatures. There are several other 

reasons for choosing this limit: (1) many industrial processes operate below this limit, 

namely, polymer melt processing,3 thus opening the possibility of new processes for 

nanocomposites; (2) common laboratory equipment such as ovens and hot plates operate 

in this range; and (3) liquid metals may be co-processed with other liquids, such as water 

or organics, that are routinely processed at increased temperatures. In addition to 
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considering the melting point, it is important to understand the fascinating properties that 

liquid metals offer in the bulk and at their interfaces (Figure 1.1).  

In their bulk, liquid metals are devoid of any crystalline lattice and have water-

like viscosity. As with conventional metallic bonding, liquid metals consist of a “sea” of 

relatively free electrons coupled to a background of metal ions, which are much less 

mobile than the electrons. This difference is in contrast to ionic liquids, which are 

composed of only free ions. The exact electronic behavior depends on the composition of 

the liquid metal. For example, Ga has more localized electrons in the bulk, whereas liquid 

In behaves more as a nearly free-electron metal.4 Nevertheless, these electrons, combined 

with the strong interatomic interactions throughout the bulk, lead to liquids with high 

densities, thermal and electrical conductivities, and optical reflectivity (over a wide range 

of wavelengths). These properties, along with their chemical reactivity, differentiate 

liquid metals from common liquids such as water and organics. Altogether, these 

differences present prospects for new approaches for the synthesis of nanomaterials and 

investigations of fundamental physics and chemistry at small lengthscales.1,5-10 

At their interfaces, liquid metals have fascinating properties that depend strongly 

on the surrounding environment. In an inert ambient environment, liquid metals have the 

highest surface tension of nearly any liquid due to the strong metallic bonding between 

the atoms.11 In addition, the more relaxed interatomic interactions near the surface 

(relative to the bulk) lead to special properties and thus offer chemical opportunities at 

the interfaces. The resulting change of density from the bulk to the liquid−vapor interface 

causes a transition from a liquid metallic state (with nearly free electrons) to a more 

ordered state at the surface (Figure 1.1). This change results in surface “layering” in 
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many liquid metals.12-15 These layers are a few atoms thick. Although these layers are still 

liquid-like, they have increased atomic order (relative to the bulk liquid) in liquid metals 

such as Ga and Sn.16,17 

In a reactive ambient environment, mildly oxidizing conditions (e.g., oxygen) will 

form ultrathin oxide layers on the surfaces of liquid metals, which can easily be 

transferred to other surfaces (Figure 2b).6,7 Surface layering of the metal can promote 

formation of stratified and highly ordered oxides.14 In the case of metals such as Ga, Bi, 

and Sn, the surface oxides are planar and homogeneous, reminiscent of many recently 

developed two-dimensional (2D) materials. The oxide can lower the tension of the metal 

and also create a mechanical shell that can stabilize liquids into nonspherical shapes. The 

2D oxide films protect the underlying bulk liquid from further oxidation similar to the 

oxide passivation observed for solid Al; thus, their growth is self-limiting to the 

formation of thin layers. Similarly, self-assembled monolayers on bare liquid metals can 

form, for example, by thiolation18 or on oxidized liquid metals, for example, by silation. 

1.3 Liquid Metal Alloys 

Alloying liquid metals with other elements provides additional depth to the field 

of liquid metals by creating materials with tunable properties. Although metallurgy of 

solids is a mature field in many aspects, the study of low-melting-point metals is still 

underexplored, especially when dealing with nanoscale domains of solids within liquid 

alloys. In solids, when metallic elements at various ratios are mixed together, static 

“substitutional” and “interstitial” alloys may form, depending on the properties of the 

added elements. On the contrary, adding extra elements into liquid metals produces new 

dynamic equilibria, resulting from the emergence of phenomena such as short-range 
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ordering of elements. These phenomena can be modulated by physical means, including 

pressure and temperature, according to the phase diagrams of the alloys, to provide new 

ground for fundamental discoveries. 

Phase behavior and, thus, properties (e.g., conductivity, melting point, etc.) 

depend on temperature and composition of the alloys. Liquid metal alloys with low 

melting points can be made by combining two or more metallic elements of post-

transition metals, Zn group metals, light metals such as Al, and a select number of 

transition metals such as Au and Ag (although at relatively lower concentrations). A 

eutectic mixture is a unique elemental ratio (the value of which depends on the 

components) that results in a homogeneous liquid with the lowest melting point of all 

possible compositions. At this temperature, the liquid transitions to a solid at a single 

temperature called the eutectic point. At other elemental ratios, liquid metal can coexist 

with solids below the liquidus temperature (the temperature at which the alloy completely 

melts into a liquid). Below the liquidus, it is possible to have solid particles dispersed 

inside the liquid metal (e.g., Gd particles inside gallium), although there are some metals 

(mostly refractory metals, such as W and Mo) that are effectively immiscible. Often, the 

solids consist of intermetallic phases that form when liquid metals contact solid metals 

(e.g., Cu and Ga can form a variety of intermetallics, such as CuGa2).19 An interesting 

implication is the possibility of making multiphase nanoparticles that have both solid and 

liquid components. In addition, it may be possible to form new phases of solid particles 

that only form inside liquid metals placed at interfaces.10 

There are many open questions regarding alloys and their properties. There 

remain opportunities to explore phase behavior in nanoscale systems (in which interfaces 
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may dominate) as well as understanding phase behavior in multicomponent systems, 

where classical phase diagrams may not be available to predict the phase behavior.1,10,20 

There are opportunities to elucidate the dynamics of dissolution of solid metallic 

elements into liquid metals at low temperatures. We do not know how the dissolved 

metals compete with one another (in both dissolution and solidification processes) and 

how their nucleation takes place upon supersaturation (when the added element exceeds 

its solubility in the liquid metal), as schematically presented in Figure 1. When liquid 

metal alloys reach equilibrium with the nucleated solid, properties of the mix may deviate 

from that of the eutectic alloy dramatically. Alloying can also suppress or completely 

eliminate supercooling (i.e., the tendency of a liquid to remain liquid well below its 

melting point),20 by adding components that differ considerably in atomic radius than the 

pure liquid metal. Opportunities remain to understand this behavior as well as the role of 

particle size in supercooling.21 Likewise, surface functionalization can be expected to 

play important,22-24 yet unknown, roles in both supercooling and surface layering. 

Elucidating and controlling these properties would yield additional means of control for 

manipulating the phase behavior of liquid metal. 

1.4 Reaction Media: Core or Interface? 

Liquid metals and alloys, like any other liquid, can be used as reaction media.7,25 

They can dissolve other elements and molecules (although in the case of nonmetallic 

species, the solubility is generally low and only favorable at increased pressures). 

Consequently, these dissolved materials can react as precursors within the liquid 

environment, generating new products. The dissolution into the metal can result from 
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direct mixing of particles that subsequently dissolve,5 contact between liquid metal and a 

soluble substrate, or by electrochemical reduction of species from solution.26 

The surfaces of liquid metal can also be used for reactions. The liquid surface is 

the smoothest template that can naturally exist and, as such, the most suitable for 

generating flat or 2D structures. These smooth surfaces have conventionally been used to 

form glass plates over pools of liquid metal to yield “floatglass”. An analogous concept 

can be used for nanoscale films on the surfaces of liquid metals. The simplest interfacial 

reaction is the reaction between liquid metal and oxygen (e.g., air) to form a thin native 

oxide.6 In the case of Ga, surface oxidation has been shown to be manipulated chemically 

to control the oxide thickness or controlled electrochemically to tune the 

interfacialtension.27 Alternatively, the oxide can be removed by specific etchants to 

access the liquid metal. Molecular monolayers can be used to protect against oxidation.18 

Regardless of whether the surface is metallic or oxidized, the reactivity of the interface 

can form ultrathin sheets of materials. By exposing the surface to essential precursors, it 

can be functionalized by pnictogenides, or chalcogens, including oxides, to obtain new 

compounds on the surface.6,28 These interfacial reactions can be completed in air, mild 

vacuum, aqueous solution, or organic solvents. Afterward, the interfacial 2D materials 

can be exfoliated, as their van der Waals interactions with the liquid metals are typically 

weak relative to their cohesive energy. The freshly exposed metal can then be used again 

to form more 2D materials. A variety of 2D materials have been synthesized using such 

methods or with subsequent postprocessing steps, including semiconductors, such as 

GaS, GaN, and In2S3, wideband gap oxides, such as Ga2O3 and SnO,29 and piezoelectric 

materials, such as GaPO3.28 Encouragingly, access to metals, and hence their compounds, 
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other than post-transition metals has been demonstrated by alloying the target metal and 

allowing the competition, according to thermodynamic considerations, for the metal to 

reach the surface. For instance, Al, Hf, and Gd dominate the surface of Ga, depending on 

the conditions of the mixing and environment.7 Liquid metals such as Ga cannot dissolve 

all metals, including Nb, W, and Mo. In these cases, surface reactions can be designed 

with precursors containing these metals. These precursors can be brought to the surfaces 

of liquid metals to enable well-designed chemical interactions that produce ultrathin 

sheets on their surfaces after reactions, either catalytically or not. Ga has nearly zero 

vapor pressure and can therefore be used in vacuum processes or at increased 

temperatures, thus opening up a range of materials and processing possibilities. Graphene 

and other 2D materials can be grown on liquid metals for facile transfer to other 

substrates, and liquid metals can serve as electrodes to grow nanomaterials and thin 

films.30 

The surface of the liquid can also be used as a catalyst for reactions with 

molecular precursors and establishing new bonds. Precursors can react at the surface or, 

in principle, dissolve into the surface of the liquid metal. Dissolution provides access to a 

variety of metallic catalysts beyond noble metals as the liquid metal solvent protects 

these metallic catalysts from oxidation and preserves their catalytic activity.30,31 Based on 

surface reactions, solubility, and the nature of the liquid metal, strategies can be devised 

to take full advantage of these newly accessed catalysts. To increase the reaction rate on 

the surface, it is imperative to consider important issues such as the ability to form liquid 

metal structures with large surface areas, which are generally unfavorable due to surface 
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energy. In addition, it is worthwhile to expand the exploration of the roles of surfactants 

and functionalization in such reactions. 

Using liquid metal as a solvent is an extraordinarily simple concept that has been 

underexplored in research and technology to date, except for a few specific applications, 

such as mining, energy storage, and extracting metallic elements. In reality, many 

metallic elements (alkali metals, alkaline earth metals, lanthanides, actinides, and 

metalloids) can be dissolved into the cores of post-transition metals to make alloys or 

super-saturated mixes, depending on their dissolution limits. It may be possible to inject 

metallic ions into liquid metals electrochemically and to gain precise control over the 

composition of themixtures.32 It may also be possible to add nonmetals such as Ge, Si, 

and C into liquid metals. However, the phase diagrams and dynamics of many of such 

alloys and mixes are not yet known. 

Increasing the concentration of the secondary metal, above the eutectic 

concentration, results in the phase separation and solidification of the elements. In 

classical metallurgy, fibrous, planar, and rod-shaped morphologies are most commonly 

observed in phase-separated structures from eutectic alloys, whereas other morphologies 

can be obtained in supersaturated states. Nanoscale domains may be obtained with tight 

control over parameters such as pressure, composition, and temperature. New 

nanostructured alloys and mixes can be created in supersaturated systems of liquid metal 

solvating elemental, binary, or multimetallic compounds. 

There are great opportunities to investigate dynamics of such processes by 

“looking” inside liquid metals to learn how fast phase-separated nano- and microparticles 

form and grow. Currently, we have only limited knowledge of the processes that go on 



	 11	

inside liquid metals. This poor understanding stems from the fact that light and electrons 

at energies used for typical chemical analyses do not penetrate substantially into the bulk 

of liquid metals. It is still a “dark world” for us. It would be interesting to understand how 

nucleation occurs inside such materials. Furthermore, it is not yet known whether 

catalytic materials can enhance reactivity inside the liquid metal.  

After creating micro- and nanomaterials in the cores of liquid metals, the high 

surface tension makes it difficult to extract the synthesized materials out of the liquid 

metal core. Certain new strategies should be devised in pulling the desired entities out, 

such as the use of electrochemistry (as at certain electrochemical potentials, the surface 

tension decreases), thermal means (considering the differences between the thermal 

expansions), selective chemical dissolution, magnetic and electric forces for pulling out 

materials with strong fields, or mechanical means such as centrifugation or sonication. 

This use of liquid metals to promote reactions can extend beyond elemental 

mixes. It would be interesting to introduce organic and inorganic compounds into liquid 

metals via mechanical agitation or other means to create biphasic (or multiphasic) 

systems. In addition, there may be ways to create emulsions of liquids within liquid 

metals with new properties. The large densities and surface tensions of liquid metals 

present challenges for stable emulsions. Nevertheless, this type of dispersion may be 

facilitated by interfacial oxides of liquid metal. Altogether, the mixtures can contain 

liquid or solids and exist in either stable or metastable states. Such observations would 

expand the opportunities for the field of liquid metals into much more complicated 

splendor. 
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1.5 Opportunities for Liquid Metal as Nanomaterials 

Liquid metals have a variety of potential applications as nanomaterials, including 

drug delivery,9 catalysis, composites, dynamic surfaces and structures, solders, 

conductive inks, and plasmonic structures. Compared to rigid nanomaterials, 

nanoscale/structured liquid metals either in partially or completely soft states offer a 

variety of unconventional merits.33 Like live cells, soft particles can deform to pass 

through constrictions, change shape, or flow to wet or conform to surfaces. Liquid metal 

particles can also be mechanically sintered at room temperature to form conductive 

traces,34 whereas rigid particles require heat or flashes of light to induce sintering. 

Whereas rigid metallic nanoparticles may lead to mechanical friction and damage to soft 

substrates, liquid metal particles will not. Rigid particles “jam” and have non-Newtonian 

rheology at high concentrations, but opportunities exist to study how large concentrations 

of liquid particles respond to such stress (e.g., how do they change shape or merge in 

response to stress and surface functionalization at high packing?). Liquid particles can 

also be multiphasic and induced to move, to change properties, or to change shape. The 

optimal mechanisms for controlling such dynamic particles remain underexplored. Taken 

in sum, liquid metal particles have many unique physical properties relative to solid metal 

particles that present opportunities for new research paths. 

To date, the most common method for creating nanomaterials from liquid metal 

has been via applying mechanical agitation and sonication (top-down approaches), 

although particles can also form via bottom-up approaches that reduce precursor salts of 

metal elements. Sonication breaks liquid metal into smaller entities that are typically 

spherical, although other shapes, such as rods and fibrous morphologies, are possible. 
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Such skins can also be shed from the surface during sonication as a means to produce thin 

oxide sheets.18 In principle, as the particles become smaller, phase separation can occur 

due to preferential consumption of one element over another via surface oxidation. The 

resulting particles typically have core−shell structures (in the absence of a “shell”, the 

large tension of liquid metals causes them to merge back together). The shell (typically 

oxide) can be chemically modified during or after sonication. The skin can be used to 

modulate the mechanical, electronic, and optical properties of the particles. Size control 

during core−shell nanoparticle synthesis remains challenging. Tight control of size is 

important for many applications, and using the naturally occurring oxide or surfactants 

has been suggested. The roles of viscosity, solvent (composition, polarity, reactivity, 

salinity), and surfactants during sonication of liquid metal should also be fully 

investigated. 

Liquid metals have enabled biological applications and soft, stretchable devices 

that operate at human body or room temperatures, respectively. For many other 

applications, more increased temperatures can be considered. Considering that, in 

applications such as polymerase chain reaction, the operating temperatures are between 

60 and 90 °C, non-Ga-based liquid metals such as Field’s metal (a eutectic alloy made of 

Bi, In, and Sn), with a melting point of 62 °C, may be considered. Field’s metal is 

relatively safe and also contains Bi, which is catalytic to certain organic compounds. 

Altogether, whether the considerations of other temperature ranges can be considered or 

what mixes of metals should be used are all important open questions for future 

exploration. 
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Nanomaterials can be functionalized for targeting and penetrating live cells.8 

Possibilities exist to functionalize liquid metals with therapeutics and other compounds 

that can be released. Nanoscale liquids can have strong near-infrared responses, thereby 

enabling heating under illumination in a relatively transparent window for biological 

tissue to release drugs. It is also possible to heat liquid metals by applying 

electromagnetic fields and producing Eddy currents. The impacts of such excitation, 

either by near-infrared or electromagnetic field, can be enhanced by tuning the alloy 

composition - investigations that should also be explored. The physical and chemical 

properties and double layers of nanomaterials can be modulated by embedding secondary 

materials onto the surface of the liquid metal. For such applications, whether the applied 

stimuli are electrical, mechanical, magnetic, thermal, and/or optical, the behavior can be 

efficiently enhanced at the nanoscale by adding elements responsive to the corresponding 

stimulant. Altogether, coupling stimuli synergistically remains an open opportunity. 

Liquid-metal-enabled nanomaterials are electrically and thermally conductive. 

Electric conductivity can be modulated by changing ambient temperature and pressure. 

However, the conductivity depends on the materials embedded within the core and also 

the oxide skin (whether conductive, metallic, or semiconducting). By making the 

nanoparticles conductive, semiconducting and insulating special inks of liquid metal 

nanomaterials can be concocted for printing or low-temperature welding of soft 

electronics. These materials and junctions can be made Ohmic or Schottky type or made 

to show hysteresis to create memory elements or transistors. Further reactions after 

printing can be used to gain additional functionality. The skins of liquid metals can be 

exfoliated and printed onto soft substrates. The inks or 2D skins can be tuned for 
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absorption, transparency in specific bands, or reflectivity (if the grain dimensions are 

sufficient) for making mirrors, lenses, lasing systems, and other optical elements with 

optical flexibility. These possibilities could lead to new areas in the field of 

nanotechnology and should be explored. 

1.6 Conclusions and Prospects 

The field of liquid metals for nanoscience is in its infancy. The field, expanded 

here to encompass a number of post-transition and Zn group metals, offers extraordinary 

research opportunities due to the unique properties of materials that are both liquid and 

metal. Fundamentally, liquid metals are reaction media with great potential for the 

synthesis and manipulation of a variety of nanomaterials within the bulk or on the 

surfaces of liquid metals. Liquid metals, which can be rendered into nanoparticles 

readily, have properties that can be tuned based on the addition of other materials into the 

bulk or on the surface of the liquid metal. The combination of fluid and metallic 

properties, along with reactivity, processability, field responsiveness, and tunable 

properties, suggests that the field of liquid metals is ripe with opportunities for 

nanotechnology. 
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Table 1.1. Atomic Weight, Melting Point, and Surface Tension of Elemental Liquid 
Metals in Comparison to Other Elements and Molecules as a Reference (Blue, Transition 
Metals; Green, Zinc Group Metals)35,36 Taken with permission from authors120 
Name Atomic 

number or 

molecular 

weight 

Name (abb.) Melting 

Point (°C) 

Surface 

tension 

(mN/m) 

Temperature 

of surface 

tension 

measurement 

(°C) 

Lithium 3 Li 180.5 399 186 

Sodium 11 Na 97.8 197 98 

Aluminium 13 Al 660.3 871 660 

Cadmium 48 Cd 321.1 636.8 321 

Mercury 80 Hg -38.8 489 -38 

Zinc 30 Zn 419.5 789 420 

Gallium 31 Ga 29.8 711 30 

Indium 49 In 156.6 556 157 

Thallium 81 Tl 304.0 459 305 

Tin (white) 50 Sn 231.9 561.6 232 

Lead 82 Pb 327.5 457 327 

Bismuth 83 Bi 271.4 270 382 

Water  H2O 0.0 71.99 25 

Ethanol  C2H6O –114.1 21.97 25 

Formic acid  CH2O2 8.3 37.13 25 
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Figure 1.1. Schematics depicting how low-dimensional materials can be formed using 

liquid metals: (top) metallic layering near the interface of liquid metal and (bottom) 

nucleation of solids after supersaturating the liquid core with the added element. Taken 

with permission from authors.120 
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Chapter 2 

Breaking the Surface Tension of Liquid Metal with           
Boron Cluster Monolayers 

 

Hierarchical Assembly of sub-100 nm Liquid Metal 
Nanospheres via Solvent Evaporation 
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2.1 Abstract 

 Hierarchical assembly is a powerful phenomenon.  Life itself is believed to have 

emerged from simple molecules through hierarchical assembly, where matter irreversibly 

builds onto itself to develop structures with increasing levels of complexity.37 Because of 

the power afforded through hierarchical assembly, this technique has been applied to the 

field of nanoscience and the controlled crystallization of salts.38 By changing the reaction 

conditions, different architectures with varying levels of biological mimicry can be 

grown.39 Here, by using ligand-mediated scission of bulk eutectic Ga3In (E-GaIn), a 

liquid metal at room temperature, we can create a liquid emulsion that is stabilized via 

thiol-functionalized ligands in an ethanolic solution.  By tailoring the surfaces of these 

functionalized liquid metal particles via a set of symmetric ligands with unique direction 

and magnitude of dipole moment, we can achieve ultra-small (3-5 nm) droplets. These 

ultra-small droplets hierarchically assemble via diffusion-limited aggregation up to the 

micron scale, upon evaporation of the surrounding solvent, leaving biomimetic liquid 

metal leaf-like structures. 

2.2 Introduction 

Nanoscale hierarchical structures of liquid metal are relevant to the creation of 

self-healing electronics,40 application in nano-medicine,41 catalysis,42 and emergent 

properties of hybrid materials.43,44 Formation of liquid metal droplets via ligand-mediated 

scission of bulk liquid metal is the simplest method for the emulsification of liquid metal 

in the presence of an immiscible solution.18 The coordination of surface-active molecules 

via thiol/metal self-assembly leads to surface coverage, where the strength of ligand-

ligand interactions dictates the efficacy of the ligand-based protective coating. These 



	 20	

gallium and gallium alloy emulsions can be tuned smaller in size via increased sonication 

time, up to a limit (~40 nm).23,24,45 

 Currently, the most reliable ligand choices for surface-functionalization-induced 

nanoemulsions of liquid metal are n-alkanethiols, due to coordination of the thiolate to 

the liquid metal surface.18,46-47 Non-coordinating ligands, such as polyvinylpyrrolidone 

(PVP), show some efficacy in suspending droplets of liquid metal.18 Increased 

intermolecular interactions, in the form of hydrogen bonding, from amide-containing 

alkanethiols molecules like 3-mercapto-N-nonylpropionamide (1ATC9) have 

demonstrated improved surface coverage and protection from oxidation.18 Carboranes are 

a set of molecules with icosahedral symmetry, where two of the twelve vertices have 

boron atoms replaced with carbon atoms.48 The positions of the carbon atoms in the 

icosahedral cage determine the direction and magnitude of the induced dipole-moment of 

the molecule.49 Carborane molecules are advantageous for surface patterning applications 

due to their symmetry and propensity to form close packed self assembled monolayers on 

metal substrates.50,51 Prior work by Kim et al. demonstrated that the direction and 

magnitude of the dipole moment of surface functionalized carborane molecules can be 

used to tune the work function of functionalized gold surfaces.52 We hypothesize that 

these carborane isomers can analogously tune the work function of a liquid metal and 

thus tune the surface tension of a liquid metal, leading to the smallest droplets of eutectic 

gallium-indium to date. 

2.3 Experimental 

Gallium-indium eutectic, M1 carboranethiol, M9 carboranethiol, and 200 proof 

(non-denatured) ethanol were purchased from Sigma Aldrich. The 200 proof ethanol was 
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thoroughly degassed with nine freeze-pump-thaw cycles in an air free Schlenk flask. The 

degassed ethanol was subsequently transferred to a nitrogen-filled glovebox for storage 

and sample preparation. Solutions of 1.0 mM M1 and M9 in ethanol were prepared using 

the degassed ethanol and were stored in a nitrogen glovebox. 

In a typical synthesis, ~5 mg of E-GaIn was transferred into a 1.5 mL conical 

plastic centrifuge tube, along with 1 mL of the 1.0 mM M1 or M9 carboranethiol 

solutions. These conical plastic centrifuge tubes were sonicated, horizontally, for thirty 

minutes, in a bath ultrasonicator (Branson). Samples, prepared entirely under nitrogen, 

were uncapped to allow atmospheric air to fill the headspace of the vial. Post sonication, 

the solution appeared opaque and gray. The solutions were allowed to rest upright and to 

settle for ~10 min to precipitate the larger particles. The solution was then drawn in a 

syringe and pressed through a 0.1 µm porous aluminum oxide filter. E-GaIn particles 

found in the filtered solution were then deposited onto oxygen plasma cleaned, carbon 

and Formvar coated copper TEM grids, via drop-casting of the nanoparticle suspension, 

and the ethanol solution was wicked with filter paper. 

2.4 Results & Discussion 

M1 and M9 carboranethiol (Figure 2.1) are both symmetric icosahedral isomers 

that differ in the positions of the two carbon atoms within the boron cluster molecule.53 

The positions of these two carbon atoms determine both the direction and magnitude of 

the respective dipole moments of the carborane molecules.  Within a self-assembled 

monolayer, the dipole moment has been shown to impact the effective work function of 

metallic surfaces.52-54 Because these carborane isomers can assemble on liquid metal 

surfaces, we postulate that by using carborane isomers to tune the work function of the 
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liquid metal surfaces, we can, in turn, tune the effective surface energy and thus surface 

tension. This observation can be explained by looking at the inverse proportionality of 

surface energy and work function, where a lower work function is associated with a 

higher energy surface. Since there exists a direct proportionality between surface energy 

and surface tension, we infer that raising the work function, with the M1 carborane 

ligand, likely disrupts the surface tension of our liquid metal system. This effect is 

observed in the formation of some of the smallest, 3-5 nm and 15-20 nm, observed 

droplets of liquid gallium in the presence of M1 and M9 carboranethiol isomers, 

respectively (Figure 2.1). Where M9 carborane, which raises the work function of the 

metal surface, reveals a larger smallest-size droplet. 

 In these studies, we have demonstrated that these boron cluster monolayers are 

both able to decrease the size of droplets, relative to other reported surface-active 

molecules.  This decrease could be due, in part, to the bulky cage molecules and how 

they assemble on surfaces, where the bulky cage groups impose a radius of curvature not 

observed in linear surface-active molecules. To eliminate effects related to this surface 

packing, we compare the role of carborane isomers relative to each other as opposed to in 

comparison to other surface-active molecules. We confirm the presence of surface-bound 

carboranes using Fourier transform infrared spectroscopy (FTIR) (Figure S2.1). 

When formed, these dense, ultra-small, liquid metal droplets are free to undergo 

hierarchical assemblies dictated by their size, surface charge, and relative abundance 

within an emulsion (Figure 2.2). Under relatively dilute concentrations of liquid metal 

(~1.0% wt.) formation of raspberry clusters occurs via the diffusion-limited aggregation 

of liquid metal droplets (Figure 2.2B).  Under relatively rich concentrations of liquid 
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metal (~10% wt.), the evaporation of the surrounding solvent leads to diffusion-limited 

aggregation, which causes the formation of fractal leaf-like structures (Figure 2.2C). 

2.5 Conclusions & Prospects 

 Liquid in nature, these hierarchical assemblies of metallic droplets form bio-

mimetic leaf-like scaffolds (Figure 2.2C).  By harnessing this propensity for order, our 

liquid metal system could, due to its high surface area, find utility in post-deposition bulk 

inorganic processes.  We envision that in harnessing the liquid, we could perform post-

assembly modifications where the formation of high surface area, leaf-like, thin films can 

be modified to form ordered semiconductor structures, such as GaP, GaN, GaAs, & 

CIGS.  These fractal or leaf-like diffusion-limited aggregates have potential for 

interesting optical and electronic properties not observed in bulk systems.55 
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Figure 2.1: Characteristic size of M1 and M9 carboranethiol-stabilized liquid metal 
droplets. Top left: M9-stabilized liquid metal droplet based colloidal aggregates 
(~15-20 nm). Bottom left: M1-stabilized liquid metal raspberries (~3-5 nm). Top Right: 
M9-stabilized liquid metal droplets (~15-20 nm). Bottom Right: fast Fourier transform of 
M1-stabilized liquid metal raspberries (~3-5 nm). 
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Figure 2.2: Concentration dependence of diffusion-limited aggregation. Left: low, 
sub-10 mg/mL of liquid metal in ethanol. Middle: mid, 10-100 mg/mL of liquid metal in 
ethanol. Right: greater than 100 mg/mL liquid metal in ethanol. (All samples prepared 
with 1 mM M1 carboranethiol in ethanol.) 

 

 

 

 

 

 

 

 

 

1-10mg/mL        10-100mg/mL            100+mg/mL  

Increasing concentration of E-GaIn

a)                                              b)                                              c)



	 26	

 

 

Figure S2.1: Fourier transform infrared spectroscopy (FTIR) of liquid metal droplets 

suspended via M1 and M9 carboranethiol monolayers in ethanol. 
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Figure S2.2: Overlap of FTIR for M1 and M9 carboranethiol-stabilized droplets. 
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Chapter 3 

Double Emulsions of Liquid Metal 

 

E-GaIn Ethanol Double Emulsions in the Presence of 

M9 Carboranethiol 
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3.1 Abstract 

Oil- and water-based nanoemulsions, emulsions having hydrodynamic radi below 

500 nm, have been growing in popularity for use in drug delivery,56 cosmetics,57 and food 

production.58 A more exotic class of emulsion, the double emulsion, exists where part of 

the continuous phase can be sequestered in the dispersed phase, giving water-in-oil-in-

water and oil-in-water-in-oil double emulsions.59 Double emulsions, or a droplet inside of 

a droplet, have the potential to encase cargo within the innermost droplet.60 This structure 

has exciting potential applications in drug delivery and other medicinal avenues, where a 

liquid acts as an impermeable barrier. Unlike solid core-shell structures, double 

emulsions can be formed in solution under a variety of mechanical agitations in the 

presence of surface-active molecules. A liquid metal core-shell could offer advantages 

over solid encasements by enabling encapsulation within a one-pot synthesis and 

allowing for post-encapsulation functionalization of the liquid metal shell via 

replacement chemistry of the outermost stabilizing monolayer. Here, we have developed 

a method for biasing the fabrication of double emulsions via ultrasonic cavitation of the 

higher density liquid (E-GaIn) in the presence of a variety of thiol-based surface-active 

molecules in water and ethanol. 

3.2 Introduction 

Being that it is both metallic and liquid in nature, E-GaIn provides an interesting 

platform for emulsion chemistry. Due to its metallicity, we can harness thiol/thiolate self-

assembly on the surface of our liquid metal to form self-assembled monolayers (SAMs). 

Unlike traditional emulsions, where the surface-active molecules adsorb onto the surfaces 

of the droplets, surface-active molecules for liquid-metal emulsions coordinate to the 
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interface, binding the acidic thiol chemically to the metal surface. These thiol-based 

monolayers tune the surface tension, and act akin to emulsifiers; also, through steric 

stabilization, they prevent newly formed interfaces from coalescing, thereby acting as 

stabilizers. 

Metals coated with these thiol monolayers resist oxidation of the metal surface via 

formation of protective coatings. These monolayers can form within short periods of 

time, 80-90% coverage on gold on the order of single seconds to minutes,61 and thus 

could provide protective coatings to both the inner and outer walls of doubly emulsified 

droplets. 

 Using both two-step and one-step processes, double emulsions have been formed 

in the presence of block co-polymers,62 Janus polymeric particles,63 and colloidal particle 

emulsifiers.64 Here, we demonstrate a one-step process that can stabilize water liquid 

metal water and ethanol liquid metal ethanol double emulsions in the presence of surface-

active molecules, which have a ‘metallophilic’ end comprising of a sulfhydryl group. By 

using aliphatic and bulky groups, on the opposite side of the surface-active molecules, we 

can stabilize the liquid metal interface in the presence of ethanol. For the case with water, 

we found success using poly(ethylene glycol). The existence of this type of double 

emulsion has been reported;65 however, no methods have provided a robust means to 

their formation, until now. 

3.3 Experimental 

 Ligand-mediated scission of bulk liquid metal has previously be demonstrated,18 

by placing a thiol-rich solution of ethanol or water mixed with liquid E-GaIn in a 
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container. Then, we place the resulting solution in an ultrasonic bath resulting in well-

dispersed bulk liquid metal. This solution contains emulsified liquid metal. Evidence of 

doubly emulsified droplets have been shown using sonication of molten gallium within 

an immiscible solution of glycerol.65 However, until now, there were no techniques to 

improve on the production and purification of these doubly emulsified droplets. Scheme 

3.1 reveals our vessel geometry and characteristic single and double emulsions. 

To bias the formation of liquid-metal-based double emulsions, we devised a 

technique where by using an ultrasound source, we form cavities within the liquid metal 

(likely due to dissolved air in the liquid metal). Our vessel was suspended upright, 

partially submerged, within an ultrasonic bath by first sealing a water-filled glass beaker 

with Parafilm. Then, by poking a hole in the Parafilm, and placing the 1.5 ml conical 

centrifuge tube (that acts as our vessel) upright in the hole of the Parafilm sealed glass 

beaker (Scheme 3.2), such that the Parafilm holds the vessel in place. By allowing 

ligand-mediated scission of the bulk liquid metal, we ensure that the liquid metal droplets 

become well dispersed within the emulsified system. As this process proceeds, the glass 

beaker (acting as our cavitation chamber) is free to move about the ultrasonic bath 

(analogous to a random walk). Constructive interference of sound waves can lead to a 

localized hot spot within a liquid metal, where dissolved gasses can reach extreme 

temperatures (>5000 K) causing the formation of a cavity.66 The ultrasonic bath creates a 

turbulent environment where liquid metal droplets are spread out throughout the vessel 

(Scheme 3.2). Upon cavitation, the SAMs stabilize both the inner and outer walls. This 

process resembles the results from single emulsions where the SAMs form on the walls 

of the liquid metal. The densities of the doubly emulsified droplets match the background 
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solvent much better than the singly emulsified liquid metal droplets (Scheme 3.2). Due to 

both the orientation of the vessel and that the ultrasonic bath provides a turbulent 

environment, these doubly emulsified droplets can be found in much greater proportions 

by skimming off the top of the bath (Scheme 3.2). It should be noted that by placing the 

vessel vertically, such that the top of the solution in which the cavity has formed is above 

the level of the ultrasound water bath, we ensure that the ultrasound will not disrupt the 

now doubly emulsified droplets. This stability is due to the fact that the air-water 

interface acts as a near-perfect internal reflection surface, as can be demonstrated by the 

inability to hear someone underwater.  This fabrication architecture seems to work well 

for liquid-metal double emulsions, likely due to the density of bulk liquid metal, where 

micron-scale and larger droplets can sediment seconds after the ultrasound bath source is 

turned off. 

3.4 Discussion 

 Critical to both the amount of liquid metal that can be suspended, and the 

solutions in which liquid metal can be emulsified are surface-active molecules. 

Interestingly, metal oxides themselves have been shown to act as surface-active 

molecules in the formation of liquid metal colloids. Oxygen, a chalcogen, acts similarly 

to the thiol/thiolate chemistry that we use to form SAMs on metal surfaces. In the case of 

gallium, a metal oxide shell forms a weakly interacting encasing that can tune the surface 

tension of the liquid metal enabling printing of 3D structures of gallium and most gallium 

alloys in air.27 Here, we explored a variety of surface-active molecules, using thiol-based 

self-assembly, enabling us to form double emulsions in both ethanol and water. 

Interestingly when forming double emulsions of our liquid metal, surface-active 
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molecules with dipole moments oriented normal to the surface, such as dodecanethiol 

(C12), (11-mercaptoundecyl)hexa(ethylene glycol) (SPEO), and P1 carboranethiol, all 

exhibit predominately spherical structures (Figure 3.1A-D,I,J); where molecules with 

dipole moments that are not normal to the surface, such as M1, and M9 carboranethiol 

exhibit unique morphologies not observed in previous double emulsions. In the case of 

M1 carboranethiol, which has a dipole moment predominantly parallel to the surface 

when assembled, we observe cube-like droplets (Figure 3.1E,F). For M9 carboranethiol, 

which has a dipole moment predominately normal to the surface when assembled, we 

observe clover-like droplets (Figure 3.1G,H). We hypothesize that these three-

dimensional structures originate from electronic effects on the surface of the liquid metal, 

rather than from a chemical effect. From electrostatics, one knows that a stationary dipole 

moment on the surface of a conductive plane creates mirror image charges within the 

conductive surface. For a molecule, bound to the surface of a metal, with a dipole 

moment normal to the surface, there exists a symmetric image charge, which leads to a 

net surface dipole (Scheme 3.3A). When the surface-bound molecule has a component of 

its dipole moment parallel to the surface, this causes symmetry breaking; now, the dipole-

image configuration is not rotationally invariant.67 This breaking of symmetry leads to a 

net surface quadrupole moment (Scheme 3.3B). We hypothesize that this electronic 

effect can induce localized forces on the bulk liquid metal, and when the liquid metal is 

sufficiently thin (as seen in a double emulsion) these small forces can be observed via 

structural deformation from the spherical geometry observed when coordinating ligands 

have a dipole moment normal to the surface. We hypothesize that this asymmetry in the 

dipole-dipole interactions, which give rise to two unique quadrupole moments (Scheme 
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3.4A,B), are responsible for the observed square (Figure 3.1E,F) and curved (Figure 

3.1G,H) geometries; implying that these systems can be used as a probe to measure the 

effects of short-scale electronic forces.  

Not only are these double emulsions interesting systems for studying small 

surface-bound forces, but also double emulsions of liquid metal may have applications in 

drug delivery as a facile format for encapsulation and post encapsulation 

functionalization. We demonstrated that encapsulation of cargo via this technique is 

possible for molecular systems such as Rhodamine B (Figure 3.2). Analogous to liquid 

metal marbles, in which metal structures decorate the surfaces of liquid metal droplets,22 

we can decorate both the inner and outer surfaces of the doubly emulsified droplets with 

gold nanoparticles (Figure 3.3).  

3.5 Conclusions & Prospects 

 We postulate that these liquid-metal double emulsions could have certain 

advantages over biological and organic analogues (such as liposomes). This method for 

fabrication is not only facile, but has potential to be performed in a high-throughput 

manner. These non-toxic, liposome-mimetic, inorganic, liquid metal, core shell nano-

carriers could be used for encapsulation of cargo with much greater yields relative to bulk 

surface-decorated nanoparticles or singly emulsified droplets; whilst maintaining 

potential for the post-encapsulation functionalization of its outer most wall. This post-

encapsulation functionalization can have advantages for allowing specificity of targeting 

in nanomedicine;68 in all, enabling a new avenue of exploration for targeted delivery 

systems. 
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Scheme 3.1: Schematic showing how one can bias the formation of single emulsions 
using a horizontal geometry and double emulsions by using a vertical geometry. In the 
case of double emulsions, droplets were skimmed from the portion of the liquid found 
above the top of the water bath. 
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Scheme 3.2: Proposed mechanism for the formation of doubly emulsified liquid-metal 
droplets in presence of surface-active molecules dissolved in an immiscible solution. 
First, (Top left) vessel is secured vertically in a cavitation chamber (represented by a 
glass beaker). (Top right) When the ultrasonic bath is turned on, ligand-mediated scission 
emulsifies the liquid metal. (Bottom left) the effects of the ultrasonic bath also provide a 
turbulent environment where droplets form a gradient based on density. (Bottom right) 
Because doubly emulsified droplets are less dense than the singly emulsified droplets, 
they take longer to sediment, and thus can preferentially be found at the top of the vessel. 
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Scheme 3.3: A) A molecule on the surface of a metal, with a dipole moment normal to 
the surface, has a symmetric image charge. The charge distribution, and thus the 
potential, is symmetric about the normal axis. B) A molecule on the surface of a metal, 
with a dipole moment that is not normal to the surface, creates a corresponding image 
charge.  This joint charge distribution is now asymmetric with respect to the normal axis, 
which, in turn, creates an asymmetric quadrupole moment in the electric potential. 
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Scheme 3.4: A) Representation of effective quadrupole for M1 molecule (-15o angle) on 

a metal surface. B) Representation of effective quadrupole for M9 molecule  (70o angle) 

on a metal surface. (Model of quadrupole moment found from multipole expansion as 

seen in program from Appendix A) 
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Figure 3.1: A,B) Representative double emulsions using 1 mM dodecanethiol in ethanol. 
C,D) Representative double emulsions using 1 mM SPEO in water. E,F) Representative 
double emulsions using 1 mM M1 carboranethiol in ethanol. G,H) Representative double 
emulsions using 1 mM M9 carboranethiol in ethanol. I,J) Representative double 
emulsions using 1 mM P1 carboranethiol in ethanol. 
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Figure 3.2: A, B 1mg/mL Rhodamine B with 1 mM dodecanethiol. C, D 0.2 mg/mL 
Rhodamine B with 2 mM dodecanethiol. 
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Figure 3.3: A-D 50 µL Au nanoparticle solution with 1 mM dodecanethiol. E-H          
500 µL Au nanoparticle solution with 1 mM dodecanethiol. 
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Chapter 4 

Liquid-Metal Nanodroplets: Effective Seeds for Silver Nanovines 

	
 

Ligand-Free, Electroless, Room Temperature Liquid Metal 
(E-GaIn) Solution-Liquid-Solid-Grown Silver Nanovine	
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4.1 Abstract 

Biomimetic silver nanovines, prepared at ambient pressure and temperature, were 

grown in solution using E-GaIn microparticle seeds. In this process, E-GaIn serves both 

as an effective reductant and heterogeneous nucleation center enabling the selective 

growth of silver nanovines from aqueous silver nitrate solutions. We attribute the 

morphological control to both the seed particle size and the favorable kinetics of having a 

liquid metal reductant at dilute concentrations. This process is a versatile route towards 

grafted silver nanostructures performed under ambient conditions with non-toxic 

reagents. This system removes the need for high-temperature nanowire synthesis by using 

to advantage the interfaces of liquids and solids. 

4.2 Introduction 

Centuries ago, alchemists sought the Philosopher’s Stone, a reagent by which 

precious metals can be grown from lesser metals. Through their discoveries, the 

alchemists discovered the Philosopher’s Tree, where the addition of silver salts to 

mercury would result in the remarkable growth of arboriform silver.69 To the alchemists, 

this demonstrated the creation of a living silver tree, but to the modern chemist, this 

process is nothing other than galvanic replacement. Silver nitrate exchanges with the 

more electropositive mercury to precipitate out the more noble metal silver, creating 

biomimetic dendrites reminiscent of trees.69 A simple galvanic reduction of silver with 

mercury is given in Equation 4.1. 

  2AgNO3(aq) + Hg(l) → 2Ag(s) + Hg(NO3)2(aq)   (4.1) 

While the alchemists failed in their search for transmutation, the mechanisms 
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behind the growth have borne fruit finding applications in modernity. Chemists have 

applied these principles from the past to yield a variety of biomimetic silver structures.  

Silver nanotrees have been grown from zinc plates, while silver nanobelts and dendrites 

have been grown from copper nanoparticles.70 Galvanic displacement has been used to 

grow silver dendrites on copper pillars to form neuromorphic devices for memristors.71,72 

Silver dendrites reduced on aluminum foils have been used for surface-enhanced Raman 

spectroscopy.73 Recently, gallium-palladium droplets have been used to catalyze 

industrial organic reactions.31 Unfortunately, the growth of these silver nanostructures 

either requires nanolithography of the seeds or lacks the ability to grow in an ordered, 

non-dendritic fashion. 

Here, we report the growth of silver nanovines, at ambient temperature without 

the need for a surfactant, using liquid metal E-GaIn nanoparticles.  The surface of E-GaIn 

has been shown to act as a reaction environment for the room temperature synthesis of 

atomically thin metal oxides.7,29 Unlike its mercury analogue, this procedure, from the 

formation of the seeds to the growth of the vines, is performed at ambient temperature 

with environmentally friendly liquid-metal nanoparticles and solvents. We demonstrate 

that liquid-metal nanoparticles of E-GaIn are effective seeds for galvanic displacements. 

The E-GaIn seeds act as reducing surfaces for silver nitrate in which the silver galvanic 

exchanges with the liquid-metal seeds, precipitating out silver metal. Galvanic reduction 

of silver using E-GaIn is presented in Equation 4.2. 

  3AgNO3(aq) + E-GaIn(l) → 3Ag(s) + In(s) + Ga(NO3)3(aq) (4.2) 

There are several key advantages of using E-GaIn nanoparticles as galvanic seeds 
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for nucleation. The first is the relative ease of preparing E-GaIn nanoparticles in bulk. 

Unlike copper nanopillars, a commonly used seed formed by photolithography, E-GaIn 

nanoparticles can be prepared by sonication in ethanol.18 Second, liquid gallium alloys 

are relatively low on the galvanic series and thus are capable of reducing many metals.74 

Finally, because E-GaIn is a liquid metal, the interface between the nanoparticle and the 

solution is constantly regenerating, which significantly reduces solid-state diffusion 

effects and surface defects.75 An analogy can be found in analytical chemistry, where 

hanging mercury drops are preferred in electrochemistry experiments as liquid metals 

provide continuous clean interfaces. 

4.3 Experimental: Materials and Preparations 

Gallium-indium eutectic, C12, and 200 proof (non-denatured) ethanol were 

purchased from Sigma Aldrich. The 200 proof ethanol was thoroughly degassed with 

nine freeze-pump-thaw cycles in an air-free Schlenk flask. The degassed ethanol was 

subsequently transferred to a nitrogen-filled glovebox for storage and sample preparation. 

Solutions of 1.0 mM C12 in ethanol were prepared using the degassed ethanol and were 

stored in a nitrogen glovebox. 

In a typical synthesis, ~250 mg of E-GaIn was transferred into a 50 mL conical 

plastic FalconTM tube, along with 25 mL of the 1.0 mM C12 solution. These conical 

plastic FalconTM tubes were capped and sonicated for 1h in a bath ultrasonicator 

(Branson). Samples, prepared entirely under nitrogen, were uncapped to allow 

atmospheric air to fill the headspace of the vial. After sonication, the solution appeared 

opaque and gray (Figure 4.1A). The solutions were allowed to rest upright and to settle 

for 30 min to precipitate the larger particles. The E-GaIn particles were then deposited 
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onto silicon substrates via drop-casting of the nanoparticle suspension, and the ethanol 

solution was allowed to evaporate overnight. Next, the wafers were cleaned with oxygen 

plasma to remove all surface ligands, exposing the liquid E-GaIn surfaces. The wafers 

were then immersed into an aqueous solution of silver nitrate (concentration varied from 

0.01 to 1.0 M AgNO3), and allowed to sit undisturbed overnight (Figure 4.1B). For some 

samples, residual E-GaIn was removed from the surfaces by placing the substrate in 

1.0 M HCl. 

4.4 Experimental: Characterization 

Morphologies of the silver nanostructures were determined using a field emission 

scanning electron microscope (JEOL JSM-67). Phase analysis was determined through 

powder X-ray diffraction using a powder X-ray diffractometer (D8 Discover, Bruker 

Corporation, Germany) with Cu Kα X-ray radiation (λ = 1.5418 Å). Selected area electron 

diffraction (SAED), convergent beam electron diffraction (CBED), and bright field 

images were obtained using a transmission electron microscope (Tecnai G2 TF20 FEI 

Inc.) operated at 200 kV. 

4.5 Results and Discussion 

The growth of one-dimensional (1D) silver nanostructures to date has largely 

required relatively high temperatures (>150 °C) and/or the addition of capping ligands. 

The high temperatures help generate the reducing agent,76 while the ligands slow the 

growth front and suppress branching, forming a nanowire morphology.77 One of the more 

popular methods for growing silver nanowires is the polyol method, originally developed 

by Xia et al.78 This method is typically conducted in heated glycerol with 

polyvinylpyrrolidone serving as a ligand. Recent work has shown that AgCl induces 
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nanostructure formation.79 Additionally, there has been some progress towards the 

development of chimie douce routes, i.e., soft growth methods conducted under ambient 

temperature and resembling biological systems, to create silver nanostructures.80-84 

 

Figure 4.1. (A) Photograph showing 1.0 mM C12 solution with E-GaIn metal undergoes 
ultrasonication to form a polydisperse nanoparticle solution. (B) Schematic of a single 
E-GaIn nanoparticle on a SiO2/Si substrate that undergoes plasma cleaning to remove 
protective alkanethiol ligands and subsequent immersion in aqueous silver nitrate 
solution. 

Alternatively, there have been relatively few forays into galvanic reduction to 

grow silver nanostructures, which can potentially access gentler conditions such as 

environmentally friendly solvents, room temperature one-pot syntheses, and ligand-free 

growth.  Previous work on the galvanic reduction of millimeter-sized liquid metal seeds 

has largely validated the use of liquid metals as galvanic reductants. Gallistan (Ga-In-Sn 

eutectic) marbles readily reduce noble metal salts, due to the high activity of gallium, 

resulting in a coinage-metal-shell/liquid-metal-core.74 However, this work was carried 

out on the macroscopic scale. In the study, some attempts were made to reduce the 

overall size by sonication, in a one-pot synthesis, resulting in silver nanorice. Since the 
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synthesis was carried out in a one-pot reaction, there is a strong possibility that sonication 

may have been responsible for the nanorice morphology, as sonication mechanically 

agitates the galvanic reduction growth front and could possibly melt and reform the 

nanostructures through localized heating.85 

 

Figure 4.2. Scanning electron microscopy (SEM) images for nanovine mesh grown from 
(A) ligand-free nanoparticle seed, and (B) solution-liquid-solid growth front for ligand-
coated nanoparticle seeds, and (C) magnified image of (B). (Scale bars: 1 µm) 

In our study, the substrates were prepared via sonication18 from a dilute dispersion 

of E-GaIn nanoparticles in ethanol with 1.0 mM C12 (Figure 4.1) Liquid nanoparticles 

drop-cast onto substrates were found to be spherical (Figure 4.S1), held together by 

surface tension.18 After exposing the wafer of E-GaIn nanoparticles to oxygen plasma 

cleaning for 15 min to remove the capping ligands, there is likely a protective oxide layer 

formed that prevents further oxidation.18 The substrate was then immersed into a 0.1 M 

solution of silver nitrate (followed by a wash in 1.0 M HCl) results in the prodigious 

growth of intertwined nanovines (Figure 4.2A). The high density of kinks in the 

nanovine mesh suggests a high density of nucleation. As a control, we nucleated silver on 

E-GaIn nanoparticles without removing the residual C12 ligand from an EGaIn 

preparation, and this process resulted in no nanovine formation.  Instead, only 

aggregation was observed, suggesting that clean, exposed surfaces are required for 
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nanovine growth (Figure 4.2B,C). 

Transmission electron microscopy (TEM) images reveal the rough texture of the 

nanovines (Figure 4.3A,B) with nanoparticles embedded on the sides. Remarkably, 

imaging close to the tip reveals dendrites comprised of nanoparticles (Figure 4.3G,H). It 

is interesting to speculate as to why the reduction of silver onto E-GaIn predominantly 

forms nanovines, and why the texture becomes coarser towards the tip; especially in 

contrast to the dendritic trees found by ancient alchemists and modern researchers. For 

galvanic reductions on the microscale, new sets of factors come into play.  

Nanolithographically prepared copper nanopillars have shown that smaller seeds favor 

slower growth fronts, resulting in fewer nucleation centers on the nanowires themselves 

and less kinking/dendritic growth. We hypothesize that diffusion-limited aggregation is 

responsible for the nanovine growth, as seen in Figure 4.3G. 

The bending contours (Figure 4.3B,E) indicate that the twisted and bent 

nanovines are different than ligand-capped straight nanowires.  We suspect that the kinks 

originate from crystallographic defects; this process will be the subject of a future study. 

The SAED (Figure 4.3C,F) and the CBED (Figure 4.3I) patterns suggest that the 

nanovines and the embedded nanoparticles are crystalline silver.86-89 This result is 

consistent with powder X-ray diffraction results, revealing crystalline silver, 2θ = 38.14° 

and 44.32°, and trace indium, 2θ = 32.95° (Figure 4.4). We attempted to locate this 

excess indium via electron dispersive spectroscopy (EDS); however, indium and silver 

have overlapping spectra and we could not differentiate the location of the trace indium. 
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Figure 4.3. Transmission electron microscopy (A,B,D,E,G,H) bright-field images and 
(C,F,I) diffraction patterns of silver nanovines. Zone axis for images C and F are along 
the (111) axis as determined by diffraction. Image I, using convergent beam electron 
diffraction, was determined to be along the (211) zone axis. 

 

 

 



	 51	

 

 

Figure 4.4. Powder X-ray diffraction spectra of silver nanovines (black) with reference 
for indium (blue)90 and silver (red).91 

 

Due to the microscopic size of the liquid-metal seeds, the galvanic reduction of 

silver nitrate by E-GaIn nanoparticles should result in diffusion-limited nanostructures.  

The morphology of galvanic reductions has been predominantly limited to dendritic 

morphologies, attributing to a wide variety of growth mechanisms. Initial work by Langer 

et al. has suggested that dendritic growth is a function of both tip size and growth 

velocity, and a wide range of values satisfy the stability criterion, resulting in the 

formation of dendrites.92 Witten et al., in their studies of discrete particles, have 

suggested a diffusion-limited aggregation mechanism, where particles randomly diffuse 

to the growth front.93 Kuhn et al. have shown that the diffusion-limited aggregation is the 

likely mechanism for galvanic displacement.94 Furthermore, Avizienis et al. have shown 
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that the growth mechanism is a function of seed size.95 We conclude that the mechanism 

for growth here is diffusion-limited aggregation. 

 

Figure 4.5. Silver nanovines grown on E-GaIn nanoparticles in a 0.01 M (left), 0.1 M 
(middle), and 1.0 M (right) aqueous AgNO3 solution. Lower concentrations of silver 
nitrate result in fewer kinks and straighter vines. (Scale bar: 1 µm) 

 

To control the growth rate and to reduce kinking, one can control the 

concentration of the silver nitrate feedstock. Work by Murphy et al. has shown that lower 

concentrations, as per classical nucleation theory, should lower the density of nucleation 

sites.96 Furthermore, work on gold nanowires has shown that concentration controls 

nanowire diameter and morphology.97 Thus, silver nanovines were grown with 

concentrations of 0.01 M, 0.1 M, and 1.0 M AgNO3 in water. Under each of the test 

conditions, the E-GaIn nanoparticle seeds remained largely intact (Figure 12). Most 

noticeably, nanostructures grown at higher concentrations of silver appear to have higher 

densities of kinks when compared to nanostructures grown at lower concentrations. 

Nanovines prepared from 1.0 M aqueous AgNO3 solutions are thick, while silver 

nanovines prepared from 0.1 M aqueous AgNO3 solutions are thinner with less defect 

density. Nanovines prepared from 0.01 M aqueous AgNO3 solutions are the thinnest of 

all, growing with few kinks and high aspect ratios. Confirming that, by simply controlling 
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the concentration of the feed solution, one can optimize the morphology of the nanovines. 

4.6 Conclusions and Prospects 

In summary, we present here the growth of silver nanovines grown under chimie 

douce conditions. E-GaIn nanoparticles are shown to be an effective galvanic reductant 

for silver nitrate. We conclude that these silver nanovines grow via a diffusion-limited 

aggregation, consistent with the TEM data. The vines form under ambient temperature 

and pressure and are grown in a ligand-free environment, while maintaining control 

(Figure S4.2) over the growth front. The diameters of the nanovines and degree of 

branching are controlled via silver solute concentration in electroless deposition.  By 

simply changing the concentration of the silver nitrate feedstock, one can control both the 

nucleation density and the morphology of the nanovines. 

We next plan to expand on this work by developing more precise ways to control 

the synthesis and patterning of these nanostructures on surfaces, such as using self-

healing or electrostatics to order and/or to position seeds. Facile silver nanovine growth 

of this type could be useful for patterned arrays of nanowires used in memristor-type 

devices.71 Transparent printable and flexible electronics, where large-scale production on 

a variety of substrates would be vital to the utility of the device, could utilize this 

methodology. Control over the placement of liquid-metal E-GaIn seeds and the use of 

electroplating would enable the precise placement of individual nanovines, which would 

be advantageous for bottom-up fabrication. 
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Figure S4.1: Morphology of as drop-cast gallium-indium eutectic microparticles. 
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Figure S4.2: Morphology of nanovines grown with 0.1 M AgNO3 solution on gallium-
indium eutectic microparticles. 

 

 

 

 

 

 



	 57	

 

 

 

Figure S4.3: Time-dependent growth of silver nanovines SEM images for (A,B) 1 min, 
(C,D) 2 min, (E,F) 5 min, (G,H) 10 min, (I,J) 1 h, (K,L) 3 h, (M,N) 6 h, and (O,P) 12 h 
growth times.  
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Chapter 5 

Liquid-Metal Field-Effect Transistors for 

Low-Power Solid-State Devices 

 

Schematic of Liquid-Metal Contacts in a 

Field-Effect Transistor-Based Devices 
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5.1 Abstract 

Ultrathin In2O3 field-effect transistors (FETs) were fabricated without the need for 

electron-beam physical vapor deposition using E-GaIn, a room temperature liquid metal 

alloy, as the contact layer, for both source and drain. The work function of E-GaIn 

(ca. 4.1-4.2 eV) is smaller than that of many traditional device contacts, like Au 

(ca. 5.3 eV), decreasing the Schottky barrier for charge transfer in the In2O3/E-GaIn 

junction. Incorporation of liquid-metal contacts into the device architecture provides a 

framework to develop soft and/or flexible sensors where solid metal contacts are not able 

to conform in shape. By using this liquid-metal alloy, we can simplify the fabrication 

process, significantly reduce device-processing time and thus cost for transistor devices. 

5.2 Introduction 

Since the invention of the first field-effect transistor dozens of unipolar transistors 

types have been developed.98-105 The invention of the junction gate field-effect transistor 

in 1948 and the metal-oxide-semiconductor field-effect transistor in 1959 have largely 

shaped the field of digital electronics and semiconductor processing.106 Today field-effect 

transistors are found in nearly all applications in which transistors can be used, from 

electronics to sensing. The ion-selective field-effect transistor coupled with developments 

in microfluidic systems shows great promise for lab-on-a-chip style parallel 

bio(chemical) sensing for diagnostic and industrial applications.107 With growing interest 

in device miniaturization and multiplexed sensing, simplification of semiconductor 

processing could help advance the integration of new devices. 
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Electron-beam physical vapor deposition has long been a dominant tool in the 

field of semiconductor processing. The high costs, long processing times, and the need 

for specialized equipment make it an unfavorable technique. Here, we eliminate the need 

for metal evaporation by using room temperature liquid metal as our source and drain 

contact materials in our ultrathin In2O3 metal-oxide FETs. 

E-GaIn, a room temperature binary liquid metal alloy, comprised of ~75.5% Ga, 

24.5% In by weight, is both highly conductive and relatively non-toxic.9 E-GaIn and 

other gallium metal alloys have garnered significant attention due to their 

electromechanical properties,27 high conductivity,108 ease of deformation/flexibility,109 

applicability in soft chemistry,110 and drug delivery.9 Many novel E-GaIn-based devices 

have been characterized due to these favorable characteristics.3,108,110-113 

Chiechi et al. demonstrated that soft conductive contacts, composed of E-GaIn, 

could be used for electrical characterization of self-assembled monolayers without 

damaging the monolayer by extruding a small drop of E-GaIn out of a conductive syringe 

tip.114 The conformal characteristics of E-GaIn have also been demonstrated through its 

use as a metal contact on opposite ends of a carbon-nanotube-based field-effect 

transistor.115 Eutectic gallium indium is a useful analog to traditional metal contacts in 

devices; also, microscale extrusions of the liquid metal allows for manipulations to 

fabricate novel devices.108 Microfluidic channels filled with the liquid metal have been 

used to extrude microparticles and to print three-dimensional (3-D) structures.116-118 

Deformation of E-GaIn-filled, flexible microchannels have been used as pressure 

sensors.119 Eutectic gallium indium droplets are used to create novel electrical switches, 

in which manipulation of the surface tension of the liquid metal, through Schottky 
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electrowetting, can reversibly form or break an electrical circuit by inducing movement 

of the liquid metal drop - thus shorting or completing the circuit.27 These applications for 

E-GaIn devicesm as well as replacing conductive components in traditional solid-state 

devices, will continue to enable the formation of new flexible devices and sensors. 

Analogously, we have developed a facile method for the fabrication of ultrathin 

In2O3 metal-oxide-semiconductor field-effect transistors using E-GaIn as our source and 

drain contacts; thus eliminating the need for electron-beam physical vapor deposition.  

When compared to similar devices prepared with gold-coated source and drain contacts, 

the lower work function of E-GaIn provides improved transconductance, with faster 

response current in the on state for a given voltage bias, due to smaller barriers for charge 

transfer. This configuration can be applied to low-power electronics, next-generation 

biosensors, and flexible devices for point-of-care and single-use applications. 

5.3 Experimental: Fabrication of Field-Effect Transistors - Ultrathin Indium Oxide 

Arsenic-doped n-type Si wafers, resistivity < 0.0045 Ohm-cm, covered in       

100-nm-thick thermally grown SiO2 were purchased for use as our dielectric substrate 

from Wafer Works Co. / Helitek Corp LTD, Fremont CA. Si wafers were cleaned with 

isopropyl alcohol (≥99.5%) purchased from Fischer Scientific, Waltham MA, CAS 

Number 76-63-0, and exposed to oxygen plasma for 5 min. Indium (III) nitrate hydrate 

(99.999%) was purchased from Sigma-Aldrich Inc., St. Louis MO, CAS Number 

207398-97-8, and aqueous solutions of 0.1 M concentration were prepared and spin-

coated onto the substrate at 500 rpm for 5 s and again at 3000 rpm for 40 s.  The 

substrates were subsequently prebaked at 100 °C for 10 min followed by thermal 

annealing at 300 °C for 4 h. 
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5.4 Experimental: Fabrication of Field-Effect Transistors - Photolithography 

First, the substrate was coated with SPR 700_1.2 positive photoresist, purchased 

from MicroChem Corp., Westborough MA, via spin coating at 500 rpm for 5 s and again 

at 4500 rpm for 30 s. The wafers were placed on a hot plate, 90 °C, to soft bake for ~90 s. 

Chrome masks were designed using AutoCAD software (Autodesk, Inc., Venice CA) and 

designs were sent to and purchased from PhotomaskPORTAL, Richardson TX. This 

mask was placed on the photoresist-coated wafer and subsequently exposed to ultraviolet 

light at 12 W for 5 s.  After exposure, the sample was baked at 110 °C for ~90 s.  Finally, 

the substrate was developed using MF_26A, purchased from Gallade Chemical Inc., 

Santa Ana CA, for ~40 s. 

5.5 Experimental: Fabrication of Field-Effect Transistors - Contact Layer Deposition 

For Au contacts: thin films of metal were deposited using CHA Solution Electron 

Beam Evaporator, Southern Ontario Canada. First we evaporate a 10-nm-thick Ti 

coating, applied as a wetting layer, followed by evaporating a 30-nm-thick Au contact 

layer.  The wafer, now coated in thin films of titanium and gold metal, was subsequently 

vertically immersed in an ultrasonic bath of acetone, purchased from Sigma Aldrich CAS 

number 67-64-1, for ~120 s and removed in the same vertical manner. Wafers were 

rinsed once with house DI water and dried under house nitrogen air. 

For E-GaIn contacts: A drop (~10 µL) of E-GaIn was placed on the 

photolithography-patterned wafer. The E-GaIn was simply then spread onto the surface 

using a paintbrush or nitrile glove-covered finger.  The E-GaIn coated wafer was briefly 

immersed in a vertical manner in an ultrasonic bath of acetone, purchased from Sigma 
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Aldrich CAS 67-64-1, for ~5 s and removed in the same vertical manner.  Wafers were 

rinsed once with house DI water and dried under nitrogen gas. 

The E-GaIn-coated wafer was briefly immersed in a vertical manner in an 

ultrasonic bath, of acetone; the removal of the protective coating of photoresist in an 

ultrasonic bath of acetone leaves behind patterned liquid metal contacts. 

5.6 Experimental: Electronic Measurements 

All electronic measurements were taken using the Keithley 4200A-SCS 

Parameter Analyzer Probe Station, Beaverton OR. Transfer curves of the FETs were 

obtained by gating to the underlying silicon wafer with source drain bias from -30 V to 

+30 V and VDS = 10 V. Transfer curves for ISFETs were obtained using an Ag/AgCl 

reference electrode with source drain bias from 0 to 500 mV and VDS = 10, 25, 50, and 

100 mV. 

5.7 Results 

We exploit the room-temperature liquid nature of E-GaIn to devise a facile 

method for integration of conductive metal contacts in ultra-thin In2O3 FETs.  The sol-gel 

method for our ultrathin In2O3 channel material offers a facile method for simple aqueous 

processing; where 0.1 M In2O3 was used to minimize thicknesses without the formation 

of pinholes, which decrease conductivity on the surface. By coupling the ease of both 

In2O3 fabrication and metal contact deposition/patterning simple device structures can be 

achieved in significantly shorter times than vacuum processing. 

Output and transfer device characteristics for EGaIn-In2O3 FETs were obtained. 

Transfer characteristics for EGaIn-In2O3 FETs were measured from -30 V to +30 V 

(Figure 5.1A). From this the on-off characteristics of the device were deduced, with 
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Ion/Ioff = 106. Output characteristics between 0 V and +30 V were measured with applied 

voltages of 0, 10, 20, 30, and 40 V (Figure 5.1B). 

The oxidation of E-GaIn has been well characterized and studied.  We feared that 

the rapid formation of gallium oxide on the surface of our E-GaIn contacts would 

interfere with long-term device stability. The stability of these FETs were analyzed by 

measuring the transfer characteristics of devices immediately after fabrication and again 

one month later (Figure 5.2). The thin layer of gallium oxide did not degrade the stability 

and performance of these devices. The slight increase in on/off ratio and less steep 

curvature was found to be indicative of long-term stability for many FET devices and was 

not unique to E-GaIn-based devices. Here, we postulate that the gallium oxide layer is 

only surface bound and, in fact, helps protect the interior of the liquid-metal-patterned 

contacts from further oxidation. 

The metal-semiconductor interface, otherwise known as the Schottky junction, 

provides a barrier for charge transport in which the predominant charge carrier, electrons 

or holes, are subject to an energy barrier for flux. When this barrier for charge transfer is 

minimized the junction is referred to as ohmic. For our case, charge carriers are electrons. 

In order to minimize the barrier for flux of these electrons, one would want the work 

function of the metal surface to closely match the conduction band of the semiconductor 

(Figure 5.3). 

Here, we decrease the Schottky barrier of the metal-semiconductor junction by 

changing our use of metal from Au (WF = 5.4 eV) to E-GaIn (WF = 4.1 - 4.2 eV). This 

shift effectively increases the number of charge carriers at a given source drain voltage, 

as can be seen from Figure 5.4B and again on a log-scale in Figure 5.4C. The increase in 



	 65	

slope for E-GaIn-based transistors, when compared to their Au counterparts, indicates 

that within a given voltage sweep, using E-GaIn as the electrical contact material 

provides a smaller barrier for charge carriers. This result could have implications for both 

lower power devices and improved detection limits for sensors. 

5.8 Conclusions and Prospects 

This fabrication method removes the need for electron-beam physical vapor 

deposition and costly material (Au) whilst simultaneously decreasing the Schottky barrier 

for charge transfer in ultrathin In2O3 field-effect transistors. This decrease in the charge 

transfer barrier creates an ohmic response in which one can achieve a larger response 

current for a smaller bias voltage. Thus, this fabrication process shows promise in 

flexible and/or stretchable devices such as arrays of parallel sensors or other such devices 

in which minimizing input power could be advantageous. 

 

Scheme 5.1: (A) Schematic diagram. (B) Patterned photoresist. (C) E-GaIn drop on 
patterned photoresist. (D) Spreading of E-GaIn with a paintbrush. (E) E-GaIn-coated 
substrate. (F) E-GaIn patterned metal contacts after washing with acetone. 
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Figure 5.1: (A) Transfer characteristics of EGaIn-In2O3 FET performed at standard 
temperature and pressure between -30 V and +30 V (steps: 100 mV). (B) Output plots for 
EGaIn-In2O3 FET performed at standard temperature and pressure between 0 V and 
+30 V (steps: 100 mV).  This FET was fabricated on a silicon wafer, possessing the 
following structure: SiO2 (100 nm)/In2O3 (4 nm)/EGaIn L = 1272 µm, W = 45 µm.   
 
 
 

 

Figure 5.2: (A) Transfer characteristics of EGaIn-In2O3 FET. (B) Stability of EGaIn-
In2O3 after 1 month. All device characterizations were performed at standard temperature 
and pressure between -30 V and +30 V (steps: 100 mV). 
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Figure 5.3: Energy diagram showing that the conduction band (CB) of the In2O3 more 
closely resembles the work function of the E-GaIn. (Note: the CB may be greater than or 
less than the work function of E-GaIn, but was not determined from these experiments). 
 

A                                      B                              C 

 

Figure 5.4: (A) Charge transport in Au/Ti Contact. (B) Charge transport of liquid E-GaIn 
FET vs. Au/Ti FET. (C) Electrical characterization and comparison of liquid E-GaIn and 
Au/Ti contact based devices. All device characterizations were performed at standard 
temperature and pressure between -4 V and +4 V (steps: 10 mV). 
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Figure S5.1: (A) Transfer characteristics of Au/Ti-In2O3 FET performed at standard 
temperature and pressure between -30 V and +30 V (steps: 100 mV). (B) Output plots for 
Au/Ti-In2O3 FET performed at standard temperature and pressure between 0 V and 
+30 V (steps: 100 mV). This FET was fabricated on a silicon wafer, possessing the 
following structure: SiO2 (100 nm)/In2O3 (4 nm)/Ti (~5 nm)/Au (~50 nm) L = 1272 µm, 
W = 45 µm.    



	 69	

Chapter 6 

 

Conclusions and Prospects 

 

Polycaprolactone/Gallium Hybrid Material 
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Previous work in the Weiss Lab demonstrated the ability to synthesize eutectic 

gallium indium (E-GaIn) nanoparticles. However, the applications of these nanoparticles 

are limited by their high degree of polydispersity within the mesoscopic regime, their 

propensity to oxidize, and their limited electronic applications due to their liquid nature. 

We have demonstrated the ability to manipulate the liquid nature of E-GaIn for the 

hierarchical assembly of ligand-stabilized liquid metal nanodroplets.  

Hohman et al. showed that E-GaIn nanodroplets can be easily synthesized 

through a top-down synthetic method using sonication.18 These E-GaIn nanoemulsions 

are small, the smallest of which is just under 100 nm and oxidation resistant (because of 

protective surface ligands). While we have grown and characterized these nanostructures, 

the utility and complexity of these ordered systems had yet to be fully explored. By 

developing new architectures of E-GaIn nanodroplets, we have improved the 

functionality and utility of E-GaIn. Through hierarchical assembly, we have created 

novel leaf-like scaffolds. These structures have been made by synthesizing and isolating 

ultrasmall droplets ranging from 3-5 and 15-20 nm in size, depending on the choice of 

surface-active molecules. These solution-processable liquid-metal structures could 

provide scaffolds for post-deposition processing of high efficiency inorganic 

semiconductor devices with micrometer-length morphologies and nanometer-length 

surface features. We believe that these high surface-area-to-volume ratio hierarchical 

structures could be useful for light trapping. 

Interestingly, liquid E-GaIn (like mercury) has a propensity to solvate other metal 

atoms through an amalgam-like process. This capability suggests that after creating our 

architectures, we can alloy our E-GaIn assemblies into a variety of functional 
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semiconductors, most notably copper indium gallium selenide, indium gallium 

phosphide, indium gallium nitride, and indium gallium arsenide.  As such, E-GaIn is an 

appropriate candidate for diffusion-limited surface chemistry.  In the future, the liquid 

metal nanoparticles, which assemble via ligand-mediated self-assembly, on a surface, 

could be processed such that the E-GaIn scaffold would be made into a variety of useful 

inorganic semiconductors. This transformation could be made using something like the 

phosphorylation of liquid-metal,22 liquid-metal marbles,28 or other possible avenues of 

modifying the liquid-metal scaffold. 

Improving the conditions of this diffusion-limited doping of the liquid metal may 

be difficult in bulk. So, by using higher order assemblies on surfaces, we enable a large 

surface-to-volume ratio for post-deposition modifications. It is for this reason that we 

have developed a series of rules that govern the morphology and shape of the liquid metal 

emulsion and thus propensity for order. We show a set of ligand-mediated rules for 

determining size, shape, and morphology of our hierarchically assembled architectures. 

We have already seen electronic molecular effects of carboranethiol isomers, in which 

the ligands share molecular symmetry yet have differing magnitude and direction of 

dipole moment. The role of surface-active molecules in molding the three-dimensional 

architecture of nanodroplets within the realm of single and double emulsions may enable 

novel nanostructures with applications to nanomedicine, catalysis, and hybrid materials. 

Furthermore, in the realm of liquid metal emulsions, we are the first group to bias 

the formation of liquid metal double emulsions.  The same surface-active molecules that 

can promote an environment that protects the liquid metals from oxidation can be utilized 

to stabilize interior and exterior liquid metal interfaces.  The tail groups of these surface-
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active molecules play roles in the stability of these droplets: allowing suspension within 

the immiscible medium. Additionally, those same tail groups allow an interface to couple 

cargo to liquid-metal carriers in the one-pot synthesis of the doubly emulsified droplets. 

We have demonstrated encapsulation of solid particles, in the form of 5-nm gold 

nanoparticles, and in molecular dyes, in the form of Rhodamine B. This novel 

methodology though conceptually simple, could present a hurdle for engineers in 

developing robust routes to forming these one-pot nanocarriers due to the difficulty in 

promoting cavitation of the bulk liquid metal. By designing an ultrasonic bath with an 

architecture that promotes constructive interference of sound waves, and tuneability of 

both source frequency and amplitude, one could streamline the production of liquid metal 

double emulsions. 

In order to form these nanocarriers, we also explored competition between 

surface-active molecules and cargo.  In the case of polystyrene spheres, encapsulation 

within a doubly emulsified droplet failed on all attempts.  We postulate that this failure is 

due to the propensity for E-GaIn to wet the polymeric surface.  As such, upon wetting of 

the surface by the polystyrene spheres, surface-active molecules could not access the 

polymer/liquid-metal junction. 

Also of note, we attribute the formation of the liquid-metal double emulsions to 

cavitation of dissolved gasses within the liquid metal droplets.  Since the cavitation takes 

place within the bulk of these droplets, and since sound waves are dampened when 

traversing solid objects, such as polystyrene spheres, we believe that when cargo that 

forms a tight coupling with the liquid-metal interface are exposed to an ultrasonic bath 

chaotic mixing hinders the ability to form double emulsions. 
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Whether singly or doubly emulsified, these liquid metal droplets act as a free-

electron surface, which allows us to perform galvanic reduction at the liquid-metal 

surface.  Analogous to hanging mercury drop experiments, we can use the pristine 

surface of the liquid metal droplets for catalyzing a variety of interesting phenomenon.  

We have had the luxury of delving into the fundamental growth of highly kinked silver 

nanowires we denote nanovines. Kinked in nature, these nanovines present a 

methodology to provide surface coating on a variety of different substrates. 

Silver structures have been shown to have anti-microbial properties. This means 

we can utilize these E-GaIn based liquid-metal seeds for the fabrication of silver-based 

anti-microbial surface coatings by casting on anything from flexible materials like fabrics 

and polymer mesh to solid substrates like glass or bulk hard plastics. In conjunction with 

the kinked nature of these vines, we can also allow our surface structures to imbed 

themselves into 3D networks like fabrics and polymer mesh implants.  These results 

could have great implications for a variety of applications ranging from athletic wear to 

dental implants. 

Lastly, looking into conductive substrates for application in flexible devices, we 

have shown that E-GaIn can be used not only as a flexible contact material in field-effect 

transistor-based devices, but also that the relatively low work function of this liquid metal 

can be harnessed for fast responses in low-power solid-state devices. 
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Appendix A 

Model for Dipole Interaction with Image Dipole 

# ---  
# jupyter:  
#   jupytext:  
#     formats: ipynb,py:light  
#     text_representation:  
#       extension: .py  
#       format_name: light  
#       format_version: '1.4'  
#       jupytext_version: 1.2.1  
#   kernelspec:  
#     display_name: Python 3  
#     language: python  
#     name: python3  
# ---   
 
import matplotlib.pyplot as plt  
import numpy as np  
import scipy as sp   
 
# %cd quadrupole_visualization/   
# ## Point charges in asymmetric quadrupole   
 
d = 0.25  
theta = np.pi/10  
s = .1  
R0 = np.array([ 
     (-d/2, s/2), 
     (-d/2 + d*np.cos(theta), s/2 + d*np.sin(theta)), 
     (-d/2, -s/2), 
     (-d/2 + d*np.cos(theta), -s/2 - d*np.sin(theta)), 
])  
Q = [1, -1, -1, 1]   
 
npts = 100  
f = 1.2  
x = np.linspace(-d, d*np.cos(theta), npts)  
y = f*np.linspace(-(s+d*np.sin(theta)), s+d*np.sin(theta), npts)  
X, Y = np.meshgrid(x, y)  
V = np.zeros(X.shape)  
for r, q in zip(R0, Q): 
     V1 = q/np.sqrt(1e-6+(X - r[0])**2 + (Y - r[1])**2) 
     V += V1   
 
V0 = 10  
fig, ax = plt.subplots()  
ax.contourf(X, Y, np.tanh(V/V0), cmap='seismic', levels=8) 
plt.axhline(0, color='black', linewidth=5)  
plt.scatter(*R0.T, c='black')  
ax.set_aspect('equal')  
ax.set_xticks([])  
ax.set_yticks([])  
plt.savefig("asymmetric_quadrupole_potential.png", bbox_inches='tight') 
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plt.show()   
 
fig, ax = plt.subplots()  
levels = np.array([1, 3, 10, 30, 100, 300])  
levels = list(-levels[::-1]) + [0] + list(levels)  
ax.contourf(X, Y, V, cmap='seismic', levels=levels)  
ax.axhline(0, color='black', linewidth=5)  
ax.scatter(*R0.T, c='black', s=5)  
ax.set_aspect('equal')  
ax.set_xticks([])  
ax.set_yticks([]) 
plt.savefig("asymmetric_quadrupole_potential_raw.png", 
bbox_inches='tight')  
plt.show()   
 
# ---   
 
# ## Perfect dipole potentials   
 
# $$ V = \frac{kp \cos\theta}{r^2} = k \frac{\vec{p}\cdot (\vec{r} - 
\vec{r}_0)}{|\vec{r} - \vec{r}_0|^3}$$   
 
theta = 70*np.pi/180  
s = 1  
R0 = np.array([ 
     [0, s/2], 
     [0, -s/2]  
])  
P = np.array([ 
     [np.cos(theta), np.sin(theta)], 
     [-np.cos(theta), np.sin(theta)],  
])   
 
npts = 300  
x = np.linspace(-1, 1, npts)  
y = np.linspace(-1, 1, npts)  
X, Y = np.meshgrid(x, y)  
V = np.zeros(X.shape)  
for r, p in zip(R0, P): 
     dx = X - r[0] 
     dy = Y - r[1] 
     V1 = -(p[0]*dx + p[1]*dy)/np.power(dx**2 + dy**2, 3/2) 
     V += V1   
 
V0 = 5  
fig, ax = plt.subplots()  
ax.contourf(X, Y, np.tanh(V/V0), cmap='seismic', levels=8) 
ax.axhline(0, color='black', linewidth=5)  
d = 0.3  
for r0, p in zip(R0, P): 
     ax.arrow(r0[0]-d*p[0]/2, r0[1]-d*p[1]/2, d*p[0], d*p[1],          
         width=2e-2, 
         color='black' 
     )  
ax.set_aspect('equal')  
ax.set_xticks([])  
ax.set_yticks([])  
plt.savefig("M9_image_dipole.png", bbox_inches='tight')  
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plt.show()   
 
theta = -15*np.pi/180  
s = 1  
R0 = np.array([ 
     [0, s/2], 
     [0, -s/2]  
])  
P = np.array([ 
     [np.cos(theta), np.sin(theta)], 
     [-np.cos(theta), np.sin(theta)],  
])   
 
npts = 300  
x = np.linspace(-1, 1, npts)  
y = np.linspace(-1, 1, npts)  
X, Y = np.meshgrid(x, y)  
V = np.zeros(X.shape)  
for r, p in zip(R0, P): 
     dx = X - r[0] 
     dy = Y - r[1] 
     V1 = -(p[0]*dx + p[1]*dy)/np.power(dx**2 + dy**2, 3/2) 
     V += V1   
 
V0 = 5  
fig, ax = plt.subplots()  
ax.contourf(X, Y, np.tanh(V/V0), cmap='seismic', levels=8)  
ax.axhline(0, color='black', linewidth=5)  
d = 0.3  
for r0, p in zip(R0, P): 
     ax.arrow(r0[0]-d*p[0]/2, r0[1]-d*p[1]/2, d*p[0], d*p[1], 
         width=2e-2, 
         color='black' 
     )  
ax.set_aspect('equal')  
ax.set_xticks([])  
ax.set_yticks([])  
plt.savefig("M1_image_dipole.png", bbox_inches='tight')  
plt.show() 
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