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Abstract 

Gallium is a strange metallic material with many features that can benefit our society. Its crystal 

melts at a few degrees above room temperature (~ 30℃). Gallium can readily alloy with other 

metals such as indium and tin to form a stable room temperature liquid metal. The common gallium 

based liquid metals are eutectic gallium-indium (EGaIn) and gallium-indium-tin (GaInSn) alloys 

with melting point of 15 and -19 ℃, respectively. Recently, research activities in the utilization of 

gallium-based liquid metal for flexible soft electronics such as soft robots and sensors have gained 

many attentions. However, understanding of the liquid state of gallium and its alloy is lacking. For 

instance, the structure property of liquid gallium is one of the most fundamental aspects that evaded 

scientists for decades. Elemental gallium is also capable of remaining in liquid state at room 

temperature due to its supercooling effect. Supercoling is the process of cooling a liquid below its 

freezing point without becoming a solid or crystal. Moreover, at ambient conditions, liquid gallium 

forms a nanometer-thick oxide skin that provides mechanical stability to the core liquid. 

This dissertation aims to shed light on the fundamental aspects of supercooled liquid 

gallium. First, the mechanical properties of the oxide skin encapsulating the supercooled liquid 

gallium droplet is investigated. By leveraging the supercooling behavior of gallium and the 

formation of its oxide skin, we characterized the emergence of wrinkling at the interface and 

adhesion energy between the liquid gallium and rigid substrate. An interfacial energy of 0.238 ± 

0.008 J m-2 was measured between gallium droplet and flat glass. 

Secondly, seed induced crystallization of supercooled liquid gallium on the different 

substrate materials revealed the dependence of the kinetics of crystallization on thermal behavior 

of the substrate. Such approach further elucidates on the importance of interface temperature 

during crystallization with a preferred orientation. This result is especially crucial in casting 

technology for high quality crystal formation on flat surfaces. The characteristic interface adhesion 

is significant in choosing the right materials for liquid metal manipulation. The design principle 
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used in ensuring control on the phase transition demonstrate a large switching force between the 

liquid and crystalline state. Through thermal analysis, we have determined glass transition in 

elemental metallic gallium. 

 

The third part of the dissertation reports an unprecedented liquid crystal structure in 

supercooled liquid gallium. By the use of techniques applied in liquid crystal (LC) research, 

observation of LC texture in supercooled liquid gallium was realized. Reflective polarized optical 

microscopy (R-POM) on liquid gallium sandwiched between glasses treated with rubbed polymers 

reveals the onset of an anisotropic reflection of possible dimer molecules or clusters at 120°C that 

increases on cooling and persists down to room temperature or below. On the other hand, when 

gallium is sandwiched between substrates that align conventional liquid crystal molecules normal 

to the surface, the reflection is isotropic. The R-POM and scanning electron microscope textures 

reveal the existence of a lamellar structure corresponding to smectic liquid crystal phase. The LC 

phase is very stable even below room temperature. Thermal and electrical response justify the 

switching behavior of liquid gallium. This observation of LC structure of a highly electrically 

conductive supercooled liquid gallium provides an unexpected new field of materials science and 

liquid crystal research.  
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Zusammenfassung 

Gallium ist ein eigentümliches metallisches Material mit vielen Eigenschaften, die sich für die 

Menschheit als nutzbringend erweisen könnten. Sein Kristall schmilzt bei wenigen Grad über 

Raumtemperatur (~30℃). Gallium lässt sich leicht mit anderen Metallen wie Indium und Zinn 

legieren, um bei Raumtemperatur ein stabiles Flüssigmetall zu bilden. Die gebräuchlichsten 

Flüssigmetalle auf Galliumbasis sind eine eutektische Gallium-Indium- (EGaIn) und eine Gallium-

Indium-Zinn- (GaInSn) Legierung mit einem Schmelzpunkt von 15 bzw. -19 ℃. 

Forschungsaktivitäten zum Einsatz von Gallium-basiertem Flüssigmetall für flexible 

Softelektronik wie Soft-Roboter und Sensoren haben unlängst viel Aufmerksamkeit auf sich 

gezogen. Das gegenwärtige Verständnis des flüssigen Zustands von Gallium und seinen 

Legierungen ist jedoch noch unvollständig. Zum Beispiel gehören die Struktureigenschaften von 

flüssigem Gallium zu den grundlegendsten Fragen, mit denen sich Wissenschaftler seit 

Jahrzehnten beschäftigen. Elementares Gallium ist aufgrund des Unterkühlungseffekts auch bei 

Raumtemperatur in der Lage, im flüssigen Zustand zu bleiben. Unterkühlung ist der Prozess der 

Abkühlung einer Flüssigkeit unter ihren Gefrierpunkt, ohne dass sie zu einem Festkörper oder 

Kristall wird. Darüber hinaus bildet das flüssige Gallium bei Umgebungsbedingungen eine 

nanometerdicke Oxidhaut, die der Kernflüssigkeit mechanische Stabilität verleiht. 

Ziel der vorliegenden Arbeit ist es, die grundlegenden Eigenschaften des unterkühlten flüssigen 

Galliums zu beleuchten. Zunächst werden die mechanischen Eigenschaften der Oxidhaut 

untersucht, welche das unterkühlte flüssige Galliumtröpfchen einkapselt. Um die Entstehung von 

Falten an der Grenzfläche und die Adhäsionsenergie zwischen flüssigem Gallium und starrem 

Substrat charakterisieren zu können, haben wir uns das Unterkühlungsverhalten von Gallium und 

die Bildung seiner Oxidhaut zunutze gemacht. So wurde zwischen Galliumtropfen und Flachglas 

eine Grenzflächenenergie von 0,238 ± 0,008 J m-2 gemessen. 

Im zweiten Teil zeigte die keiminduzierte Kristallisation von unterkühltem flüssigem Gallium auf 

den verschiedenen Substratmaterialien die Abhängigkeit der Kristallisationskinetik vom 
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thermischen Verhalten des Substrats. Ein solcher Ansatz gibt weitere Aufschlüsse über die 

Bedeutung der Grenzflächentemperatur während der Kristallisation mit bevorzugter 

Wuchsausrichtung. Dieses Ergebnis ist besonders in der Gießereitechnik für eine qualitativ 

hochwertige Kristallbildung auf ebenen Oberflächen entscheidend. Die charakteristische 

Grenzflächenhaftung ist bei der Auswahl der richtigen Materialien für die 

Flüssigmetallmanipulation von Bedeutung. Das Konstruktionsprinzip, mit dem die Kontrolle über 

den Phasenübergang sichergestellt wird, zeigt eine große Umwandlungskraft zwischen dem 

flüssigen und dem kristallinen Zustand. Durch thermische Analyse haben wir den Glasübergang 

in elementarem metallischem Gallium bestimmt. 

Der dritte Teil der Dissertation berichtet über eine noch nie dagewesene Flüssigkristallstruktur in 

unterkühltem flüssigen Gallium. Durch den Einsatz von Techniken, die in der 

Flüssigkristallforschung angewendet werden, wurde die Flüssigkristalltextur in unterkühltem 

flüssigem Gallium beobachtet. Dazu wurde das Material zwischen Glasplättchen eingefügt, 

welche mit polierten Polymeren behandelt wurden. Unter dem Polarisationsmikroskop im 

Reflexionsmodus (engl. R-POM) zeigt sich der Beginn einer anisotropen Reflexion möglicher 

Dimermoleküle bei 120°C, die beim Abkühlen zunimmt und bis zu Raumtemperatur oder darunter 

bestehen bleibt. Wird Gallium dagegen zwischen Substrate gepresst, die herkömmliche 

Flüssigkristallmoleküle normal zur Oberfläche ausrichten, ist die Reflexion isotrop. Die Texturen 

unter dem R-POM- und Rasterelektronenmikroskop zeigen die Existenz einer lamellaren Struktur, 

die einer smektischen Flüssigkristallphase entspricht. Die Flüssigkristallphase ist auch unterhalb 

der Raumtemperatur sehr stabil. Das thermische und elektrische Verhalten rechtfertigt das 

Umwandlungsverhalten von flüssigem Gallium. Diese Beobachtung der Flüssigkristallstruktur 

eines hoch elektrisch leitfähigen unterkühlten flüssigen Galliums eröffnet ein unerwartetes neues 

Feld der Material- und Flüssigkristallforschung.  
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1 Introduction 

 

Following its prediction in 1871 by Dmitri Mendeleev, who named it "eka-aluminium”, gallium 

(Ga) was discovered and extracted in 1875 by Paul Emile Lecoq de Boisbaudran [1,2]. The 

discovery of gallium ushered the semiconductor industry through the development of gallium 

arsenide as a direct bandgap semiconductor in the 1960s [3]. The ability of gallium to alloy with 

other elements such as indium, arsenic, and nitrogen makes it one of the most important materials 

for semiconductor and optoelectronic devices. This lead to an unprecedented paradigm shift in 

electronic industry that transformed our modern society. Over 100 years after its discovery, the 

unusual anomalies of gallium are yet to be understood. Recently, intense research activities have 

been resumed in both fundamental level and application area of gallium metal [4–13].  

Despite being one of the most valuable materials in modern semiconductor industry, 

gallium has a lot to offer our society in terms of its outstanding electrical and thermal conductivity 

in the liquid state [14–16]. The properties of its liquid state is not well understood. With its intrinsic 

low melting point (~ 30℃), gallium can readily alloy with indium and tin to form a eutectic liquid 

metals at room temperature.  

The common room temperature eutectic alloys of gallium are gallium-indium (EGaIn) and 

gallium-indium-tin (GaInSn), which are both liquid at room temperature with melting point of 15 

and -19 ℃, respectively. Typical EGaIn composition is 75.5 wt% Ga and 24.5 wt%, whereas the 

eutectic composition of GaInSn is 68 wt% Ga, 22 wt% In and 10 wt% Sn [10]. Thus, liquid gallium 

and its alloys have been the precursors and centerpiece of research activity in flexible and 

stretchable interconnects for soft robotics [17,18,27–30,19–26], and 3D printing of liquid metal 

[31,32]. Gallium and its alloys can readily form an oxide crust when exposed to ambient conditions. 

The oxide skin that forms on gallium-based liquid metals consist Ga2O3 with a thickness ranging 

from 1 to 3 nm. The oxide layer provides a mechanical support to the inner liquid metal by 

preventing the flow of the liquid metal [33–36]. However, the consequences of this oxide skin on 

these liquid metals in contact with other surfaces is poorly understood. 

The ability to phase-change at room temperature [37] and form a supercooled liquid 

state[38–40] are among the other fundamental properties of elemental gallium. Gallium can be 

https://en.wikipedia.org/wiki/Dmitri_Mendeleev
https://en.wikipedia.org/wiki/Mendeleev%27s_predicted_elements
https://en.wikipedia.org/wiki/Paul_Emile_Lecoq_de_Boisbaudran
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supercooled to a wide temperature range below its melting point like other technological liquids 

such as water, Si, Ge, and Bi. The supercooling behavior of gallium ensured a long period of 

metastability of the liquid state at ambient conditions. Therefore, the phase-change and 

supercooling of gallium make it a good candidate to serve as a platform to explore some 

fundamental properties of matter such as phase-change memory state [41], structural order [4,42–

46], and crystallization behavior [47]. By principle, the fundamentals of surface wetting, adhesion, 

rheology, liquid-liquid transition and crystallization of liquid metals can be studied, owing to their 

liquid state stability. 

 

1.1 Surface Tension and Wetting Properties 

Surface interaction between two substances is governed by the surface tension across their 

interface. Most of the physical and chemical activities occur at the interfaces. Surface tension is 

defined as forec (F) per unit length (x) acting across a surface. It can be expressed as; 𝛾 = 𝑑𝐹 𝑑𝑥⁄ , 

in energy expression as free energy (W) per unit area (A) of surface, 𝛾 = 𝑑𝑊 𝑑𝐴⁄ .  The unit of 

surface tension N/m or J/m2. For instance, the surface tension of water is 72 mN m-1. 

There are several methods to measure the surface tension of a liquid. The Wilhelmy plate or 

pendant drop techniques are the common methods of measuring the surface tension of a liquid. 

Liquid metals possess one of the highest surface tension in the literature with value as high as 700 

mN m-1 [48,49].  

Unlike surface tension, which speaks of liquid-vapor interface, interfacial tension is based 

on the surface free energy per unit area between two different liquids that are immiscible. In this 

case, the difference between the liquid-vapor surface tension of two different liquids ( 𝛾𝑎 and 𝛾𝑏) 

and the interfacial tension between them (𝛾𝑎𝑏) is expressed as work of adhesion; 

                                                              𝑤𝑎𝑏 =  𝛾𝑎 + 𝛾𝑏 − 𝛾𝑎𝑏                                                        (1.1) 

where a and b represent the two different liquids. For pure liquids pulled apart, the work of 

cohesion can be written as; 

                                                                        𝑤𝑎𝑎 =  2𝛾𝑎                                                            (1.2)                                       
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If one liquid and other solid surface constitute the interface, then; 

                                                             𝑤𝑠𝑙 =  𝛾𝑙𝑣 + (𝛾𝑠𝑣 − 𝛾𝑠𝑙)                                                 (1.3)                      

According to Young [50], the trigonometric relations between contact angle and the forces acting 

on a liquid droplet in equilibrium can be expressed as 𝛾𝑠𝑣 − 𝛾𝑠𝑙 = 𝛾𝑙𝑣 cos 𝜃. Substituting Young’s 

equation of wetting in to the work of adhesion expression yields the Young-Dupre´ equation: 

                                                               𝑤𝑠𝑙 =  𝛾𝑙𝑣 (1 + cos 𝜃)                                                    (1.4)                

taking θ = 0º, 𝑤𝑠𝑙 =  2𝛾𝑙𝑣; for 90º, 𝑤𝑠𝑙 =  𝛾𝑙𝑣; and for 180º, 𝑤𝑠𝑙 =  0. This expression correlates 

the wetting angle (θ) and the work of adhesion of a liquid on solid surface. 

Further, the force of adhesion between a flat substrate, a, and an elastic sphere, b, with radius R in 

a medium c was postulated by Johnson, Kendall, and Roberts theory, (Johnson, Kendall, & 

Roberts, 1971) [51]. The JKR theory is expressed as;  

                                                                   𝐹𝑎𝑑 =  − 
3

2
𝜋𝑅 𝑤𝑎𝑏𝑐                                                   (1.5)           

where 𝑤𝑎𝑏𝑐 is the work of adhesion between material a and b in a medium c.  

In an ideal elastic sphere adhesion based on the JKR mode, the force of adhesion depends 

on the energy required to separate the interface between two different materials. Understanding 

the oxide skin effect on gallium and its alloys droplet is rather complex. The droplet naturally 

encapsulated with the nanofilm of oxide layers can be ruptured through shear yielding. The shear 

force required to yield the oxide skin is close to the interfacial surface tension estimate when the 

droplet is squeezed in contact with a rigid substrate. The droplet shows viscous-like behavior with 

a precondition of yield according to rheological studies [52,53]. Therefore, JKR model fall short 

in capturing the dynamics of liquid metal droplets. By the assumption of Newtonian behavior of 

liquid metal droplet, it is possible to model its surface energy with surface characteristic of fluid 

such as water. Besides, the viscosity of the pure liquid metals is nearly twice that of water [54]. 

Irrespective of the ~ 3 nm oxide skin, the overall liquid-like property of the droplet is not affected.  

Through the shape of droplet formed by a fluid, surface tension can be measured 

alternatively. By the pendant technique, as aforementioned, a motionless droplet hanging from a 
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pipette or syringe tip is imaged. In this scenario, there are two acting forces on the droplet: gravity 

and surface tension force. Balancing these forces will enable to determine the droplet shape as 

stated by the Young-Laplace equation: 

                                                                 ∆𝑃 = 𝛾 (
1

𝑅1
+

1

𝑅2
)  (1.6)    

where ∆𝑃 is the pressure difference across a liquid sphere which represent the change in pressure 

between inside and outside of the droplet, and 𝑅1 and 𝑅2 are the two radii of curvature of the 

interface. 

To modify the surface tension of liquid metals, electrochemical and electro-wetting 

methods has been widely applied to tune the electrical double layer (EDL) across liquid metal 

[55,56]. The EDL formation is usually achieved in the presence of an electrolyte solution or when 

a liquid metal droplet is submerged in electrolyte solution. The surface tension between the liquid 

metal and electrolyte depends on the potential difference across the EDL. The voltage drop across 

the EDL is described by Lippman’s equation:  

                                                                   𝛾(𝑉) =  𝛾0 −
1

2
𝐶𝑉2                                                      (1.7) 

where 𝛾, 𝐶, and 𝑉 are surface tension, the capacitance, the potential difference across the electrical 

double layer; and 𝛾0 is the surface tension at maximum when V = 0. The EDL is uniformly charged 

in the absence of externally applied field. However, with the application of field, a potential 

gradient is generated along the EDL due to a finite conductivity. In the initial condition, where the 

EDL is uniformly distributed, the change in Laplace pressure ∆𝑃 can be assumed for a uniform 

spherical droplet as: ∆𝑃 = 2𝛾 𝑅⁄ .  For instance, Khan et al. [57] demonstrated how to reduce the 

surface tension of liquid metal from ~ 500 mJ/m2 to near zero in sodium hydroxide electrolyte with 

the application of 1V external potential. The ability to control the surface tension of liquid metal 

through surface oxidation is a good example on how versatile and important it is to harness the 

interfacial energy of liquid metal. Moreover, Hu et al. [58] manipulated liquid metal on a graphite 

surface immersed in an electrolyte to move the liquid uphill by controlling the pH of the 

environment. 



 

19 
 

1.2 Wrinkling Phenomena 

Wrinkling is ubiquitous in nature. Until recently, wrinkling, buckling and mechanical instabilities 

have been considered a nuisance and their appearance deemed unwanted [59]. The manifestation 

of wrinkling and buckling effects are very important principle in mechanical deformation of elastic 

slender materials. Wrinkling can be observed in animal skin surface due the stiff epidermis layer 

attached to a soft dermis or when elastic material experiences buckling. Naturally, wrinkles appear 

on surfaces to accommodate stress such as when a sheet of plastic material is under the influence 

of external force (uniaxial tensile force) [60]. Other examples of wrinkle emergence are shown on 

thin sheets of plastic floating on water surface [61]. In addition, thin films coating with metal or 

plasma treatment on soft elastomer can generate wrinkles with a defined wavelength, which can 

provide insight into the hard to measure mechanical properties of the material [62]. As polymer 

thin films are increasingly being integral part of electronics as coatings, dielectric membranes [63], 

tunable grating [64], and smart surfaces [65], access to their elastic moduli is crucial in designing 

and choosing the right parameter for specific application. Therefore, characterization of periodic 

wrinkling generated on surfaces offers an alternative approach to measure the elastic properties of 

such films [66]. Wrinkling occurs over a wider length scale.  

In biological systems, the field of wrinkle generated by a cell crawling on soft substrates 

have been used to quantify the forces generated during movement [67]. Similarly, vesicle, a thin 

soft bag formed by lipid bilayers with thickness of ~ 3 nm wrinkles [68]. Recently, Oratis et al. 

[69] show that rupturing and collapsing of viscous bubbles generate wrinkling with features similar 

to those appear in elastic sheet. The quantification of wrinkling phenomena have been studied by 

stretching composite materials with different stiffness where the top stiffer layer film adhered to 

the bottom infinite elastic foundation. A uniaxial force applied to these composite materials 

generate wrinkling instability with a characteristic wavelength.  
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The critical wavelength that minimizes the total strain energy is material dependent and 

can be expressed as:  

                                                                 𝜆 = 2𝜋ℎ [
(1−𝑣𝑠

2)𝐸𝑓

3(1−𝑣𝑓
2)𝐸𝑠

]
1/3

                                                  (1.8) 

where ℎ is the thickness of the upper film, 𝐸 and 𝑣 are Young’s modulus and Poisson’s ratio (the 

subscripts 𝑓 and 𝑠  denote the film and elastic substrate). When monitored carefully and analyzed, 

wrinkling provides a powerful tool to characterize the mechanical properties of thin films such as 

elastic modulus. The wavelength denotes a sinusoidal deformation profile of the film along the 

direction of applied compressive force that act on the elastic substrate. This kind of deformation 

mechanism is brought about by the competing energy between bending of the film and stretching 

of the foundation material (Figure 1.1). 

A landmark theory of wrinkling formulated by Cerda and Mahadevan [60], showed a 

generalized equations of wrinkling instability. They showed the optimal wrinkling wavelength by 

balancing the bending and strectching energy of a sheet that experiences uniaxial force. They 

derived a scaling law based on bending stiffness and effective elastic modulus. The scaling law of 

their finding can be summarized below as:  

                                                                      𝜆~ (
𝐵

𝐾
)

1/4

                                                                       (1.9) 

                                                                     𝐴~ (
∆

𝑊
)

1/2

                                                                 (1.10) 

where 𝐵 is the bending stiffness of a thin sheet, 𝐾 is an effective elastic stiffness of foundation, 

and ∆/𝑊 denotes the applied compressive strain. These expressions provide a powerful tool of 

characterizing all wrinkling phenomena. A thin elastic sheet when stretched will buckle/wrinkle 

due to energy minimization.  
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Figure 1.1: A schematic illustration of wrinkling geometry. A thin skin (film) with a thickness ℎ 

is rested on top of a thick infinite elastic foundation. Wrinkle wavelength and amplitude are 

represented as 𝜆 and 𝐴, respectively. Reproduced from reference [70]. 

 

An extension of wrinkling instability has been realized in different conditions. For 

example, when a thin polymer is stretched at a liquid interface due to surface tension effect, a 

wrinkling transition can emerge where a compression force is imposed through Laplace pressure 

[71]. Therefore, understanding how wrinkle evolves is of great importance in drug manufacturing. 

Thin elastic sheet made of polymer can wrap a droplet optimally as a prime example of control 

over the mechanical buckling effect of thin sheets where symmetry-breaking phenomena may arise 

through stress minimization. In the early observation, King et al. [71] illustrated an elegant 

experiment to characterize the wrinkling instability and the transition regime from wrinkled to 

crumpled regime in a thin polymer sheets on water droplet under compression. They used a 

polystyrene sheet of thickness from 49 to 137 nm, carefully delivered on the free surface of water 

at the top of a tube which formed a spherical cap of radius, 𝑅 = 2𝛾/𝑃. Where in this case 𝛾 is the 

liquid-vapor surface tension that stretches the sheet radially at its perimeter. 𝑃 is the Laplace 

pressure that acts normal to the surface of the sheet. In such scenario, the sheet responds to two 

different forces exerted on the sheet, the stretching and bending with moduli 𝑌 = 𝐸𝑡 and 𝐵 =

[
𝐸

12(1−𝑣2)
] 𝑡3, where 𝐸 is Young’s moudus, 𝑣 is Poisson’s ratio, and 𝑡 is thickness. The emerging 

morphological deformations were expressed through nondimensionless parameters defined as 
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confinement (𝛼) and bendability (𝜖−1). In summary, the governing equations of such wrinkling 

transitions can be expressed as: 

                                                                        𝛼 ≡
𝑌𝑊2

2𝛾𝑅2 ,                                                                (1.11) 

                                                                     𝜖−1 =  
𝛾𝑊2

𝐵
 .                                                             (1.12) 

where 𝑊 is the sheet radius. Because the stretching and compression are more energetically costly, 

the sheet experiences out-of-plane deformation to relieve stress. For optimal wrapping of liquid 

with a thin film material, a transition from wrinkling state is ensued by folding to the encapsulated 

final state. In this problem, the bending energies are negligible because of the dominating surface 

interfacial energies [72]. When a denser oil is dropped into a water bath where a thin sheet resides 

at the water-air interface, the surface tension force and the force of gravity compete to determine 

whether the impacting drop sink or float at the water interface. The critical size of the droplet 

depend on the capillary length, which is defined as 𝑙𝑐 = √
𝛾

∆𝜌𝑔
 , where ∆𝜌 is the change in density 

between oil and water. The droplet size require to sink the droplet is related to capillary length in 

a given relationship, 𝑅0 = √
3

2
  𝑙𝑐. 

During liquid metal exposure to ambient condition, oxide skin (thin film) growth is 

inevitable due to passivation of gallium-oxide layer. The oxide skin on gallium-based liquid metal 

is analogous to a thin film of synthetic polymer wrapping a liquid droplet. The oxide growth start 

with a fractal geometry with the abundance of oxygen in the environment. This oxide layer growth 

reached an equilibrium state attaining a thickness of approximately 3 nm. As previously discussed, 

the oxide skin provides a mechanical stability and prevent the liquid metal from free flowing.  

Under certain experimental conditions, an exotic wrinkling transition emerges in the natural liquid 

metal droplet, which provide a platform to investigate wrinkling effect in inorganic material. With 

the application of the well-established theory of wrinkling, we characterized the deformation of 

the oxide skin wrapped around the inner liquid metal. The analogous characteristic wrinkling will 

be discussed in the next chapter. 
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1.3 Crystallization Kinetics 

Crystallization process usually involves first order phase transition from amorphous to crystalline 

solid phase. Understanding crystallization process is vital in material design and development for 

many applications areas. For example, tailoring the crystallization kinetics in phase-change 

material application is a crucial aspect in selecting the right material candidate for the desired 

application. As information storage becomes an important issue of our digital era due to a sudden 

boost in the internet-of-things, the current information storage system faces challenge in high 

speed data processing [73]. According to a projection, the global digital data will continuous to 

double every year, and anticipated to have reached 44 zettabytes by 2020 (Figure 1.2). For many 

years, scientist have set out to look for an alternative architecture for memory device with fast 

speed, high density, and nonvolatile low power consumption memory devices [74]. Phase-change 

memory has attracted a great deal of attention as a nonvolatile data storage system for the next 

generation computing.   

In phase-change memory application, chalcogenide materials that exhibit amorphous 

glassy behavior are used in memory cell. To store information, a transition from the amorphous 

(non-ordered) to ordered (crystalline) phase is triggered by electrical or optical stimulation. The 

basis for this kind of data storage device lies at the heart of how fast crystallization takes place to 

SET and RESET a bit of information. In addition, most of the materials used in phase-change 

application are alloys of binary and ternary compositions [75]. Recently, elemental phase-change 

material based on antimony has been reported to show phase-change behavior under fast cooling 

condition [76], which opens a new avenue of monotomic phase-change memory material research. 

Soares et al. [77] demonstrated an all-optical phase-change memory in a single gallium 

nanoparticle solely based on polymorphism of gallium. They used pulse laser to deliver energy in 

form of heat to realize phase transition in the nanoparticle. Through differences in optical 

properties during phase transition, the polymorphic phases of gallium can be identified at different 

state. The typical polymorphs of gallium are alpha, beta, gamma, and delta phases. Depending on 

the heating condition, a metastable phase of gallium can be induced which exhibit a distinguishable 

optical state.  

 



 

24 
 

 

In designing a memory cell, interfacial property is one of the fundamental criteria to 

consider. Interface plays an important role in tailoring the bulk property of a material.  

Interface determines, and partly affects crystal growth velocity and acts as a site for heterogeneous 

nucleation. 

  

 

Figure 1.2: The growth tendency of digital data created or copied by automated machines and 

internet of things. Reproduced from reference [74]. 
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In classical nucleation theory (CNT), the kinetics of heterogeneous nucleation is modelled 

based on energy minimization of a system. To favor crystallization, the free energy change of solid 

and liquid state is negative (∆𝐺𝑠𝑙 < 0).  The CNT is a well-established theory and has been 

thoroughly investigated by Turnbull [78]. The Gibbs free energy change (∆𝐺) for the formation 

of crystallite is the summation of the volumetric and solid-liquid interfacial terms: 

                                                                ∆𝐺 =  ∆𝐺𝑣 +  ∆𝐺𝑖                                                             (1.13) 

where ∆𝐺𝑣  and ∆𝐺𝑖  are the volume and interfacial terms, respectively. The expression maybe 

written as: 

                                                                ∆𝐺 =  
4

3
𝜋𝑟3∆𝐺𝑣 + 4𝜋𝑟2𝛾                                                     (1.14) 

where 𝑟  is the radius, ∆𝐺𝑣  is volumetric free energy and 𝛾  is the interfacial energy. Due to 

competition between the volumetric and interfacial term in equation 1.14, for a stable nucleation 

to form a nuclei critical radius (𝑟∗) is required for a maximum ∆𝐺. The driven kinetics of attaining 

a critical nucleus is expressed as: 

                                                                             𝑟∗ =  
2𝛾𝑇𝑚

∆𝐻∆𝑇
                                                          (1.15) 

Therefore, the nucleation barrier for the formation of such critical radius is given as:  

                                                                            ∆𝐺∗ =  
16𝜋𝛾3

3∆𝐺𝑣
2                                                           (1.16) 

Here ∆𝐺∗  indicates the initiation of solidification process. However, the tendency of metallic 

liquid to deeply supercooled usually result in high activation energy. The Gibbs free energy 

between the liquid and solid maybe expressed as: 

                                                                            ∆𝐺𝑣 ≈  
∆𝐻𝑚∆𝑇

𝑇𝑚
                                                    (1.17) 

where ∆𝐻𝑚 is the latent heat of melting, 𝑇𝑚 is melting temperature, and ∆𝑇 is the supercooling 

degree (𝑇𝑚 − 𝑇).  
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In another term, the role of liquid surface in crystallization can be understood through nucleation 

frequency. The rate of homogeneous nucleation of liquid is defined as: 

                                                                  𝑅 = 𝐴 exp (−
∆𝐺∗

𝐾𝐵𝑇
)                                                         (1.18) 

where 𝐴 is a pre-factor proportional to free energy of activation (𝐺𝐴) for self-diffusion of atoms 

across the solid-liquid interface. The expression 𝐴 =  
𝑛𝐾𝑇

ℎ
exp (−

𝐺𝐴

𝐾𝑇
). Here, 𝑛 is the number of 

atoms per unit volume of liquid, 𝑘 is the Boltzmann constant and ℎ is the Planck constant. At the 

solidification temperature of most metals, exp (−
𝐺𝐴

𝐾𝑇
) is in the order of 10−2. Hence, it is expected 

to arrive at 𝐴 ≈  1033𝑠−1𝑐𝑚−3 [79]. In many cases, it is arguable that nucleation takes place 

homogeneously within because of stable nuclei formation in a melt. Therefore, nucleation mostly 

occur at a surface, interface, crevices, impurity, or boundaries. In such, the energy required for 

nucleation is favorably reduced by a factor related to contact angle of the nucleus on the foreign 

surfaces. Here, free energy expression is written as: 

                                                           ∆𝐺∗
ℎ𝑒𝑡 =  ∆𝐺∗

ℎ𝑜𝑚𝑜 𝑓(𝜃)                                                  (1.19) 

                                                           𝑓(𝜃) =
(2+cos 𝜃)(1−cos 𝜃)2

4
                                                       (1.20) 

Thus, the rate of heterogeneous nucleation can be written as: 

 

                                                       𝑅ℎ𝑒𝑡 = 𝐴′ exp (−
∆𝐺∗[𝑓(𝜃)]

𝐾𝐵𝑇
)                                                     (1.21) 

where 𝐴′ ≈ 1025𝑠−1𝑐𝑚−3. In a deep supercooled liqud metal, heterogeneous nucleation can be 

powerful tool to harness the crystallization behavior of a melt such as the room temperature low 

melting point metallic alloys. In principle, heterogeneous nucleation can be controlled by seeding 

to induce on-demand crystallization in supercooled liquids or facilitate the precipitation of rain 

droplets. In chapter 3, heterogeneous crystallization approach is used to enable the control of Ga 

crystal formation from a stable supercooled melt. By tuning the surface and interface in which 

crystallization occur, one can understand the influence of temperature on the crystallization 

kinetics. Furthermore, the initial surface temperature could determine the outcome of the crystal 
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morphology. Several material properties including thermal conductivity, diffusion coefficient, 

thickness, and density are crucial during crystallization process. For example, thermal gradient 

across two different materials during crystallization determines how faster heat dissipate at an 

interface. The solidification of metallic melt with high thermal conductivity is interesting in 

tailoring microstructure of solids for wide application areas. In crystal growth process, single 

crystal material can be obtained through seeding from a starting melt of the material. Due to 

immense boost in solar cell industry, alternative route for high quality crystal fabrication is being 

sought since materials with different chemistry and form are desirable for different applications. 

 

1.4 Size-Temperature Effect on Gallium Polymorphism  

The unusual melting and freezing of gallium across different size scales have been reported in 

numerous studies [80–86]. The influence of size-related effect on the crystallization and melting 

of gallium under confinement has remain a challenge for decades. Under ambient condition, 

gallium solidifies into different crystal modifications at different temperature regime. The stable 

room temperature bulk gallium is the alpha (𝛼 − 𝐺𝑎) phase with melting point of 29.9 ℃, whereas 

several other metastable phases such as beta  (𝛽 − 𝐺𝑎), delta(𝛿 − 𝐺𝑎), and gamma(𝑌 − 𝐺𝑎) 

polymorphs exist at much lower temperature with melting points -16.2 ℃, -19.4 ℃, and -35.6 ℃, 

respectively [83]. The high-pressure phases of gallium are more complex where Ga-II exist as 

body-center cubic (bcc) and Ga-III as body-center tetragonal (bct) [87–89]. Most of the studies 

conducted on confined gallium droplets were in a polymer matrix, porous glass or at grain 

boundaries in a confined space. For instance, Di Cicco [82] embedded droplets of gallium in epoxy 

resin to probe the peculiar phase transition of gallium in a confined geometry. Soares et al. [90] 

show that gallium grown on the tip of optical fiber exhibit metastable phases even without the 

confinement effect. Liu et al. [80] attributed the metastability of gallium to surface interaction with 

carbon nanotubes. Although, myriad of research has been carried out on the physical properties of 

these polymorphs, there remain some aspects of these phases to be discovered. There is not 

tangible explanation to what extent confinement and surface effect contribute to the emergence of 

the different crystal phases in elemental gallium.  
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1.5 Anomalous Structure Order in Liquid Gallium  

Like water, upon freezing to solid from the liquid state at ambient conditions, gallium exhibits 3% 

volume change [89]. Unlike other metals, the stable orthorhombic α-Ga crystal consist of dimer 

molecules. In a first-principles theoretical work by Gong et al. [91], α-Ga was identified as a 

metallic molecular crystal due to its strong Ga2 dimer covalent behavior. Arguably, the description 

of molecular nature of gallium metal may be related to its low melting point [92]. Upon melting 

from the solid phase, the dimeric character of gallium may remain in the molten state. Melting is 

an order-disorder phase transition by which numerous physical properties such as long-range order 

and shear modulus are altered drastically. Additionally, electronic property of a liquid phase can 

vary from the solid phase of the same material substantially. For example, semiconductor Si and 

Ge are metallic in the liquid phase [93,94]. 

An amorphous liquid phase is disordered system like glass. The like of such systems lack 

defined direction in terms of long-range order. However, the structure of liquid gallium differs 

from that of a simple liquid. There are speculation on the existence of dimers in the liquid phase, 

which are reminiscence of the dimeric bonding of the α-Ga solid phase. For decades, the structure 

property of liquid gallium has been debated [44,92]. X-ray and neutron scattering experiments of 

liquid gallium are employed to characterize the structure order near the melting point and at higher 

temperatures. The maximum structure factor 𝑆(𝑘)  of liquid gallium is asymmetrical which 

centered around 2.55 Å-1 with a shoulder [46,95,96]. Xiong et al. [45] have elaborated on the 

evolution of such structure in liquid gallium for a wide range of temperature. Drewitt et al. [4] 

have recently reported on the structure of liquid gallium under extreme pressure and temperature 

condition. In their results, even though the liquid resembles a hard-sphere structure close to the 

melting curve, they found increasing fractions of five-fold symmetric and crystalline motifs at high 

pressure and temperature. Based on the neutron and X-ray scattering data, Mokshin et al. [44] 

disclosed that no stable crystalline domains or molecular Ga2 dimers in equilibrium liquid phase. 

According to a theoretical study, the structure of liquid gallium has been attributed to the high-

pressure gallium phases Ga-II and Ga-III [97] or β-Ga [95] instead of the dimer. Despite the 

extensive studies on the structural features of liquid gallium, discussion on the origin of such 

fascinating behavior has remained inconclusive and a consensus is still lacking.  
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1.6 Liquid-Liquid phase Transition in Gallium 

Under strong supercooling of glassy liquid, liquid-liquid phase transition (LLPT) were observed 

in both molecular liquids and metallic melts [98,99]. LLPT is a liquid polymorphism attributed to 

structural transformation. This structural anomaly is temperature dependent and can affect 

thermophysical parameters of liquid such as viscosity. The viscosity (𝜂)  of molten slag is 

temperature sensitive above the melting point as described by Frenkel’s equation [100]: 

                                                                𝜂 = 𝐴 exp (
𝐸

𝐾𝐵𝑇
)                                                                (1.22) 

where 𝐴 and 𝐸 are temperature independent, and 𝐾𝐵 is Boltzmann’s constant.  

In experimental studies, LLPT is shown to occur in elemental liquids such as phosphorous [101], 

and silicon [98]. In a recent study, LLPT has been observed in Sulphur [102] and gallium alloys 

under nanoconfinement [103]. Generally, LLPT is a hidden phenomenon overshadowed by fast 

crystallization process in materials. Theory and simulation studies show that elemental gallium 

exhibit LLPT [98,104,105]. In a study by Li et al. [85], they claimed that size-temperature driven 

polymorphism in gallium is accompanied by LLPT where metastable gallium phases could coexist 

with a liquid at a certain length scale after transition from one phase to another.  

 

 

1.7 Gallium Clusters “Magic Melters” 

It is a fundamental question to understand how the atomic and electronic properties change with 

size of matter [106]. Clusters are formed because of aggregation starting from a single atom to tens 

and hundreds of atoms and to bulk material. Thermodynamic property such as melting point of a 

small cluster differs from that of the bulk parent material [107]. The reduction of melting point as 

size decreases is known as ‘melting point depression’. Metals with low melting points like indium 

[108], gold [109], tin [110], and lead [111] are used for the investigation of the melting point 

depression. In a pioneering work, Schmidt et al. [112,113] have measured the melting point and 

heat capacity of 139 sodium atoms in a cluster where the cluster acted as its own nanocalorimetry.  
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Lai et al. [110] experimented with small tin particle by nanocalorimetric measurements 

using ultrafast calorimetric method. In light of recent studies, melting point depression is partly 

applicable for mesoscopic clusters containing thousands of particles [114]. For much smaller 

clusters with a few atoms, the melting point depression effect does not hold. Through ion mobility 

measurement, Shvartsburg et al. [114,115] examined the room temperature structure of tin cluster 

cations consisting of 68 atoms. They experimentally proved that clusters with 15 < n < 35 adopt 

prolate geometries (i.e., pointy ellipsoid similar to a rugby ball shape) with aspect ratio up to 3. 

Following the work of  Li et al. [106] on the dynamics of atomic clusters and the simulation 

on cluster formation, there was great interest in the structural dynamic of cluster formation. 

Molecular dynamic simulations on atomic clusters of Ga30 and Ga31 revealed a dramatic size 

sensitivity of heat capacity measurement [116]. This type of cluster of Ga31 ion with a well-defined 

heat capacity is called a “magic melter”. In an experimental study conducted by Gary et al. [117], 

they measured the internal energy of the cluster ions of Ga17
+, Ga39

+, and Ga40
+. The temperature 

dependency of specific heat capacity of gallium persist across wide range of clusters of 30-55 

atoms [118]. The strong size dependent higher than bulk (29.8 ℃) melting temperature of gallium 

cluster ion is well studied. At this length scale, the addition of one atom to a cluster can have a 

tremendous effect on the specific heat capacity of the cluster. In doing so, a subtle change in 

specific heat capacity can be detected based on the number of atoms in a cluster. For instance, 

nonmelter cluster ion is usually without a heat capacity peak or a broad peak, whereas the magic 

melter exhibit an identifiable peak of specific heat capacity.  
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1.8 Methodology 

In this section, most of the important techniques and sample preparation procedures covered in 

this dissertation are discussed. Microstructure characterization techniques employed are explained 

in detail. 

1.8.1 Investigation of the Supercooling Effect  

To investigate the supercooling effect of gallium, we used differential scanning calorimetry (DSC). 

The principle of DSC is based on the energy changes that occur when material is heated. Any heat 

change in a material such as enthalpy of fusion and crystallization can be register as the material 

is heated, cooled, or held isothermally at a constant temperature. The temperature at which events 

occur is very important in understanding thermal behavior of the material. This method provides 

both quantitative and qualitative information about the physical and chemical changes pertaining 

energy changes in materials. DSC is one amongst other techniques used to study thermally 

dependent property of materials such as melting, crystallization, boiling, oxidation, reaction 

kinetics, glass transition and enthalpy recovery. The use of this technique spans from material 

understanding to pharmaceutical studies. The advantage of this technique is that the sample are 

easily prepared and encapsulated.  

Ga samples of 5 - 7 mg were subjected to heating and cooling at 5 ℃ min−1 to detect the 

endothermic and exothermic peak for all phase transition. On heating to 150 ℃, the sample melts 

at around 30 ℃, which is the regular melting point of Ga. On the contrary, during cooling circle 

the liquid Ga does not crystallized at 30 ℃ due to the induced supercooling effect (Figure 1.3). 

The supercooling effect is induced by overheating the material beyond its melting point. 

Supercooling effect is a thermal related to the internal energy of a system. It is an intrinsic property 

of certain materials to exhibit supercooled state because of metastability. Typical example of such 

materials is liquid water. In Figure 1.3, the green line indicates the heating cycle, while the red 

line indicates cooling cycle, respectively. 
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Figure 1.3: DSC curve of heating and cooling cycle demonstrating the supercooling behavior Ga 

 

1.8.2 Fabrication of a PDMS Post 

To prepare a platform in which we will carry out the experiment, a negative mold made up of 

PDMS was obtained by replicating a 3D-printed cylindrical post that was designed in a computer-

aided design (CAD) software (SolidWorks). Before the molding process, a plastic version of the 

post, composed of VeroClear material was fabricated using 3D printer (Objet260 Connex, 

Stratasys Ltd.). The post has a diameter of 1.75 mm with a height of 5.25 mm, and base support 

of 5 mm diameter with 2.8 mm thickness (Figure 1.4, step 1). The printed post was thoroughly 

cleaned in 1 mol NaOH solution to remove the supporting materials. The post was then fixed 

upright in a small plastic petri dish using double-sided tape. A prepolymer (Sylgard 184, Dow 

Corning) siloxane base and curing agent were mixed in a 10:1 ratio, degassed, and casted into the 

Petri dish, which was then cured in a vacuum oven at 90 °C for 1 hour and carefully demolded. 

The fabricated negative mold of the soft cavity was treated in an oxygen plasma at 100 W for 3 

minutes, then followed by surface modification using Trichloro(1H,1H,2H,2H-perfluorooctyl) 

silane (Sigma-Aldrich Chemie GMBH) for 1 hour in vacuum and cured at 90 °C for 30 minutes. 
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The perfluorosilane modification of the mold was very significant in preventing the adhesion of 

the casted materials in the following replication steps. To fabricate the sample, again, the siloxane 

base and curing agent were mixed in a 10:1 ratio, degassed, and casted on the PDMS mold of the 

cylindrical post cavity. The sample was cured in a vacuum oven at 90 °C for 1 hour and then 

demolded (Figure 1.4, steps 9 and 10). The post was attached to a threaded metallic holder to 

facilitate attachment onto a force sensor for adhesion measurement. A silicone adhesive (Sil-Poxy, 

Smooth-On Inc.) was applied between the metal and the base part of the PDMS post. After curing 

at room temperature for 30 min, strongly bonded component of the post and the metal holder was 

prepared.  

 

 

Figure 1.4: Fabrication procedure of a PDMS post with a Ga droplet. Individual steps of printing 

and molding are shown schematically. Ga was kept in liquid state by heating it above its melting 

point, up to 35 ᵒC, in order to induce supercooling effect [119]. After heating the metal to this 

temperature, solidification process of liquid-Ga was inhibited; then, we dipped the post in the melt 

to decorate the PDMS tip with a Ga droplet. The experiments were carried out in ambient 

temperature. Ideally, heating Ga to about few degrees (1 to 2 ᵒC) above its melting temperature 

does not impede its solidification at room temperature when cooled down. 
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1.8.3 Attachment of Liquid Gallium Droplet to PDMS Post 

A pool of liquid-Ga was prepared by heating commercially available pure Ga (99.99%, ACROS 

Organics™) up to 10 °C above its melting temperature (29.7 °C). After heating to this temperature, 

the supercooling effect is induced, which depends on the degree of overheating [119,120]. The 

solidification of liquid-Ga is inhibited at room temperature and thus, we carried out the experiment 

conveniently by leveraging this effect. Ideally, heating liquid-Ga to about few degrees (1 to 2 ᵒC) 

above its melting temperature does not impede its solidification when cooled down to room 

temperature. The PDMS post mounted to the force sensor was lowered into the Ga liquid to coat 

the material. After removing the PDMS from the liquid Ga , a spherical cap droplet was attached 

to the post due to cohesive bond between liquid Ga and the PDMS as shown in Figure 1.4, step-

12. 

 

1.8.4 Adhesion Setup 

A customized adhesion setup mounted on an inverted optical microscope (Axio Observer A1, 

Zeiss) with a video camera (Grasshopper3, Point Gray Research Inc.) was used to visualize and 

record the contact interface (Figure 1.5). The force between the sample and substrate was measured 

by a high-resolution load cell (GSO-25, Transducer Techniques). The load cell was mounted to a 

high-precision piezo motion stage (LPS-65 2″, Physik Instrumente GmbH & Co. KG) in the 

vertical z direction, with a resolution of 5 nm and maximum velocity of 10 mm·s−1. A long-ranged 

motor stage (M-605 2DD, Physik Instrumente GmbH & Co. KG) was used in y direction with 1-

μm resolution and high maximum velocity up to 50 mm·s−1. The substrate was fixed onto a sample 

holder within the focal range of the microscope and moved in x direction by the piezo stage (LPS-

65 2″, Physik Instrumente GmbH & Co. KG). A secondary video camera was used to visualize the 

side view of the sample during the experiments. The camera was attached to an objective lens 

(Mitutoyo M Plan Apo 10x Objective) and captured the z direction motions during preloading 

from the side. A computer controls all motion stages. Both environmental temperature and 

humidity were monitored using a commercially purchased sensor (Humidity/Temperature/Dew 

Point Meter, Fisher Scientific). 
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Figure 1.5: (a) Photograph of the custom experimental setup for characterization of the Ga droplet 

adhesion on a glass substrate. (b) The magnified side-view image of the Ga droplet attached to the 

PDMS pillar mounted on the load cell, and the glass surface on which the liquid Ga is pressed.  
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1.8.5 Microscopy Technique 

A scanning electron microscopy (SEM) technique was used to characterize the surface structure 

and morphology of gallium material. In addition, the elemental composition of gallium was 

analyzed with this technique. An accelerated electrons beam bombarded the surface of the 

material, thereby creating secondary photons with a characteristics energy level. By scanning the 

illumined sample surface under high vacuum, a detector can collect the scattered secondary 

electrons emitted by the material to reconstruct the surface morphology. The emitted secondary 

electrons are characteristics of the material under investigation. The secondary electrons are the 

result of interaction of the atoms from the sample due to the interaction with incident electron 

beam. Back scattered electrons due to elastic scattering from the atom of the material enabled 

elemental analysis by creating a contrast difference. 

When secondary electrons are created in the material, an unoccupied state is left behind which can 

interact with a high energy level electron and result in characteristic X-ray emission that allow the 

further  elemental characterization of the material through energy dispersive X-ray spectroscopy 

(EDX or EDS). 

The surface of gallium is crumpled with uneven geometry when exposed to ambient condition. 

SEM imaging allow the visualization of the wrinkles that formed on gallium droplet showing the 

structure of the fresh gallium oxide skin that developed on the droplet. To prepare gallium sample 

for SEM, thin film samples were slowly cooled and solidified which were then quenched in liquid 

nitrogen prior to imaging. Afterward the sample was freeze-fractured to investigate the bulk 

structure property of the films Figure 1.6a depicts a typical gallium sample fractured into small 

piece and was mounted on a SEM holder with carbon tape as fixation support. During SEM 

imaging, the samples was held at -20 ℃ to prevent structural damage. EDX analysis for a Ga film 

crystallized at ambient condition shows the elemental content of the material (Figure 1.6b). 
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Figure 1.6: (a) Representation of SEM sample preparation for microstructure characteristics. The 

arrow is pointing at a fractured gallium film of 300 µm thickness. The black film is conductive 

carbon tape suitable for SEM imaging. (b) An EDX analysis of pure Ga solid crystallized in open 

air. 
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1.8.6 Atomic Force Microscope (AFM) 

Atomic force microscopy technique is utilized to for the characterization of surface roughness and 

morphology of material. AFM imaging technique uses laser beam deflection system with a 

cantilever. The laser reflection from the back of a reflective cantilever is detected onto a position-

sensitive detector by scanning across a surface. The sharp tip of the cantilever is force sensitive 

and allows mapping material surfaces with micro- or nano-contours. With AFM, very fine 

roughness scale down to nanometer features are characterized. From the AFM result in Figure 1.7, 

we measured a surface roughness value of a rigid glass with a root-mean-square value of 1.23 nm. 

 

 

Figure 1.7: Atomic force microscope (AFM) surface 3D image of the glass substrate used 

in experiments. Root-mean-square (RMS) roughness of the glass surface is measured as 

1.23 nm. The image was obtained using JPK NanoWizard ULTRA Speed AFM through 

tapping mode. 
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1.8.7 X-ray Diffraction (XRD) Technique 

X-ray diffraction technique  is a very powerful tool to investigate the structure of materials. It has 

been widely utilized in diverse application area including material science, physics, chemistry, and 

biology.  X-ray diffraction technique is widely employ to understand structural property of matter 

such as crystal (long-range order) and amorphous (disorder). The method is nondestructive for 

most materials. XRD has major implication in tailoring microstructure for various applications. 

XRD technique is based on Bragg’s diffraction of structure when illuminated with X-ray radiation. 

The mathematical expression of the Bragg’s law of diffraction explains the relationship between 

the wavelength and angle of diffraction. It is written as:  

 

                                                                    𝑛𝜆 = 2𝑑 sin 𝜃                                                                  (1.23) 

 

 where 𝜆 is the wavelength of X-ray photon, 𝑑 is interlayer spacing between planes, and 𝜃 is half 

the diffraction angle. For the XRD of thin film gallium sample, we adopted the conventional 

powder XRD  D8 Advance Bruker X-ray machine using a Cu-Kα (𝜆 = 1.5418 Å) to investigate 

the crystal structure of large area  crystals of gallium obtained from the supercooled state. The 

crystal was fabricated on the desired substrate material such glass. Prior to the XRD analysis, the 

sample cooled in liquid nitrogen to prevent melting of gallium due to its low melting point. The 

tendency to melt the structure in gallium crystal at room temperature is high upon prolong exposure 

to high-energy radiation. In Figure 1.8, an example of gallium film prepared for the XRD 

experiment is illustrated. The sample thickness is around 65 µm. 
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Figure 1.8: Sample preparation for X-ray diffraction measurement. The darker (silvery gray) 

region on the glass plate is a large area crystal of gallium obtained from the supercooled melt. 

 

1.8.8 Optical Characterization and Device Fabrication 

Optical reflection of measurements are performed in an electro-optic cell. The device was 

constructed by sandwiching liquid gallium or gallium-indium alloy in between two electrically 

conducting transparent glass plates. A spacer controlled the thickness of the assembled device. 

Copper electrodes were connected to the conductive side of both glasses using highly electrical 

conducting silver paste that is thermally cured for 30 minutes to enable secure electrical 

connections (Figure 1.9). Note that, liquid metal is sandwiched between the glasses with the 

conducting sides inward. For further experimental detail on optical sample preparation, the reader 

should referred to chapter 4. The optical effect upon field application is studied under reflective 

polarized optical microscopy (R-POM). Because of the opacity of gallium, the optical 

characterization was limited to reflective light, unlike the usual transparent materials, which 

transmit incident light. Ga and its EGaIn alloy show relatively very small absorptions at certain 

electromagnetic wavelength.  The UV-Vis-NIR spectra of the two materials, pure Ga and EGaIn 

(75.5% Ga, 24.5% In) were carried out in thin film sandwiched between transparent glass. The 
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UV-Vis-NIR spectra exhibit small relative absorption at selective wavelengths in liquid Ga and 

EGaIn film under investigation (Figure 1.10). The measurement was performed using Perkin 

Elmer UV-Vis-NIR, lambda 1050+. 

 

Figure 1.9: An illustration of electro-optic device. The device was assembled by sandwiching 

liquid metal film between two electrically conducting glass plates. The black rectangular box 

show the liquid Ga film of approximately 1 x 0.5 mm2. 
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Figure 1.10: UV-Vis-NIR spectra of Ga (a) and EGaIn (b). There is similarities in absorption 

peaks at selective wavelengths in both pure Ga and EGaIn alloy.  
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1.9 Objectives of the Thesis  

Due to the ever-growing demand of soft electronic devices for functional material interfacing with 

machine for sensing and motion detection, liquid metals are extensively studied. However, the 

understanding of structural and interfacial properties of liquid metals remained inconclusive. In 

this work, I set to resolve some of the fundamental questions related to the liquid structure of 

metallic materials. The findings presented in this thesis will change the scope of how liquid metals 

are utilized in soft-matter conductive material application and will open up a new avenue of 

material physics research.  

Objectives of this thesis are:  

(1) To understand the role of the Ga2O3 skin encapsulating liquid gallium droplet and its 

interaction with a rigid substrate 

(2) Explore the fundamentals of crystallization in supercooled liquids, the effect of 

supporting substrate on the crystallization kinetics, and the realization of glass 

transition in elemental gallium 

(3) Investigate structural order in gallium by revealing the liquid crystal mesophase in 

supercooled liquid gallium and gallium-indium, which has evaded scientists for 

decades. 

 

1.10 Thesis Contributions 

This thesis focuses on three different fundamental physical attributes of supercooled liquid metal 

gallium. New strategies have been developed to study the wrinkling behavior of oxide skin 

encapsulating liquid gallium droplet under mechanical deformation at a rigid interface, thermal 

effect on the crystallization kinetics on different interface materials, and molecular liquid crystal 

behavior of the supercooled liquid gallium and gallium-indium alloy. Thus, different fabrication 

methods and designs are utilized to reveal the fundamental aspects of liquid gallium that remained 

unknown hitherto. The main contributions are:  

1. Characterization of wrinkling emergence and the transition from circular to radial wrinkles. 
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2. Highly oriented crystal formation on substrates, glass transition of elemental metal, and 

substrate-dependent adhesion of gallium.  

3. Discovery of liquid crystal phase in supercooled liquid gallium and gallium-indium. 

 

1.11 Thesis Outline 

The thesis consists of three parts. Chapter 2 introduces the wrinkling mechanics and adhesion of 

supercooled droplet of gallium under mechanical confinement. The role of its oxide skin in contact 

with rigid substrates such as rigid glass, where wrinkling instability and interfacial adhesion is 

studied. We thoroughly investigated the evolution of wrinkling dynamics of the oxide crust 

analogous to a thin sheet of plastic stretched on a fluid surface. The wrinkling phenomena is an 

example of how natural systems develop folds and creases to relieve stresses and conform from 

three-dimensional (3D) to two-dimensional (2D) space. The force characterization gives an insight 

of how much deformation is required to rupture the oxide skin of liquid metal. Newtonian liquid-

like property of the liquid droplet is verified through surface energy approximation. Residue 

deposition the substrate surface is analyzed for a delicate manipulation of the droplets. All this will 

enable the versatility on how to utilize liquid metal for soft electronic applications. 

Chapter 3 summarizes the phase transformation kinetics of bulk gallium from liquid to 

solid state (crystallization kinetics). The influence of thermo-mechanical stress at the interface of 

the substrates with different thermal properties are investigated. The goal of this part of the work 

is to elucidate the intrinsic material properties of elemental gallium and leverage the unusual 

properties it present to understand the fundamental aspect of crystallization kinetics of liquid 

metals at ambient condition. The supercooling effect of gallium provides a suitable platform to 

investigate how metallic liquids crystallized. The unique effect of surface temperature and the 

thermal conductivity of the substrate are exceptional features allowing the formation of monolithic 

crystal film of gallium. Single crystal growth are achieved similar to Czochralski crystal growth 

method on a flat glass slide. This approach provides a new route to suitable production of high 

quality crystals on different substrates for optoelectronic, solar cell, and flexible electronics. One 

of the missing link between crystallization and surface property when growing a large area crystal 

is the influence of the substrate material. To solve this challenge, we have uncovered the 
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underlying principle governing heat dissipation through substrate. By tuning the surface 

temperature and the thermal conductivity of the substrate, we controlled the outcome of the 

crystallization process. Depending on the interface material, we can tailor the microstructure of 

the crystal formation leading to large area single crystal formation without the need for external 

forces such as magnetic or electric field during growth process. Moreover, the introduction of 

seeding crystal enabled on demand crystallization with high fidelity. Different from other 

supercooled liquids such as water, we now show that crystallization of supercooled liquid metal 

can be controlled by initiating a nucleation from a specific site. The method can be extended to a 

large-scale synthesis of high quality crystal from a melt precursor. 

In Chapter 4, a discovery of liquid crystal phase in liquid metals is demonstrated. Over 

decades, scientist have posed the notion of structural order in liquid gallium. In an ideal isotropic 

liquid, atoms jiggle around randomly without any long-range order. On the contrary, crystalline 

materials are ordered with regular arrangement of atoms and defined translational symmetry. The 

atoms in crystals are fixed in position with a special modification. Different atoms form distinct 

modification of crystal structures. According to classification of matter, a phase that exist between 

the isotropic liquid and solid state is a mesophase. The mesophases can possess a property of both 

liquid and solid with a long-range molecular spatial organization and therefore are called liquid 

crystals (LCs). Unlike the disordered isotropic liquids, LCs possess long-range orientation, and in 

some cases, positional order. In 1888, Friedrich Reinitzer discovered the cholesteric LC phase in 

cholesteryl benzoate by observing the foggy blue color upon melting before reaching the isotropic 

phase [121]. Many scientists and engineers have detected series of optical activities and phase 

transitions in various LC materials. Currently, there are hundreds of organically synthesized LC 

molecules with exotic properties including the nematic, cholesteric, and smectic phases. The 

common nematic phase enabled the modern day LC display technology [122]. The constituent of 

LC molecules have been the covalently bonded organic molecules. Hitherto, in this thesis, an 

unprecedented discovery of LC structure in supercooled metallic liquid gallium and its alloy 

(gallium-Indium) is unveiled at room temperature. By the use of reflective polarized optical 

microscopy (R-POM) on Ga sandwiched between glass substrates treated with rubbed polymers 

that usually align the director of thermotropic liquid crystals (LCs) parallel to the rubbing, 

spectroscopy technique and differential scanning calorimetry, we have identified anisotropic 

reflection at 120°C that increases on cooling and persists down to room temperature. The optical 
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phenomenon investigated could be a paradigm shift in understanding the behavior of matter and 

justifies the long debated structural order mechanism in liquid metals. 

Finally, the last chapter summarizes the overall contributions and results of our work and 

presents a future work for the immense potentials of liquid metals in electronic devices.  
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2 Wrinkling Instability and Adhesion of 

Liquid Gallium Droplet 
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2.1 Introduction 

The mechanical behaviors of nanofilms in response to external stimuli could provide insights into 

the morphology of biological systems. Recent studies have explored the wealth of such behaviors 

by exposing two-dimensional (2D) films to various loading conditions [60,71,124–126] as well as 

conforming them to three-dimensional (3D) objects [127,128]. The fundamental response explored 

in these studies is the out-of-plane wrinkling that occurs to alleviate compressive stresses. 

Wrinkling has implications in morphogenesis, interfacial-crack trapping to enhance adhesion, 

patterning, and functional optical and electronic materials [59,129–132]. Also, this frustrated 

geometry is naturally observed during crystal growth on curved surfaces [133,134]. For instance, 

the growth of a native gallium oxide (Ga2O3) nanofilm a few nanometers thick [135,136] on the 

surface of liquid gallium and eutectic gallium-indium metals could result in a crumpled topology. 

Gallium-based liquid metals have garnered considerable attention recently as a result of 

their unique intrinsic mechanical, thermal, phase-changing, and electrochemical properties 

[8,57,137,138]. Liquid gallium (Ga) has a low melting temperature (29.7 ᵒC) and low viscosity 

(1.95 mPa·s at 30.5 ᵒC), roughly twice that of water [54]. Its toxicity compared to mercury (Hg) is 

negligible [139], and the vapor pressure at room temperature is low (< 1.33× 10−9 Pa) [140]. Ga-

based liquid metals are attractive for a broad range of applications including flexible or stretchable 

sensors, microelectronics, 3D printing, reversible adhesives, and next-generation nanomechanical 

devices [28,31,37,141–144]. The Ga2O3 skin of liquid Ga and its alloys is a robust elastic nanofilm 

that provides mechanical support to the bulk liquid metals, even upon mechanical deformation. 

The oxide nanofilm is readily formed as the liquid metal is exposed to oxygen by initially forming 

one unit cell layer thickness [135,140]. It then grows at an ambient atmosphere, attaining a 

thickness value up to 3 nm [136]. Although a few studies have been conducted on the wetting 

behavior of Ga-based liquid metals [145,146], there are none on the interfacial adhesion mechanics 

of a liquid Ga droplet when its Ga2O3 skin comes into contact with a rigid substrate.  In this study, 

we present the mechanical behavior of the highly bendable native oxide skin when compressed 

against a rigid flat substrate as it exhibits a fascinating wrinkling phenomenon, and its implications 

on the adhesion energy necessary to separate the interface. The Ga2O3 sheet relieves the applied 

compressive stress at the contact interface by transitioning from a circular to radial wrinkled state. 
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The circular wrinkles enhance fracture strength by trapping cracks that propagate along the radial 

direction.  

While the adhesive contact mechanics of such oxide nanofilms on a liquid metal droplet 

may appear analogous to that of elastomeric thin membranes filled with air [147–149], our 

nanofilm mechanics differ significantly. In this study, the oxide nanofilm encapsulates an 

incompressible fluid with a constant volume, while the reported inflated and deflated elastomer 

membranes were filled with air that was compressible and had a variable volume. Moreover, the 

elastomer membranes were highly stretchable while our oxide nanofilm is mainly bendable. A 

scanning electron microscope (SEM) image of fresh Ga droplet shows a highly crumpled oxide 

membrane with sharp ridges and vertices (Figure 2.1a). These out-of-plane deformations are to 

relieve in-plane stresses that are induced by defects including grain boundary and atomic 

dislocation [140,150]. However, Figure 2.1b shows the SEM of the Ga droplet covered with the 

oxide skin after being deformed by a given preload (force). Note that the oxide skin ruptured at a 

high load, evidenced by the dark spots, which are discontinuities due to cracks. 

 

Figure 2.1: Morphology of the crumpled gallium oxide (Ga2O3) nanofilm encapsulating a liquid-

gallium (Ga) droplet. Scanning electron microscopy (SEM) images of the crumpled Ga2O3 skin: 

(a) before contact with a smooth glass substrate and (b) after contact with a preload of 10 mN. The 
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scale bars are (a) 100 µm, (a, inset) 20 µm, and (b) 200 µm, respectively. The arrow in (b) points 

to the center of contact of the Ga droplet. 

 

2.2 Experimental Section 

2.2.1 Adhesion Setup 

Adhesion experiment studies were carried out using custom-made device to probe the mechanical 

deformation of liquid metal by leveraging its ability to remain liquid at room temperature. The 

force sensitive deformation of the liquid droplet was captured through force-distance relationship 

during loading and unloading. This method is widely employed in understanding Van der Waals 

adhesion of rigid surfaces and biological adhesion mechanism [151,152]. In this approach, the 

liquid metal droplet was compressed on a rigid surface where the adhesion between the flat 

substrate and the liquid metal encapsulated with native oxide was measured. Moreover, the 

adhesion experiment in combination with in situ phase transition experiment provided insight on 

the crystallization kinetics of supercooled liquid gallium. 

 

2.2.2 Microscopic Characterization 

A scanning electron microscope (ZEISS ULTRA-55 SEM) technique was used for the 

characterization of wrinkle geometries of fresh gallium oxide skin that developed on the gallium 

droplet. The droplet was deposited on a PDMS post forming spherical cap of liquid Ga (Figure 

2.1b).  

 

2.3 Results 

2.3.1 Uniaxial Compression of Gallium  

A schematic of the experimental procedure for characterization of liquid Ga droplet on a smooth 

flat glass substrate is illustrated in Figure 2.2a. A hemispherical liquid Ga droplet was attached to 

the tip of a polydimethysiloxane (PDMS) post with a 1.75 mm diameter. The setup was mounted 

on an inverted optical microscope. By means of a piezo stage, the Ga droplet was brought into 
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contact with a flat glass substrate, which has a root-mean-square (RMS) roughness of 1.23 nm 

(Figure 1.6), and the contact interface was recorded with a camera attached to the microscope. A 

secondary camera monitored the side profile of the droplet. The contact interface consists of the 

Ga2O3 nanofilm with thickness (t), contact width (W), and height (H) between the post and the flat 

substrate as seen Figure 2.2b. Force graph representation reveals steps of the experimental 

procedure when a droplet approached the rigid glass surface (Figure 2.2c). The PDMS post with 

the Ga droplet was mounted to a load cell and lowered (I) to establish contact with the substrate 

by the piezo motion stage with a constant speed of 20 m/s until a predefined compressive normal 

force (preload, Fpre) was attained (II). The droplet was kept under preloaded condition for a 

dwelling time of 20 s (II-III). Then, the droplet was retracted with a constant speed of 20 m/s and 

the maximum negative force, Foff, during pull-off was achieved at IV. Note that V represents the 

lift-off (detachment) of the droplet from the contact interface. Here, after each experiment (from 

0.1 to 10 mN), a new fresh Ga droplet was used for consistent measurements. The oxide nanofilm 

yielded and ruptured as the preload increased, such that cracks started to appear along the radial 

wrinkles and thus fresh new oxide was formed on the surface.   All experiments were conducted 

at room temperature (20-25 °C) with a relative humidity of approximately 25-35%. 

 

 

Figure 2.2: Experimental setup and geometrical parameters. (a) Schematic of the experimental 

setup with a Ga droplet (gray) attached to a PDMS post (green) and in contact with a flat smooth 

glass substrate (blue). (b) Side-view schematic of a cross-section through the central vertical plane 

depicting the measured geometrical parameters. The thin Ga2O3 skin is displayed in dark gray, 

while the encapsulated liquid Ga is indicated in light gray. The parameters H, W, t, and θa represent 

the height of the droplet between the PDMS post and the flat glass surface, contact width, thickness 

of the oxide skin, and the apparent contact angle of the droplet, respectively. (c) A representative 

force curve obtained from a measurement on the smooth glass substrate. Points I and V represent 
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approaching (contact point) and retraction (detachment point). Points II and III correspond to 

dwelling time. Points II and IV show the reaction points of the preload Fpre and pull-off force 

(adhesion) Foff, respectively. 

 

        Force balance  and interfacial tension: By balancing the applied preload with the Laplace 

pressure of the bulging sides of the squeezed droplet [153], we estimated the apparent interfacial 

tension of the droplet at room temperature and pressure. Figure 2.3a-I depicts the side view 

geometry of a deformed liquid Ga droplet on a substrate at a preload of 4 mN. The force balance 

is expressed as: 

                                                               𝐹𝑝𝑟𝑒 = −
2𝜋𝑊2𝛾

4𝐻
cos 𝜃𝑎                                                    (2.1) 

where θa is the apparent contact angle of the droplet (see Figure 2.2b), and γ is the apparent 

interfacial tension. Eq 2.1 is solved for the contact width W. The experimental observations are 

shown as the red dots in Figure 2.6b.  The experimental data was fitted with a square root function 

using the curve fitting toolbox in Matlab (MathWorks, Inc., Natick, MA) with the apparent 

interfacial tension γ as a fitting parameter. All of the ensuing fitting was conducted using Matlab. 

The fit is represented by the dashed line in Figure 2.3b and has a coefficient of determination 𝑅2 =

0.90.  

We found an apparent interfacial tension of 0.591 N/m, which is remarkably close to the critical 

surface yield stress previously reported as 0.5-0.6 N/m using a rheometer [53,154]. The critical 

yield stress indicates the point beyond which the oxide nanofilm yields. In another study using the 

pendant-drop method, effective surface tension of 0.695 N/m was reported for a Ga droplet 

submerged in hydrochloric acid (HCl) bath of 1.0 M concentration [36]. The acidic environment 

inhibited the growth of the oxide nanofilm and so the effect of the surface yield stress was 

prevented. Note that the deviation observed in the fitting of our experiments may be associated 

with the surface yield stress based on the constant interfacial tension assumption. Moreover, it 

could also be affect by droplet pinning onto the PDMS post, which resulted in an asymmetric side 

deformation at the onset of bulging as the drive advances.   

Wrinkle modeling: As the compression force is increased, a transition from circular to 

radial wrinkles occurs at the contact interface as shown in the microscopic images in Figure 2.3a-
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II. The circular wrinkles are expected deformations of the thin oxide skin as its initial 

hemispherical shell geometry transitions to that of a flat disk during contact. The initial 

hemispherical geometry has a higher surface area than that of a flat disk; therefore, the excess skin 

folds into the liquid bulk to conserve the material. The analogy to this projection is similar to the 

map-maker’s problem in which it is challenging to transform a sphere into a planar 2D surface 

[155]. The oxide was forced to conform to 2D region from 3D hemisphere. The length scale 𝐿 (red 

circle) represents the transition point in which radial wrinkles will begin to form. We used a 

previously reported method for solving the problem of a thin sheet under axisymmetric loading 

[71]. This method solves the Föppl-von Kármán equations for the disc-like geometry of the oxide 

skin at the contact interface (see Figure A.1, Appendix A for detail), or:  

                                                                  ∇ · 𝝈 = 0       (2.2) 

                                                      
𝐸𝑡3

12(1−𝜈2)
Tr(𝜿) + 𝝈 · 𝜿 = 𝐹𝑝𝑟𝑒     (2.3) 

where 𝝈 is the in-plane stress tensor and ∇ is the gradient operator for the radial 𝑟 and azimuthal 

𝜃 directions. 𝐸 is the Young’s modulus, 𝜈 is the Poisson’s ratio, 𝜿 is the curvature tensor, and 

Tr(𝜿) is the mean curvature (see the note in Appendix A). The length scale 𝑊 (yellow circle in 

Figure 2.3a-II) is the natural length scale because it represents the width of the region of interest 

of the thin elastic sheet.  

The scale for force per unit length is 𝑃𝐻 cos 𝛽, where P is the applied pressure at the contact 

interface, i.e., 𝑃 =  𝐹𝑝𝑟𝑒/𝜋(𝑊/2)2, and 𝛽 is the angle between the points of contact between the 

Ga droplet and the post on the substrate. This scaling represents the force pulling on the edge of 

the elastic sheet and is an adaptation of the force scale from King et al. [71] to the case of a Ga 

droplet forced into contact with a flat substrate. The dimensionless governing ordinary differential 

equations (ODEs) can then be expressed as:  

                                                          𝜕�̃��̃�𝑟𝑟 =
1

�̃�
(−�̃�𝑟𝑟 + �̃�𝜃𝜃)      (2.4) 

                                           𝜕�̃��̃�𝜃𝜃 =
1

�̃�
(�̃�𝑟𝑟 − �̃�𝜃𝜃) −

𝐸𝑡(𝑃𝑊)2

8(𝑃𝐻 cos 𝛽)3 �̃�
1

�̃�𝑟𝑟
2                                        (2.5) 
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 In our case, the dimensionless confinement parameter is: 

                                                                    𝛼 =
𝐸𝑡(𝑃𝑊)2

8(𝑃𝐻 cos 𝛽)3                                                         (2.6) 

This parameter represents the ratio of tensile stresses pulling the sheet towards and away from the 

center. By numerically solving the ODEs, we found that the hoop stress is tensile 𝜎𝜃𝜃 > 0 for 

confinement parameters below a critical value, or 𝛼 < 𝛼∗ , and the hoop stress becomes 

compressive, 𝜎𝜃𝜃 < 0, for confinement parameters 𝛼 > 𝛼∗. However, for sufficiently thin sheets, 

they are unable to withstand compression, thus resulting in bending and wrinkling. The bendability 

parameter, 𝜖−1 ≡ 12𝑃𝐻𝑊2 cos 𝛽(1 − 𝜈2) ∕ (𝐸𝑡3), compares the bending and tensile forces in 

the sheet. Here, 𝐸 ≈ 230 GPa [156]. We found high bendability of around 106, which is close to 

the reported value (2 × 105) for a thin polymer sheet on a liquid droplet [71]. Note that 𝐸 is most 

likely over-estimated, which makes our bendability value conservative. Therefore, for large 

confinement parameters 𝛼 > 𝛼∗ , we expect the roughly 3 nm thick oxide skin to bend under 

compression, resulting in zero hoop stress 𝜎𝜃𝜃 = 0. Using asymptotic matching (see the note in 

Appendix A and ref [71], for details), we found the same power-law relationship between the radial 

wrinkle extent L and the confinement parameter 𝛼 as was found for a thin film on a liquid droplet 

[71]:   

                                                                 
𝐿

𝑊
= (

𝛼

𝛼∗)
−0.2

                                                               (2.7) 
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Figure 2.3: Liquid Ga and Ga2O3 skin mechanics during preloading. (a) Liquid Ga droplet 

compressed against a smooth glass substrate with a preload of 4 mN. Panels I and II represent side 

and bottom views of the droplet, respectively. (b) Apparent interfacial tension fitting of the 

experimental data (red dots) using the theoretical model in eq 2.1. Black dashed line represents the 

square root fit for the apparent interfacial tension ( 𝑅2 = 0.90 ). (c) Relationship between 

dimensionless radial wrinkle extent L/W and dimensionless confinement parameter 𝛼  (eq 2.6) 

normalized by the critical dimensionless confinement parameter 𝛼∗, where the radial wrinkles 

initiated. Experimental data is depicted by red dots, experimental fit by the black dash line (𝑅2 =
0.89), and theoretical prediction (eq 2.7) by the black solid line. Error bars represent standard 

deviation. The scale bars are 200 m. 
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         Using controlled experiments, in which we varied the preload and thus the pressure 𝑃, we 

found the relationship between the dimensionless wrinkle extent 𝐿 𝑊⁄  and the dimensionless 

confinement parameter normalized by the critical value beyond which radial wrinkling occurs 

𝛼 𝛼∗⁄  for our system. We found the critical confinement parameter as * = 1.01. The best power-

law fit for the experimental data, represented by the dashed line, was determined to be −0.21 with 

a coefficient of determination 𝑅2 = 0.89 (Figure 2.3c). In addition, the number of radial wrinkles 

increased with increasing preload (Figure 2.4). 

 

 

 

 

Figure 2.4: Relationship between number of wrinkles and preload. As preload is increased, 

the number of radial wrinkles also increased. Error bars represent standard deviation. 
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2.3.2 Droplet Deformation and Residue Analysis  

 Deposited residue of liquid Ga, adhesion dependent on preload, and interfacial energy were 

determined. We analyzed the contact interface on the glass substrates after each experimental cycle 

as seen in Figure 2.5. A clean contact surface was selected after each adhesion experiment while 

increasing the preload from 0.1 to 10 mN. At low preloads, up to 2 mN, Ga residue is not 

discernible on the glass substrate. From 3 mN and above, residue of Ga oxide can be observed at 

the contact interface, outlined by the blue circle. During higher preloading, radial oxide stripes are 

left on the substrate. Interestingly, the oxide skin can self-heal when it ruptures and spontaneously 

reconstructs. In light of this, new fresh oxide can grow upon exposure to oxygen leading to a slight 

increase of surface area of the Ga2O3 layer in the process (Figure A.2, Appendix A).  

 

 

Figure 2.5: Adhesion characterization and residue deposition during pull-off. (a) Inverted light 

microscope images of the glass substrate before and after the liquid Ga is brought into contact with 

the glass substrate for varying preloads. The blue-dashed circle represents the contact area of the 

liquid Ga. The black spots are residues left behind by the liquid Ga. The scale bar is 0.5 mm. 

 

To determine he deformation range and load dependence attribute of the compressed droplet, 

we show how Foff varied with the applied preload, Fpre , in Figure 2.6. The inset images (panels I-

III) depict the side view of the spherical Ga droplet in contact with the flat glass substrate for 

applied preloads of 2, 5, and 10 mN, respectively. We observed a slight increase of Foff with 
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increasing Fpre, which may be related to the formation of fresh new oxide as a result of yielding. 

Specifically, when the preload is increased from 4 to 10 mN, we observed an increase of pull-off 

force by 48%. Along with this increase in Foff, we observed a 58% increase in contact area (Figure 

A.3, Appendix A). 

 

Figure 2.6: Relationship between pull-off force, Foff, and preload Fpre. Inset images show side 

views of the liquid Ga drop under different preloads. 

 

The contact area dependency on the applied preload is shown in Figure A.4a, Appendix A, where 

both pull-off and the contact area exhibit the same trend. The pull-off force and the contact area 

saturated at higher preload condition. Upon close inspection, we show rate independence of pull-

off force at different retraction speed (Figure A.4b, Appendix A). 
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2.3.3 Adhesive Stress and Surface Energy 

To gain more insight into the oxide-skin rupturing mechanism, we evaluated the adhesive stress 

𝜎𝑎𝑑 = 𝐹𝑜𝑓𝑓 𝜋(𝑊/2)2⁄  in Figure 2.7a, which shows an asymptotic decay with increasing preload, 

and is believed to be related to fracture strength and nanofilm yielding. At lower preloads (yellow-

shaded region in Figure 2.7a), before transition from circular to radial wrinkles, adhesive stress is 

maximum, which correlates to high fracture strength during pull-off. The circular wrinkles act as 

discontinuities during crack propagation to trap the crack front, and thus, higher stress is required 

for the crack to advance further. The crack propagated in an intermittent fashion toward the center 

upon retraction. Such crack trapping mechanism can be found in biological adhesive soft pads of 

insect (e.g., the cricket Tettigonia viridissima) and synthetic materials [132,157]. An intermediate 

state exists at about 1 to 2 mN, after the radial wrinkles have emerged and the oxide skin was still 

intact (unshaded region in Figure 2.7a). Beyond the 2 mN threshold (red-shaded region Figure 

2.7a), the oxide membrane cannot support the applied compressive stress, thereby rupturing along 

the radial wrinkles. The radial wrinkles are oriented parallel to the crack propagation front and do 

not significantly affect the adhesion. The stress levels off within the range of 0.5 - 0.6 kPa due to 

the increased contact area.  

We further analyzed the interfacial energy of the Ga droplet on the glass substrate, assuming 

the droplet together with the Ga2O3 nanofilm behaves like a fluid. In principle, bulk Ga liquid 

behaves like a Newtonian fluid. Therefore, the separation energy of the droplet at lift-off can be 

related to the normal pull-off force and the contact length at separation (i.e., the triple contact 

circumference). This implies that when the pull-off force acting perpendicular to the contact length 

is plotted against the triple contact circumference, a linear graph passing through the origin should 

be obtained with a slope corresponding to the interfacial surface energy , 𝛾𝑠𝑙 =

𝐹𝑜𝑓𝑓 𝜋𝑤 sin 𝜃𝑎  ⁄ [158].  
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In Figure 2.7b, we show the relationship between Foff and (πwsin 𝜃𝑎) for the Ga droplet, in 

which  𝜃𝑎  is the apparent contact angle of the droplet in the contact line vicinity during the 

maximum pull-off (Figure A.5, Appendix A). As shown, we observed a linear relationship passing 

through the origin with a slope of 0.238 ± 0.008 J m−2 (𝑅2 = 0.98).  Our interfacial adhesion 

energy (0.238 J m−2) is greater than the work of adhesion of solid Ga previously reported based 

on the Johnson-Kendall-Roberts (JKR) theory (0.182 J m−2), and it is in good agreement with the 

adhesion energies of thin sheet nanomaterials such as graphene (0.27 − 0.40 J m−2) [37,159,160]. 
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Figure 2.7: (a) Relationship between adhesive stress 𝜎𝑎𝑑 = 𝐹𝑜𝑓𝑓 𝜋(𝑊/2)2⁄  and preload Fpre. The 

yellow-shaded area represents preload conditions before the circular to radial wrinkling transition 

with high adhesive stress. The non-shaded area represents the condition in which circular and 

radial wrinkles coexist after the transition. The red-shaded area represents the condition in which 

the oxide membrane yields and ruptures because of high preloading. (b) Relationship between 

pull-off force Foff and vertical component of the contact perimeter 𝜋𝑊 𝑠𝑖𝑛 𝜃𝑎. Experimental data 

is represented by red dots. The slope of the best linear fit (black dashed line, R2 = 0.98) represents 

the effective surface tension and surface energy. Error bars represent standard deviation.  
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2.4 Summary 

The crumpled oxide nanofilm (Figure 2.1a) is the precursor to the wrinkling phenomenon we 

observed, which reveals the fundamental interfacial mechanics between the liquid Ga and the rigid 

glass substrate. Symmetry instability at high preloads results in bending and wrinkling to relieve 

the applied in-plane stress of the oxide film. Consequently, the highly bendable skin ruptures 

through the radially wrinkled regions at higher preloads, thus depositing oxide on the substrate. 

The wrinkling behavior closely follows established models for nanofilms under axisymmetrical 

loading, thus providing a new platform for studying wrinkling of thin films under external stimuli. 

Wrinkling is a familiar morphological instability in developmental biology (i.e., morphogenesis), 

and its evolution has implications in soft tissue growth, from tumor development and invasion to 

biofilm expansion [161]. Notwithstanding the complex contact mechanics of the oxide skin, the 

adhesion between the Ga droplet and flat rigid substrate was found to be equivalent to that of a 

Newtonian fluid droplet on a flat rigid substrate, even across two orders of magnitude in preload. 

Through our analysis, we are capable of predicting the contact geometry and subsequent adhesion 

effectivity for a given preload. Additionally, we can predict when the oxide nanofilm ruptures and 

leaves residue on the surface, which may further facilitate cost-effective room-temperature 2D 

patterning of liquid Ga for future semiconductor applications [141]. Understanding the behavior 

of droplets encapsulated in thin membranes could also help improve food processing quality, 

cosmetics, and drugs. In short, our findings provide the tools for the precise control of liquid-metal 

interfaces.  

 

 

 

 

 



 

65 
 

  

3 Crystallization Kinetics and Interfacial 

Properties of Gallium 
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3.1 Introduction 

Understanding the crystallization process is essential in many research areas, such as phase-change 

(PC) memory [162,163], protein crystallization [164], biomineralization [165], pathologies [166], 

and semiconductors [167]. Crystallization occurs in two steps: nucleation and growth [78,164]. 

The nucleation of liquid is ubiquitous in nature and facilitated by active sites, such as impurities 

and surface irregularities (e.g., cleavages, atomically sharp wedges, and pores) [78,168–170]. 

Nucleation plays a crucial role in PC materials, where structural changes from amorphous to 

crystalline state is triggered by electrical or optical stimulation. For instance, Loke et al. [163] 

reported an ultrafast crystallization speed of 500 ps in Ge2Sb2Te5 (GTS) material by applying a 

constant low voltage via pre-structural ordering (incubation) effects. Simpson et al. [171] 

demonstrated an optical excitation with laser-based time-resolved pulses to investigate the 

interfacial crystallization of  superlattices in GeTe–Sb2Te3. In addition, crystallization kinetics 

have been investigated in glass and supercooled liquids [162,172]. Despite a decade of advances 

in PC materials research, there are only a few studies on dielectric capping and stress conditions 

in PC device cells [75,173–176]. Therefore, a detailed study of the interface materials and 

crystallization temperature is still missing to unfold the potential of PC materials.  

Many technological liquids, such as Si, Ge, Bi, and GST, exhibit supercooling behavior 

[162,167,169]. In casting technonly, reducing the supercooling of liquid melts is vital in tailoring 

microstructure. The degree to which a liquid can be supercooled depends on the nature of the 

contacting solid wall [177]. Also, surface-induced crystallization is important in forming extended 

single-crystalline texture in supercooled liquids due to surface layering of atoms, molecules, and 

charged colloids adjacent to the solid walls of substrates [167,178–181]. In addition, single-crystal 

texture formation through physical confinement and uniaxial magnetic field have been 

demonstrated [182]. However, direct experimental evidence of the link between the interfacial 

temperature and the surface layering effect is still missing. Similarly, supercooled liquid Ga 

exhibits surface layering in contact with a hard wall of a diamond substrate [183]. Ga can be 

supercooled to −28 °C, or 58 °C below its freezing point (29.8 °C) [184]. Because of its cost 

effectiveness and accessibility, Ga is an interesting material in phase transition (PT) studies. Ga 

also shows a promising potential in monatomic PC memory devices for data storage [77], 

superconductivity [185], metamaterial [186], and reversible adhesion [37].  
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To reverse the supercooling of liquid Ga, external perturbations are applied to induce nucleation 

and subsequent crystal growth [180,185,187]. Even though molecular liquids are promising 

candidates to study phase transformation at ambient pressures and moderate temperatures, it is 

rather difficult to practically monitor the exact site of nucleation, since nucleation is a stochastic 

process [164,169]. Here, we study crystallization of supercooled liquid Ga and vividly reveal the 

temporal change of its liquid-to-solid PT at the interface between the liquid Ga and different hard 

substrates.  

 

3.2 Experimental Section 

3D printing of the post: A cylindrical polymer (VeroClear material) post was printed using a 3D 

printer (Objet260 Connex, Stratasys Ltd.). The post has outer diameter of 3 mm, inner diameter of 

2.5 mm, and a height of 5 mm. A hole cavity placed at the center along the length of the post 

compartmentalized an electrical resistor for heating purpose (Figure 3.1). The printed post was 

thoroughly cleaned in 1 M NaOH solution. It was then attached to a threaded metal holder to 

facilitate attachment onto a force sensor for adhesion measurement. A silicone adhesive (Sil-Poxy, 

Smooth-On Inc.) was applied between the metal and the base part of the plastic post. After curing 

at room temperature for 30 min, the two parts were strongly bonded.  

 

 

Figure 3.1: An illustration of 3D printed device assembled with all components. 
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General handling warning: Gallium-based liquid metals corrode metal surfaces, especially 

aluminum (Al). Therefore, careful handling of Ga and its alloys is recommended to avoid damage 

to instruments and equipment including microscopes and all devices composed of Al components. 

 

Deposition of the liquid Ga droplet onto the post: Melt of Ga was prepared by heating 

commercially available pure liquid Ga (Gallium, 99.99%, ACROS Organics™) to 65 °C. After 

homogeneous heating, supercooling effect was induced. A 44 mg of the supercooled Ga was 

injected into the cavity at the center of the post, which then bulged at the tip of the post forming a 

hemispherical cap. The injected liquid metal was in thermal contact with a resistor inserted half-

way in the cavity. This resistor is used to dissipate heat via Joule effect, to melt the Ga droplet. 

Finally, the post was mounted onto the force sensor with the liquid metal droplet attached.  

 

Adhesion measurement setup: A customized adhesion measurement setup mounted on an 

inverted optical microscope (Axio Observer A1, Zeiss) with a video camera (Grasshopper3, Point 

Gray Research Inc.) was used to visualize the phase contrast images at the contact interface. The 

force between the sample and the substrate was measured by a high-resolution load cell (GSO-25, 

Transducer Techniques). The load cell was mounted to a high-precision piezo motion stage (LPS-

65 2", Physik Instrumente GmbH & Co. KG) in the vertical z direction, with a resolution of 5 nm 

and maximum velocity of 10 mm s−1 . A long-ranged motor stage (M-605 2DD, Physik 

Instrumente GmbH & Co. KG) was used in y direction with 1-μm resolution and high maximum 

velocity up to 50 mm s−1 [123]. 

 

Humidity and temperature control: Both environmental temperature and humidity were 

monitored using a commercially purchased sensor (Humidity/Temperature/Dew Point Meter, 

Fisher Scientific). The humidity ranged from 26 to 45% and the room temperature range was 22 

to 25 °C. A six-channel handheld temperature data logger (OMEGA RDXL6SD, Omega 

Engineering, Inc.) was used to monitor in-situ temperature of both Ga and the surface. Heating 

and cooling temperature controller (BTC-1-100 and BTC-SLM, Bioscience Tools) was used to 

regulate the environment temperature. To harvest dissipated energy for direct heating of Ga, a 220 

Ohm resistor was connected in series to a 9 V power source. The heat energy dissipated by the 
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resistor can raise up the temperature of the droplet instantaneously up to 60 °C, which is enough 

to melt the solid Ga instantly (the Ga melting temperature: 29.8 °C). 

 

Microscopic characterization: A scanning electron microscope (Zeiss Ultra 500 Gemini SEM, 

Carl Zeiss Inc., Oberkochen, Germany) was used to characterize the seeding crystal surface and 

the area of the Ga droplet, which contacted to the substrate. Energy dispersive x-ray spectroscopy 

(Bruker, Billerica, MA) was performed using an accelerating voltage of 15 keV on the seeding 

crystal and the solidified Ga droplet. 3D laser scanning microscope (Keyence VK-X200) was used 

for characterizing surface topology of the substrate.  

 

X-ray diffraction (XRD) measurements: XRD characterization was obtained with D8 Advance 

Bruker using a Cu-Kα (𝜆 = 1.5418 Å).  A glass substrate and the crystallized Ga were first cooled 

in liquid nitrogen prior to XRD measurement to prevent any structural disorder such as surface 

melting of the solid crystal. Lattice constants for XRD measurements were determined from ICDD 

card no: 03-065-2493 for Ga. All samples were prepared at ambient room temperature. 

 

Differential scanning calorimetry (DSC) analysis: Thermal analysis were obtained by Discovery 

DSC 2500 (TA Instrument). Heating or cooling rate of 5 ℃ min−1  with modulation amplitude of 

0.32 ℃ to detect the endothermic and exothermic peak for the crystallized samples on different 

substrates. The sample mass was around 5 mg. 

 

Substrate materials: All the substrates utilized in the experiments are commercially available. 

Zinc selenide, sapphire, and silicon substrates (discs) with 5 mm thickness and 25 mm diameter 

(Thorlabs. Inc.), a glass slide of 1 mm thickness and 120-160 nm thick ITO-coated glass slide 

(Sigma Aldrich), and a copper plate ≥ 99.9% (metal basis) with a thickness of 6.35 mm (Alfa 

Aesar) were used as the substrate materials. The copper plate was polished to maintain the same 

magnitude of nanoscale roughness across all target surfaces. Root-mean-square (RMS) roughness 

values of the smooth glass, ITO coated glass, ZnSe, sapphire, silicon, and polished copper 

substrates are 53, 61, 43, 54, 39, and 105 nm, respectively. The RMS roughness of frosted glass 

substrate is 1.41 µm.  
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3.2.1 Supercooling Effect and Recalescence Point 

A commercially available pure Ga (Gallium, 99.99%, ACROS Organics) was heated in an oven at 

65 °C for an hour to assure a homogeneous melting of the complete solid to the liquid state. As 

such, a supercooled melt of Ga was obtained. The supercooled liquid was obtained as a result of 

overheating the liquid above the melting point of Ga (29.8 °C). The induced supercooling can only 

be reversed when the melt is cooled down to negative temperature. In this state, the supercooled 

liquid Ga was stable for at least 6 months without undergoing any phase transition. A droplet of 

the liquid metal was poured into a plastic holder with a cavity fitted with a thermocouple device 

to monitor the phase transition of the liquid and recalescence point. A thermocouple device was 

fitted entirely into to the liquid metal droplet while the temperature profile was registered using an 

Omega data logger (RDXL6SD).  Due to the size of the droplet and high thermal conductivity 

28.2 W m−1 K−1  Ga [188,189], the temperature across the droplet of Ga was assumed to be 

uniform across the droplet during measurement. In addition, a 220 Ohm resistor connected to a 9 

V battery was used to deliver the heat required to melt the droplet (Figure 3.2a).  

To control the crystallization of the supercooled melt, seed crystal made of solid Ga was 

obtained from the supercooled Ga melt. The solid seed crystal was brought into contact with the 

metastable liquid Ga, thereby inducing crystallization of the supercooled Ga. We monitored the 

transformation using the thermocouple embedded inside the liquid metal. The recalescence point 

as the crystallization initiates at room temperature was observed in Figure 3.2b after the seeding 

crystal contacted the droplet. The crystallization is a first order transition where heat is dissipated 

into the environment as a result of an exothermic process, then the temperature of the droplet 

continued to rise. To make sure our method is repeatable, 5 cycle of seeding crystallization was 

repeated consecutively (Figure 3.2c). Moreover, the degree of overheating to induce supercooling 

in Ga was investigated in Figure 3.2d. By only heating Ga to 31 °C (~ 1 °C above its melting point), 

the solidification of Ga was unavoidable during cooling to room temperature. However, the 

supercooled state was very stable at room temperature when overheated by just more than 5 °C 

above the melting point of Ga. 
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Figure 3.2: Supercooling and seeding crystallization. (a) Experimental set-up to measure 

temperature of the Ga during crystallization and melting. Melting of solid Ga crystal was realized 

through resistive heating by the resistor and the crystallization by contact with a solid Ga seed. 

The temperature was measured using thermocouple device. (b) Temperature curve monitored 

during crystallization of the droplet. Heating with the resistor allows melting of Ga and overheat 

it to benefit from the supercooled state when heating stops. (c) Repeatability of the process cycle 

with the same Ga drop, but different seeds to induce the crystallization as the seed melts and 

merges with the Ga drop in the melting phase. (d) Effect of overheating on supercooling state. For 

an overheating below 2 °C, the crystallization initiates spontaneously, whereas it only occurs after 

a contact with the seed crystal for higher overheating. 

 

3.2.2 Analysis of Crystal Fraction During Crystallization Process 

The crystallization process was monitored via an inverted optical microscope where videos were 

acquired through a transparent substrates. The recorded video frames of crystallized fraction were 

analyzed using Python's scikit-image library [190]. In order to follow the crystal growth in the 
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melt, the frame of the drop on the substrate right before crystallization is subtracted from each 

following frame sequence.  

 To precisely extract the crystal from the remaining image, a robust process of image 

segmentation method (watershed segmentation) [191] based on mathematical morphology was 

used. The image was binarized and only the largest interconnected area, corresponding to the 

crystal, was selected. This allowed the accurate measurement of the crystal surface growth as a 

function of time.* To model the fraction of crystal growth, the obtained crystallized data sets were 

fitted using the well-known JMAK model [192].  

As the droplet got larger, the rate at which heat dissipated by the substrate through the 

interface was limited by the material properties, such as thermal conductivity. This nonequilibrium 

dynamics caused the experimental data to deviate from the model because the crystallization is a 

self-limiting process. The fractional amount of the Ga crystallized depended on how fast the heat 

was driven away from the contact interface. To test the hypothesis of heat transfer at the interface, 

the crystallization time of droplets with different radii deposited onto polystyrene was measured. 

Let S be the surface area of the drop, V the volume, M the mass, and r the radius, then:  

                                                                𝑀~𝑉~𝑟3                                                                        (3.1) 

                                                                 𝑆~𝑟2~𝑀2 3⁄                                                                 (3.2) 

                                                                ln(𝑆)~
2

3
ln(𝑀)                                                           (3.3)  

 If the phase-change energy dissipates through the surface then 
3/2~~ MST ationcrystallis . 

When plotting in logarithm of the crystallization time as a function of the mass, we found the slope 

of 2/3 within the confidence interval of the regression, validating this hypothesis (Figure 3.3). 

Therefore, the crystallization depends on the surface-to-volume ratio of the Ga and the substrate 

capacity to act as a heat sink.  

 

 

                                                           
* https://github.com/Alienor134/crystallization [223] 

https://github.com/Alienor134/crystallization
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3.3 Results and Discussion 

3.3.1 Crystallization Kinetics  

Prior to crystallization experiment, supercooled liquid Ga droplet embedded in cavity was attached 

to a loadcell device as depicted in Figure 3.4. The device was lowered gently on to the substrate 

surface at a constant speed of 200 μm s−1 , attaining a compression load of 10 mN . The 

supercooled Ga droplet conformed to the substrate forming circular and radial wrinkles at the 

interface [123]. The wrinkling instability emerged at the interface to relieve the applied 

compressive stress. The crystallization of the liquid droplet was realized through a contact with a 

seeding crystal of solid Ga [180]. We visualized the spatiotemporal evolution of the crystallization 

dynamics on transparent glass, indium tin oxide coated glass (ITO glass), and zinc selenide (ZnSe) 

substrates.  

Figure 3.3: Relationship between the crystallization time and the droplet mass. The crystallization 

time depends on the power 2/3 of the mass, supporting the hypothesis that the energy of phase 

transition dissipating through the interface limits the crystallization speed. 



 

74 
 

 

 

 

Figure 3.5a-c show the snapshots of the crystallization front and the corresponding time lapse of 

the crystallized fraction of Ga on the substrates. When compared to the glass substrate with low 

thermal conductivity ( 0.94 W m−1 K−1 ), the crystal growth rate was fast on the ITO-glass 

substrate owing to the high thermal conductivity of the ITO coating (10.2 W m−1 K−1). Similarly, 

a fast crystal growth rate was obtained on the ZnSe substrate (18 W m−1 K−1).  

 

 

Figure 3.4: Device schematic for the crystallization kinetics study. Ga droplet in contact with 

different substrates at different thermal conditions. A 3D-printed plastic holder encased the 

supercooled Ga droplet attached to a loadcell. The thermocouple monitored the temperature profile 

between the Ga droplet and different substrates during crystallization. A resistor inside the holder 

was used to heat the droplet on demand. 
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Figure 3.5: Contact interface and crystallization front visualization and characterization. (a), (b), 

and (c) Inverted optical microscope video snapshots of the interface through optically transparent 

substrates showed seeded crystallization kinetics at the interface. Depicted images are phase-

contrast optical microscope images of the crystallization. The front propagated from right side 

(point of contact) to the left side of the images. The snapshots of crystallization kinetics were taken 

from individual droplets using a 1.75 mm post diameter at the interface of glass (a), ITO-glass (b), 

and ZnSe (c) substrates. The yellow dashed line represents the outline of the seeding crystal seen 

in the right side of the contact interface of ITO-glass (b-i). Similar seeding method was used for 

glass and ZnSe. Time lapses of the crystallization kinetics appeared on each corresponding image. 

Scale bars are 400 µm. 
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We used an image-processing algorithm (python) to track the crystal front of a 1.75 mm diameter 

droplet through the transparent contact interfaces (Figure 3.6) [190]. The Johnson-Mehl-Avrami-

Kolmogorov (JMAK) equation was used to calculate the volume fraction crystallized, 𝑋, which 

increases with time 𝑡 according to 𝑋 = 1 − exp [ − (𝑘𝑡)𝑛]. We assumed a 3D growth, where 𝑛 =

3 [192].  

 

 

Figure 3.6: Fraction of the crystallized Ga on glass, ITO-glass, and ZnSe substrates. 

 

 The model agreed well with the experimental data, which showed the relation between the 

heat dissipation of the crystallized fraction of Ga as dominated by the thermal conduction by the 

interface material as seen in the case of small droplets in Figure 3.6. Further, as the droplet mass 

increased, slower growth rate was observed due to the dependence of the substrate capacity to 

dissipate heat during the crystallization process (Figure 3.7).  
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3.3.2 Interfacial Heat Dissipation Mechanism 

To understand the physical mechanism of heat dissipation at the substrate-droplet interface, we 

used the heat conduction model reported by de Ruiter et al. [193]. The model predicts the droplet 

interfacial temperature 𝑇𝑑,𝑖𝑛𝑡 upon crystallization as: 

  𝑇𝑑,𝑖𝑛𝑡 = 𝑇𝑠,𝑜 + (𝑇𝑑,𝑜 − 𝑇𝑠,𝑜)
1

1+
𝑒𝑠

𝑒𝑑
⁄

                                                (3.4) 

Figure 3.7: Crystallization of a large droplet and effect of the heat trapped at the interface. Crystal 

growth fraction on different transparent substrates. The data are collected for a large a droplet 

encapsulated in sample-holder with a diameter of 2.5 mm. The crystallization time is longer 

because of the surface-to-volume effect of heat dissipation. The heat of fusion deposited on the 

substrates therefore increased the surface temperature of the substrates depending on the heat 

dissipation capacity of the material. Limited heat dissipation through the substrates could be 

associated to the discrepancy in glass and ITO-glass measurement due to low thermal conductivity. 

Thus, instantaneous annealing of the crystallized fraction was realized in the confined space that 

resulted in highly ordered structure. 
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where 𝑒𝑖 = (𝐾𝜌𝑐𝑝)𝑖

1
2⁄  is the effusivity (𝑖 = 𝑠 for substrate and 𝑖 = 𝑑 for droplet), Td,0 and Ts,0 are 

the initial droplet and surface temperature, respectively, 𝐾 is the thermal conductivity, 𝜌 is the 

density, and 𝐶𝑝 is the heat capacity.  The effusivity ratio determines how much heat is driven away 

from the interface. For a large effusivity ration, 
𝑒𝑠

𝑒𝑑
⁄ ≫ 1, heat can be transported away easily 

transported from the interface and therefore 𝑇𝑑,𝑖𝑛𝑡. = 𝑇𝑠,𝑜. For a small effusivity ratio, 
𝑒𝑠

𝑒𝑑
⁄ ≪

1, heat will be trapped at the interface  and therefore  𝑇𝑑,𝑖𝑛𝑡. = 𝑇𝑑,𝑜 , given that 𝑇𝑑,𝑜 = 𝑇𝑚 =

29.85 ᵒ𝐶 . In Figure 3.8a, we show how the thermal conductivity of substrate affects the 

crystallization process. The experiments were performed on different transparent and non-

transparent substrates with higher thermal conductivity including sapphire, silicon, and copper to 

verify the heat dissipation mechanism based on the thermal conduction model. Note that, in the 

case of Ga, we assumed that the initial droplet temperature was the same as the fusion temperature 

due to the induced supercooling effect. On the dielectric glass surface, the heat released during 

fusion was trapped at the interface, and therefore the interface temperature was elevated close to 

the melting temperature (𝑇𝑚) of Ga. However, heat is rapidly dissipated at the interface when the 

thermal conductivity of the substrate is high (e.g., ZnSe, sapphire, silicon, and copper substrates). 

The heat released by the Ga droplet is dissipated via the substrate through thermal diffusion. The 

thermal conductivity of the substrate limits how much heat can be dissipated. The thickness of the 

substrates was chosen to satisfy the requirement for a semi-infinite surface (see Tables B.1 and 

B.2, Appendix B). 
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Figure 3.8: Droplet interfacial temperature and adhesion characterization using in situ temperature 

probing. (a) Interfacial temperature measurements on different substrates. Td,int was calculated 

using eq 3.4. The dashed green and black lines represent the initial substrate temperature (𝑇𝑠,0 =
25℃) and the initial droplet temperature(𝑇𝑑,0 = 29.85℃), respectively. Red line represents the 

linear fitting of the data points (𝑅2 = 0.99). b) Crystallization time measurement results of 

different substrates with decreasing thermal conductivity. (b) Crystallization time measurement 

results of different substrates with increasing thermal conductivity. 

 

 

 

Figure 3.9: Wetting contact angle and the surface area of the crystallized Ga droplet on a 1.75 

mm-diameter post. The droplets in the measurements are conformed to the surface with a preload 

of 5 mN and thereafter crystallized on the individual substrates to be able to measure the contact 

angle using a Contact Angle Goniometer (a). Apparent contact area when Ga in contact with all 

only transparent target substrates (b). N = 5. 
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 The characteristic length scale of diffusion is defined by 𝜏𝑑 =  𝐿2 𝛼𝑑𝑖𝑓𝑓⁄ , where 𝐿  is the 

thickness and 𝛼  is the thermal diffusivity. The crystallization time decreased with increasing 

thermal conductivity of the respective substrates (Figure 3.8b). Different wetting behavior of Ga 

on the substrates resulted in a slight variation in contact angle measurements (Figure 3.9a). 

Therefore, the apparent contact area measurement showed a negligible variation within the 

transparent substrates (Figure 3.9b). 

 

3.3.3 Solidification and Interfacial Adhesion of Supercooled Ga Droplet 

To investigate the interfacial adhesion of the supercooled Ga on different substrate materials, we 

performed force measurements of the crystallized Ga droplets whereas in-situ temperature 

measurement enabled precise characterization of both the crystallization and adhesion as shown 

in Figure 3.10. The temperature profile was crucial in determining the starting and ending of 

crystallization, especially when the substrate was opaque. We harnessed the heat dissipated by the 

resistor attached to the device to melt the Ga droplet. The melting process was a sharp first-order 

transition at a fixed temperature under constant pressure. Supercooling of about 29 °C was induced 

after superheating the droplet by 7.7 ℃. A Peltier device was used in Figure 3c to cool down the 

liquid Ga droplet to 0 ℃.  without undergoing solidification. The crystallization was only achieved 

by seeded growth. The driving force of crystallization (the Gibbs free energy difference between 

the crystalline phase and the supercooled liquid, ∆𝐺 ) is related to the latent heat of melting 

∆𝐻𝑚  and the melting temperature 𝑇𝑚  by the equation: ∆𝐺 ≅ ∆𝐻𝑚
∆𝑇

𝑇𝑚
, where ∆𝑇  is the 

supercooling temperature (𝑇𝑚 –  𝑇) and ∆𝐻 𝑚 =  5585 J mol−1  for Ga [185].  
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Figure 3.10: In-situ temperature measurement is superimposed on the adhesion curve of the 

supercooled Ga droplet (2.5 mm post diameter) on the dielectric glass substrate. The melting 

region is where the melting of the solid Ga takes place. The temperature of Ga is plotted in blue 

color, while the force curve is plotted in red. Once the melting is over, the temperature increased 

rapidly to 37.5 ℃ at a heating rate of 1 ℃ 𝑠−1. Overheating the droplet during melting induces the 

supercooling. Dropping the temperature to 0 ℃ shows the supercooling degree where Ga remains 

in its liquid state without undergoing crystallization, unless contacted by the seeding Ga crystal 

(blue line). The solidification region is where the crystal growth progressed. The pull-off force is 

the measure of adhesion upon separating the Ga droplet from the substrate. 

 

 The seeding material made of Ga crystal had surface irregularities and sharp wedges of the 

lamella morphology as revealed by the SEM images. It is important to note that the irregularity 

and crevice on the seeding crystal could acts, as nucleation center for the crystallization as such is 

ubiquitous in nature (Figure 3.11). Solidification process usually occurred at the wall of a container 

through heterogeneous nucleation. However, in supercooled liquids, metastability of the liquid 

state prevents the formation of stable nucleus in the liquid. For a stable nucleation to occur, the 

critical nucleus of solid clusters in a melt must be achieved according to Gibb’s approximation. 
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Figure 3.11: Scanning electron microscopy (SEM) images of the Ga seed topology. The surface 

of the seeding Ga crystal appears to have a nanoscale sharp edges and wedges that are layered in 

lamella-like structure. Image (b) shows the magnified yellow-dotted square in (a), and (c) is the 

magnified yellow-dotted square in (b). The seeding crystal was formed from the supercooled Ga 

melt under isothermal condition. 

 

 When the crystallization is completed, the loadcell was retracted at a constant speed of 

200 μm s−1 in order to measure the adhesion between the solid droplet and the substrate (Figure 

3.11). The robustness and repeatability of the seeding method was investigated in Figure 3.2. The 

adhesion characterization of Ga in both liquid and solid states measured on different substrates is 

shown in Figure 3.12.  
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Figure 3.12: Adhesion measurement results of the liquid and solid Ga droplet on different 

substrates with increasing thermal conductivity. The standard deviation is based on 4 to 6 repeated 

experiments. 

 

The adhesion reduced drastically on the thermally conducting substrates such as silicon and copper 

due to fast crystallization kinetics and peeling of the crystallized droplet. Thermal stress is 

dominant over adhesion stress at the interface of silicon and copper. Moreover, by keeping the 

surface temperature high, close to Ga melting point, the peeling effect during crystallization was 

reduced and the adhesion increased even on copper substrate (Figure 3.13). To grasp better 

understanding of the adhesion results, surface roughness effect was evaluated by measuring 

adhesion on a rough frosted glass.  
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Figure 3.13: Effect of initial surface temperature of substrates on adhesion. The adhesion shows 

temperature dependence, which corresponds to the homogeneous crystal formation at an elevated 

temperature of 2 − 3 ℃ above the room temperature. Experimental data points n = 4 to 6. The 

black dots are points outside the bounds of the whiskers or outliers. The adhesion increases as the 

substrate temperature increased on both (a) 5 mm ZnSe and (b) 6.4 mm copper substrate. 

 



 

85 
 

 

Figure 3.14: Adhesion variation due to the surface roughness effect. On a frosted glass, the 

adhesion decreased sharply due to high roughness level (root-mean-square roughness of around 

1.41 µm) compared to smooth glass substrate (53 nm). N = 5. 

 

 The adhesion reduced by an order of magnitude on the rough glass compared to the smooth 

one due to high-amplitude roughness (root-mean-square roughness of around 1.41 µm) (Figure 

3.14), which reduced the real contact area of the liquid Ga on the surface. Despite low adhesion of 

Ga on rough surfaces, it is much better than dry elastomeric adhesives on rough surfaces due to 

better conformity [194]. Energy-dispersive X-ray (EDX) spectroscopy of both the seeding crystal 

and the crystallized droplet were used to evaluate the composition of Ga (Figure B.1, Appendix 

B). 

 

 

 



 

86 
 

3.3.4 Single Crystal Formation and X-ray and Thermal Analysis 

Interestingly, when quenched at a high temperature, the crystallized Ga on ZnSe and sapphire 

conformed to the substrates with an extended smooth crystal structure due to a slow growth rate. 

On the contrary, the crystal growth was multi-faceted (dendritic) when quenched at a low surface 

temperature, which resulted in a fast growth rate.  

 Two key factors that gave rise to the smooth and dendritic crystal formation in the 

supercooled liquid Ga are worth elaborating. First, surface layering of the adjacent atoms or 

molecules in the supercooled liquid provided the pathway for the formation of the extended single-

crystal. Since surface layering is not however, restricted only to the hard wall of the substrate, it 

could occur at the interface of the nanometer-thick oxide skin of the liquid metal, which can serve 

as a precursor for the single-crystalline formation at the interface [179,195]. Second, slow growth 

rate as a result of limited heat dissipation contributed to the formation of the smooth single-

crystalline texture through instantaneous annealing effect of the low melting point Ga at the 

interface. This typical crystallization scenario is prevalent on the dielectric glass substrate, where 

heat released during fusion was trapped continuously at the contact interface. As mentioned 

previously, the implication of instantaneous annealing on ZnSe and sapphire was verified. On these 

surfaces, conventionally, the fast cooling rate is due to their capacity to dissipate thermal heat 

because of their high thermal conductivity.  

 By keeping the surface temperature at 27 ℃ (0.9𝑇𝑚 of Ga) throughout the crystallization 

process, the crystal growth was similar to the smooth single-crystalline Ga seen on the dielectric 

glass substrate, with crystallization front propagating across the liquid in one direction forming a 

uniform crystal layering on the substrates. In addition, we verified the crystalline structure of an 

extended solidified Ga on large area substrates. The supercooled liquid was confined between the 

substrate and a glass-capping layer (Figure 3.15). The crystal was grown via the seeded growth 

method from the liquid.  
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Figure 3.15: Large area single-crystal formation. (a) Optical microscope image of a large area 

single-crystal obtained by confinement of the supercooled liquid Ga between two glass substrates. 

The inset schematic represents the preparation method. Seeded growth of the crystal was initiated 

by contacting the liquid with a seed crystal. Large area single-crystal up to of 0.5 × 2 𝑐𝑚2 was 

fabricated on different substrates at room temperature. (b) Polarized optical micrograph of the 

single-crystal in (a). 

 

 X-ray diffraction (XRD) measurements revealed a highly ordered, extended single-

crystalline structure of α-Ga when crystallized between glass/glass or sapphire/glass-capping 

(Figure 3.16a). The 2𝜃 scan using CuK𝛼 radiation showed strong peaks of (020), (040), and (060) 

preferred orientation from the (010) family. The room temperature crystallized bulk α-Ga had an 

orthorhombic crystal structure with space group 𝐶𝑚𝑐𝑎 (𝑎 = 4.519 Å, 𝑏 = 7.657 Å, c =

4.526 Å) and contained eight atoms in the conventional unit cell. The calculated d-spacings were 

𝑏 2⁄ = 3.8 Å, 𝑏 4 =⁄ 1.9 Å, and 𝑏 6 = 1.3 Å⁄ , which agree with the reported literature values.[196] 

The preference of the single-indexed crystal planes of (010) family on the substrate could be 

attributed to the surface energy minimization. The formation energies with respect to α-Ga of (010) 

orientation (0.36 eV per atom) was lower than that of (100) orientation (0.64 eV per atom) [5]. 

This indicates better stability of (010) at room temperature up to 𝑇𝑚. The atoms between two Ga 

layers along (010) are bonded covalently and show directionality with a mixture of covalent and 

metallic properties. In a previous study, it was reported that a perfect single-crystal structure of 

solid Ga could form on sapphire substrate in a nanodroplet of supercooled Ga [197]. In addition, 

the XRD measurements revealed a repeating ordered structure with a peak at 38.2º and 44.4º when 

crystallized on ITO glass, ZnSe, silicon, and copper.  
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 Figure 3.16b shows the enlarged (010) peak (cyan rectangle) from the sapphire substrate, 

and Figure 3.16c demonstrate the large area single crystalline film of Ga obtained at room 

temperature from the supercooled liquid. To understand the thermal behavior of the crystallized 

Ga, we performed differential scanning calorimetry (DSC) analysis for the crystallized Ga on 

different substrates. The analysis from DSC analysis results show the existence of a glassy 

structure with a glass transition (𝑇𝑔) at around 15 ℃ (Figure 3.17). Moreover, the solidification 

process on the substrates induces different modification of microstructures in the crystallized Ga 

droplet. The cooling curve of the DSC measurement of droplets obtained on different substrates 

shows different exothermic behavior, whereas the melting point is the same for all the droplets 

irrespective of the substrate material (Figure B.2, Appendix B). Detailed study on the influence of 

the oxide formation during crystallization is a future work. Scanning electron microscope (SEM) 

image of a fast-quenched droplet on silicon substrate shows a localized nanoscale spatial ordering 

in the freeze-fractured cross-section of the glassy structure (Figure B.3, Appendix B). 
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Figure 3.16: Structural characterization of the highly ordered Ga crystal. (a) X-ray diffraction 

(XRD) measurement of the crystallized Ga on different substrates. 2𝜃  scan of highly ordered 

single-crystal Ga film. (b) Enlarged (010) peak of crystallized Ga on sapphire substrate (cyan 

rectangle). (c) Single crystalline Ga film of approximately 120 𝜇𝑚 thickness and 0.5 × 2 𝑐𝑚2 

square area. 
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Figure 3.17: Differential scanning calorimetry (DSC) analysis of the crystallized Ga droplets on 

different substrates. The 𝑇𝑔 curves are indicated with the small arrows. 

 

 

3.4 Summary 

The PC property of Ga could be a potential tool in designing a caloric capacitor that can store 

unused thermal energy to perform a useful work in dynamic electromechanical devices. The 

interface characteristics revealed will encourage better evaluation of energy efficient PC materials 

with a minimum phonon scattering and less power dissipation, and paves the way for surface 

induced single-crystal formation from supercooled liquids. This finding could validate the 

temperature dependence of surface layering in supercooled liquids.  
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4.1 Introduction 

Elemental Ga is a strange metal with mixed covalent and metallic bond property at ambient 

pressure and temperature [89]. Unlike any other simple liquid, supercooled liquid Ga is very 

complex liquid that exhibits both covalent and metallic character [42]. The outstanding ability of 

elemental Ga to form allotrope [83,85,199] and its low-melting temperature (29.8 ℃) make it a 

good candidate as a nontoxic metallic material with high thermal and electrical conductivity [15]. 

In 1952, Frank hypothesized that an icosahedral short-range order should be energetically 

favorable in supercooled liquids consisting of atoms of roughly spherical symmetry [40,200].  

For decades, the anomalous structural ordering in supercooled liquid Ga has garnered great 

attention in the scientific community. In previous attempts to describe the unusual property of 

liquid Ga, Tsay and Wang [201] reported on the tetrahedron of Ga consisting of two dimers 

interlocked – having four indices with 4-atoms. One of the nearest neighbor atoms has longer bond 

length compared to the rest of the neighbors, and therefore the tetrahedron is asymmetrical. In the 

case of the short-lived covalent Ga dimers, a bond length of near 2.44 Å was attributed to the 

structural shoulder observed from the molecular dynamic simulation [42]. However, a Ga-Ga pair 

separation of greater than 2.5 Å in a cluster structure is more likely to exist in the liquid [97]. 

Thus, a medium-range order of more than 20 Ga atoms are involved in the structural order in 

liquid Ga [202]. To unravel the origin of the structural order in liquid Ga, classical molecular 

dynamic simulation have been investigated [42,97,201–203]. Neutron and X-ray scattering 

experiments revealed a scattering shoulder of structural order in the liquid [4,43–45]. Several 

interpretations were proposed for the structural order in  liquid Ga such as (i) short-lived dimeric 

bonding characteristic of the solid orthorhombic α-Ga phase that persisted in the liquid state, or 

(ii) structures beyond short-range order – polyhedron clusters of 4 and 5 atom units [44,201,202]. 

Recent studies highlighted that the dimeric bonding characteristics of α-Ga phase does not persist 

in the liquid state, whereas increasing fraction of five-fold symmetry and crystalline motifs exist 

in the liquid state [4,97,203].  In addition, X-ray analysis of  liquid Ga droplet on diamond revealed 

the layering effect of Ga dimer (Ga2) molecules on hard substrate [183]. Recently, transmission 

electron microscope (TEM) analysis showed the thermally stable coexistence of liquid-solid 

phases in Ga and eutectic Gallium Indium (EGaIn) nanodroplets [8,9]. Both liquid Ga and EGaIn 

exhibit liquid-liquid phase transition behavior [85,103,104,204]. 
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Hitherto, the long-standing debate on the origin of structural order in liquid Ga is still 

unsettled. In this study, we aim to shed light on the possible long-range order in supercooled liquid 

Ga sandwiched between various polymer-coated glass substrates by the use of reflective polarized 

optical microscopy (R-POM) utilized in liquid crystal (LC) research, differential scanning 

calorimetry (DSC) and SEM. 

 

4.2 Experimental Section 

4.2.1 Microscope and Light Spectroscopy Technique 

A scanning electron microscope (Zeiss Ultra 500 Gemini SEM, Carl Zeiss Inc., Oberkochen, 

Germany) was used to characterize microstructure and morphology of Ga films. Prior to SEM 

examination, the films were quenched in liquid nitrogen. The freeze-fractured films were 

examined under SEM at -20 ℃ to prevent structural damage. 3D laser scanning microscope 

(Keyence VK-X200) was used for characterizing surface topology.  

 

Polarized light microscope (ZEISS Axio Imager.Z2, Carl Zeiss Inc., Oberkochen, Germany) 

equipped with polarizers and rotating stage was used for optical observations and phase sequence 

determination of the liquid crystal phase. 

 

Linkam (THMS600) temperature controlled stage mounted of ZEISS Axio Imager.Z2 enabled 

in situ thermal control of the sample and subsequent imaging during experiments.Precise cooling 

of sample was achieved via liquid nitrogen cooling through LNP96 cooling option.  

 

Spectroscopy technique was performed using compact CCD spectrometer (Thorlabs) for 

wavelengths ranging from 200 to 1000nm.  The device was integrated with a linear fiber bundles. 

Collimated broadband light was used to illuminate the sample in reflection mode. 
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4.2.2 Liquid Crystal (LC) Cell Preparation and Electrical Characterization 

To realize electro-optics in LC cell, coating polyimide (PI) within the inner glass surface of the 

cell was desired for surface anchoring. Pre-cleaned glass slides were spin-coated with 10 wt % 

solution of PI2555 (HD Microsystems) in 1-Methyl-2-pyrrolidon, anhydrous, 99.5% (Sigma 

Aldrich) for 5s at 800 rpm. Then followed by 45s at 5000 rpm and baked at 180 ℃ for 1 h. 

Different cell thickness between 10 and 50 μm was maintained using polystyrene spacer particles 

(Cospheric LLC). The supercooled liquid Ga (with shelf life of more than 6 months) was then 

assembled by shearing between the two PI coated glasses (Figure 4.1). To induce planar alignment 

with PMMA plates (2 mm-thick), the surfaces were rubbed with velvet cloth. Electro-optics 

actuation with DC voltage (DC power supply, KEYSIGTH U80001A) of 18 V was applied across 

10 µm-thick film. For AC actuation, function generator (Tektronix AFG3102C) combined with a 

high frequency power amplifier (TREK MODEL 2100HF) to deliver 18 V using square or sine 

wave function. A mixed channel oscilloscope (Tektronix) device monitored the frequency 

response of the actuation signal. Resistance characterization was performed using KEYSIGTH 

ENA Network Analyzer (5Hz – 3GHz). 

 

 

Figure 4.1: Illustration of the LC cell assembly for optical study of liquid Ga. 
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4.3 Results and Discussion 

4.3.1 Thermal Analysis and Hidden Optical Activity in Supercooled Ga 

Differential scanning calorimetry (DSC) of Ga shows the first order transitions upon heating and 

cooling. On heating from -80 ℃ to 150 ℃ at 2 ℃/min, the pure Ga melts to pseudo-isotropic 

liquid phase at around 30 ℃ (Figure 4.2). During cooling, the liquid crystallized to α-Ga at -51 

℃ because of the supercooling effect of Ga. Although Ga is a polymorphic metal, only the peak 

that corresponds to the orthorhombic α-Ga phase was detected in DSC. Other metastable 

polymorphs of Ga crystal are β-Ga, γ-Ga, and δ-Ga, which are monoclinic, orthorhombic and 

tetragonal, respectively [83,85]. Interestingly, these polymorphs can be detected in the DSC curve 

of the EGaIn alloy, which is a low melting point eutectic liquid (Table 4.1 and Figure C.1, 

Appendix C) [205,206].  Moreover, DSC experiments performed at much higher temperature (400 

℃) did not reveal any phase transition peak.  
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Figure 4.2: Differential scanning calorimetry analysis of Ga upon heating and cooling. The 

pseudo-isotropic liquid appears above the melting point (30 ℃) of α-Ga crystal during heating. 

The liquid recrystallized at -51 ℃ indicating the stability of the supercooled state. The inset image 

represents R-POM texture of the LC phase in supercooled Ga similar to the Schlieren textures of 

nematic or smectic-A (SmA) liquid crystals with homeotropic alignment. Scale bar is 200 µm.  

 

In a thin layer of the supercooled liquid Ga prepared on a glass substrate at room 

temperature (RT) with open-air boundary, a grayish texture is observed using circularly polarized 

light in R-POM (Figure 4.2 inset). The fact that the reflected light is not extinguished between the 

crossed polarizers means anisotropic reflection at the Ga-substrate interface. The texture 

resembles to Schlieren textures of various liquid crystal phases subjected to homeotropic boundary 

condition (boundary layer tends to align the LC director normal to the substrate) [207].  There are 

only two brush defects seen, which means the presence of only 1/2 strength defects.  In Liquid 
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crystals such textures may be due to pretilt of the elongated building blocks, or may indicate 

biaxial nematic or smectic phase [208,209]. Note that the open-air surface of the liquid maybe 

covered with an oxide layer of about 3-nm. This highly transparent oxide layer occurs naturally 

when exposed the liquid to open ambient air [123,210]. This may cause some pretilt at the air-Ga 

interface, but otherwise the optical property of the thin liquid Ga is unaffected due to the optical 

transparency of the oxide[210,211].  

Table 4.1: Phase transition enthalpies taken from DSC analysis at 2 ℃/min heating and cooling 

rate. 

 

Cr; crystal phase 1, 2, and 3 represent different polymorphs of Ga. 

 

4.3.2 Polarization Optical Microscopy (POM) Investigation  

 

R-POM observations in the supercooled liquid Ga was also carried out in  cells where the material  

was sandwiched between two glass plates coated with polymer layers that provide either planar or 

homeotropic alignment for liquid crystals at RT (22 ℃). For instance, a planar alignment where 

the director is parallel to the substrates, was achieved by confining the liquid in between two 

rubbed poly(methyl methacrylate) (PMMA) plates separated by a gap ranging from 5 to 50 µm at 

22 ℃.  



 

98 
 

 In Figure 4.3, the planar condition of the supercooled liquid Ga in the PMMA cell with 

40-µm separation is illustrated. An R-POM image of the liquid Ga film without analyzer with the 

rubbing and the shear flow direction initially pointed at 45º with respect to the polarizer by the red 

double-head arrow (Figure 4.3a). The crossed-polarized optical image of the cell appeared bright 

since the molecular optical axis is at 45º with respect to the two polarizers in agreement with the 

shear flow direction (Figure 4.3b). The dark area in Figure 4.3b is PMMA plate. However, the 

crossed-polarized optical image of the cell appeared dark when rotated the sample to 45º with 

reference to either one of the polarizers, and the optical long axis aligned with one of the polarizers, 

the sample is extinguished (Figure 4.3c). The PMMA surface shows a strong planar anchoring of 

the liquid Ga molecule.  

 POM textures were also studied in sandwich cells, where in one of the substrates in 

microchannel (15 µm width, 55 µm period, and 17 µm depth) were made of polydimethylsiloxane 

(PDMS) prepared at room temperature (Figure C.2, Appendix C). The channels infiltrated with 

EGaIn liquid at 22 ℃ immediately show planar alignment that after 2 hours show parabolic focal 

conics  (PFC) type domains [212] with long axis of elongated parabolas pointing perpendicular to 

the channel walls (Figure C.3, Appendix C). Note that the images in Figure C.2 and C.3 were 

obtained in transmission POM. Such kind of parabolic focal conic (PFC) defects are well-known 

in liquid crystals with either smectic layers of smectic LCs or pseudo-layered structures of chiral 

nematic or the twist-bend nematic phases.  PFC appears when either the layer spacing decreases, 

for example, on cooling or when the films are dilated [213].  PFC defects have also been observed 

in the helical nanofilament phase of bent-core LC molecules near the glass interface when 

quenched to RT [214,215]. These observations indicate the presence of some kind of true or 

pseudo-layer structure of the supercooled liquid Ga. The direction of the PFC domains also 

indicates that the layers are parallel to the channel wall. This is due to the shear alignment that 

allows flow only along the channel wall and the smectic layers [216].  

 In a 17 µm thick cell where the substrates were treated by a polyimide that usually 

promotes homeotropic alignment (director perpendicular to the substrate) for thermotropic liquid 

crystals, Ga filled cell appears dark in R-POM with crossed polarizers even when the sample was 

rotated 45º with respect to the polarizers (Figure 4.3e,f).  Pseudo-isotropic textures are usually 

observed for nematic and smectic-A (SmA) LC phases between homeotropic anchoring surfaces. 
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Figure 4.3: Reflection polarized optical microscope (R-POM) images of liquid Ga cell 

confinement. R-POM images of a planar and homeotropic texture taken at 22 ℃ without analyzer 

(a) and (d), with crossed polarized (b) and (e), and sample rotated 45º with respect to the polarizers 

(c) and (f). Note that thee red arrows represent the flow directions. The sample stage was initially 

placed at 45º so that the shear flow direction is at 45º with respect to the polarizers. The thickness 

of planar and homeotropic cells are 40 µm and 17 µm, respectively. Scale bars: (a) – (f) 200 µm. 

 

 For untreated glass cell, the formation of focal conic defect (FCD) was observed in the 

sandwiched film of liquid Ga at the clean glass boundary (Figure 4.4). The formation foal conic 

domains is a characteristics of orthogonal SmA liquid crystal and has been observed in helical 

nanofilaments phase due to unwinding of the helical structure near the glass surface as the twisted 

conformation of the HNF cannot completely fill the space on the flat glass surface [214]. 
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Figure 4.4: Focal conic defects in untreated glass with10 µm cell thickness. R-POM images 

without analyzer (a), crossed-polarized (b), and ample rotated 45º with respect to the polarizers 

(c). The R-POM observation was conducted at 22 ℃. Scale bars are 100 µm. 

 

 

Figure 4.5: SEM micrographs of liquid Ga droplet. The surface of droplets was cleaned in 0.5 M 

HCl solution to remove any oxide before SEM imaging. The SEM of the liquid Ga droplet shows 

structures similar to focal conic of smectic droplets. Scale bars: (a) 100 µm, and (b) 40 µm.  

Droplet size is around 600 µm.  

 

 In addition, focal conic texture that is very similar to smectic droplet appeared on the liquid 

Ga droplet characterized using scanning electron microscope (SEM) (Figures 4.5). Detailed 

experiments on the surface stabilized smectic-like phase revealed a parabolic focal conic-like 

texture resembling that of  a dilated SmA (Figure 4.6) [213].  
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Figure 4.6: Parabolic focal conic defect-like texture of dilated SmA or nematic texture in an 

unknown cell thickness. Scale bar is 100 µm. 

 

4.3.3 Thermotropic Behavior, Order Parameter, and  Microstructure 

In order to investigate the thermotropic property of the LC structure phase in liquid Ga, a planar 

cell with a 50-µm thickness was subjected to slow heating/cooling at 2 ℃/ min (Figure 4.7a). The 

optical texture was monitored with R-POM and the high temperature phases were studied. Several 

observations were noted while heating the cell starting from RT. The long molecular axis of the 

sample and the flow direction were oriented at 45º with respect to the polarizers. In such position, 

the intensity of the cell gradually decreased with increasing temperature (Figure 4.7b). At 

temperature range between 120 and 130 ℃, the cell became completely dark (Figure 4.7c).  
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Figure 4.7: Thermotropic LC structure behavior of supercooled liquid Ga. (a), (b), and (c) 

Temperature dependence of anisotropic LC structure in planar orientation revealed in R-POM. 

The bright state disappeared at high temperature because of realignment of the molecular optical 

long axis with the polarizers. (d) Reflectance intensity measurement of the planar geometry with 

respect to temperature change. At 120 ℃, the intensity decreased almost to zero. (e) Stripes texture 

obtained from high temperature above 120 ℃. Scale bars: (a) – (c) 100 µm, (e) 100 µm. 

 

 By further heating, isotropic domains started to appear up to 145 ℃. The anisotropic 

reflection intensity of liquid Ga upon temperature variation deceases to almost zero at 120 ℃ in a 

planar cell with 10-µm film thickness (Figure 4.7d). Interestingly, crystalline strands were 

observed around birefringence bubble during isotropic transition at around 145 ℃ (Figure 4.7e). 

The strands elongate near the bubble, which shows needle-like domains that nucleates at a defect 

area. The R-POM image in Figure 4.7e was taken at 22 ℃ after slowly cooling the Ga film to RT. 

The stripe texture looks like that of TGBA⃰  or SmA phase subjected to homeotropic boundary 

condition [207]. 
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 It is important to know that the spatially confined supercooled liquid Ga is very stable at 

RT and beyond (Figure C.4, Appendix C). The liquid can withstand extreme temperature value 

down to -84 ℃ before crystallizing. The sandwiched Ga between the substrates does not 

crystallize at all at RT, except at its crystallization temperature. The upper working temperature 

limit is above 130 ℃ prior to the formation of isotropic domain. The proposed phase sequence of 

the Ga obtained from the R-POM observation differs from the phase transitions analysis conducted 

with the DSC measurement. We proposed a molecular arrangement of the predicted orthogonal 

smectic phase with the phase sequence of the LC mesophases in supercooled liquid Ga based on 

R-POM observations in Figure 4.8.  Note that the molecular structure of Ga mesophase could 

possibly composed of clusters with variable shapes such as oblate or prolate spheroid [217,218]. 

Therefore, the model below is purposely for visualization and may not be accurate. 

 

Figure 4.8: An illustration of the possible molecular or cluster arrangement that give rise to the 

orthogonal liquid crystal properties in the structure of supercooled Ga. 
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 SEM images of slowly quenched planar aligned sample shows stripe structures from the 

confined liquid Ga cell. The width (w) of the stripes is 40 nm according to the SEM observation 

(Figure 4.9).  

 

 

Figure 4.9: SEM images of stripes in homeotropic anchoring condition at a glass boundary. The 

width of the structures is ca. 40 nm measured from the SEM images. Scale bars: 200 nm and 40 

nm (inset).   
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SEM images of the needle-like structure around birefringent bubbles clearly show spatial 

arrangement of nanostructures with size that ranges from hundreds of nanometers to 2.5 µm 

(Figure 4.10a,b). To prepare the glassy Ga samples, the samples were plunged into liquid nitrogen 

prior to the SEM observation. The images were taken at -20 ℃ to prevent any structural 

reorganization and damage by the electron beam during SEM characterization. It is worth to 

mention that glass transition of Ga metal was reported previously in a slowly quenched Ga film, 

which reassured the molecular behavior of the liquid phase [47]. 

 

 

Figure 4.10: Scanning electron microscope of needle-like texture of of nanocrystals around liquid 

Ga. The texture was stabilized at RT prior to SEM imaging. Scale bars: (a) 1 µm, and (b) 300 nm.  

 

 During retraction of the contact line of liquid Ga sandwiched between clean glass and 

PDMS, Bouligand arcs-like formation with bimodal (two-pitch) arced patterns were visualized 

with R-POM at RT (Figures 4.11a,b) [219]. Bouligand arcs are inherent property of chiral 

biological LC material such as chromosome, cholesteric fiber, and insect’s exoskeleton [220–

222]. The arcs show a series of bow-shaped fibers (arced or parabolic patterns) of regular 

stratification corresponding to the half-helical pitch h. The arcs indicate the characteristics of 

chiral LC obtained via an oblique sectioning.  
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Figure 4.11: Bouligand arcs-like formation in supercooled liquid Ga on glass surface. Bouligand 

arcs were observed in liquid Ga on glass surface by the retraction of contact line of the liquid, 

which made an oblique angle with the glass surface. (a) Stretched arced patterns showing the 

bimodal pitch behavior of the liquid in the regions labelled 1, 2, and 3. The red line represents the 

retracting fluid front. (b) A large stretched arc with a clear bow-shape pattern. The bow-shape of 

Bouligand arcs seem to have originated from a liquid with pitch variation. The glass used here is 

untreated. Images were taken at 22 ℃. Scale bars are 100 µm.  
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4.3.4 Electro-Optics  

Counterintuitively, the molecular-cluster behavior of LC-Ga enabled electro-optics switching 

where birefringent state is induced via the application of low electric field (DC) of 1.8 𝑉 𝜇𝑚⁄  at 

RT in a confinement between two ITO-glass separated by 10 µm as shown in Figure 4.12a,b. The 

homeotropic ITO cell was obtained by polyimide (PI) coating. In addition, the elecro-optics 

switching was realized by applying square wave AC field of 1.9 𝑉 𝜇𝑚⁄  at 1 Hz across the cell. 

The reflected light intensity increased with the strength of the applied field as can be seen in Figure 

4.12c.  The corresponding current across the cell is linearly dependent on the applied potential 

field mas shown in Figure 4.12d. 

 



 

108 
 

 

Figure 4.12: Electro-optics and electrical characterization of LC structure of liquid Ga. (a), (b) 

Electro-optics switching at RT with DC field in a 10-µm polyimide-treated cell. (c) Reflectance 

intensity dependence on increasing switching voltage using DC field. The reflection intensity 

covers a broadband wavelength from 400 to 900 nm. (d) Almost linear dependent of current on 

the applied voltage across the cell. 

 

 

 



 

109 
 

  Because of the high electrical conductivity of liquid Ga, the applied DC field across the 

cell generated heat in the liquid via possible joule heating and thus the temperature of the cell rises 

to around 50 ℃. The temperature within the cell is uniform due to high thermal conductivity of 

liquid Ga. During this localized heating, there is less thermal dissipation through the bulk glass 

plates. The consequences of the electro-thermal effect was scrutinized further. At relative 

temperature above ambient condition, the electro-optic effect was not affected. However, above 

130 ℃, the electric field dependence of the birefringence vanished. The temperature dependent 

behavior of resistance across liquid Ga cell was characterized in PI treated cell with 17-µm  film 

thickness. The resistance of the liquid Ga decreased with temperature rise from 20 to 140 ℃ 

Figure 4.13a. Moreover, frequency response of the resistance was recorded from 100 kHz to 1 

MHz. In Figure 4.13b, temperature dependent resistance at 100 kHz is plotted with varying 

temperature during cooling. Even though the resistance of Ga is low relative to conventional LC 

materials, such temperature dependent of the resistance could be attributed to polar behavior, 

which is typical for dielectric LC materials. 
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Figure 4.13: (a) Temperature dependent of resistance in Ga LC cell with film thickness of 17 

µm. (b) Resistance-temperature plotted at 100 kHz across the cell during cooling. 
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4.4 Summary 

In this work, we unraveled the attribute of liquid crystal structure in Ga by adopting approaches 

utilized in the liquid crystal research. We use reflection polarized optical microscope, surface 

treatment, and thermal analysis to study properties of supercooled liquid Ga and EGaIn that has 

evaded scientists for decades. The revealed optical characteristics of liquid metal could open up a 

new avenue of research activity in understanding the behavior of liquid metals, which are gaining 

potential in the soft electronic and sensors for future robotics. In addition, this study could help 

explain the unusual cluster formations in liquid Ga and can pave the way for a development of 

new physics to explain the ubiquitous anomalous behavior of metallic liquids. 
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5 Conclusion and Future Work  

5.1 Conclusion 

In conclusion, fundamental properties of supercooled liquid Ga have been discussed in this 

dissertation. Three different contributions pertaining liquid Ga are discussed: 1) wrinkling 

instability and adhesion of supercooled liquid Ga under uniaxial loading condition, 2) thermal 

effects on the crystallization kinetics of supercooled liquid Ga, and 3) liquid crystal structure in 

supercooled liquid Ga and GaIn. Different experimental approaches were incorporated to achieve 

the objectives of this dissertation. The main findings and contributions are stated below.  

5.1.1 Winkling instability and adhesion of the oxide nanofilm skin of liquid metals 

 Characterized the wrinkling instability that emerged at the interface between liquid metal 

and glass substrate through circular to radial wrinkle transition under axisymmetric 

loading. 

 Mechanical attributes of the oxide skin enabled high surface conformation and exhibiting 

liquid-like behavior. 

 Adhesion force and interface energy characterization. 

 Insight on the rupturing mechanism of the compressed liquid Ga droplet and surface 

tension analyses. 
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5.1.2 Thermal effect and crystallization kinetics of supercooled liquid Ga 

 Interfacial temperature effect on crystallization  

 Thermo-mechanic influence on adhesive strength  

 Extended large area oriented growth of crystal on dielectric glass 

 Heat dissipation mechanism on different substrates 

 Microstructure analysis of crystallized droplets 

 Glass transition determination by differential scanning calorimetry in elemental metallic 

material. 

 

5.1.3 Liquid crystal structure of the supercooled liquid Ga 

 Understanding structural origin in liquid Ga. 

 The utilization of reflective light microscope to probe liquid crystal order in metallic liquid. 

 Thermotropic behavior with unset of anisotropic reflection from 120 ℃ up to room 

temperature. 

 Stable liquid crystal phase observation in supercooled liquid Ga and EGaIn. 

 Realization of planar and homeotropic alaignment in liquid metal. 

 Revealed the existence of lamellar texture corresponding to smectic liquid crystal phase. 

 

 

5.2 Future Work 

The work presented in this dissertation may mark the beginning of a new research activity in the 

domain of materials science and liquid crystal research. There are certain aspects that specifically 

required further scrutiny. Some of our suggestions for further study of the works are listed below: 

 The role of substrate and thermal conductivity on the interfacial wetting during 

crystallization is complex, where the need for further analytical tool to in situ observe the 

mechanism at the interface is required. During crystallization, there is competition between 

thermal stress and adhesive stress that determine the fate of the gallium droplet. Therefore, 

droplets on the substrate either stick or peel-off.  To investigate such effect correctly, one 

need to develop an imaging technique and analytical tool to model the deformation of the 
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droplet at t the onset of crystallization. A mean of external actuation such as vibration to 

induce crystallization will offer robust control on the supercooling.  A seed material that is 

compatible with the crystalline structure of Ga can also offer suitable approach in order to 

avoid melting of the parent Ga seed.  

 For the unprecedented LC structure in Ga and EGaIn, the anisotropic behavior in the liquid 

awaits to be explored. Due to the metallic and covalent nature of the liquid Ga, it is possible 

to characterize its dielectric properties. The extent of the LC stability investigated in this 

work is up to 74 hours. Further stability experiment and thermal relaxation over long period 

is recommended.  
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Appendix A 

Nanofilm Wrinkling Model 

We used a previously reported method [71] for solving the Lamé problem for a thin sheet under 

axisymmetric loading. The details are given in the Supplementary Information of ref [71], but are 

presented here for convenience. This method solves the Föppl-von Kármán equations for the 

simple geometry shown in Figure A.1a.  

In equilibrium, the stress on an infinitesimal element is zero for the two directions (radial 

𝑟 and azimuthal 𝜃) in the plane of the sheet so that: 

                                                                   ∇ ∙ 𝝈 = 0                                                                 (A.1) 

where 𝝈 is the in-plane stress tensor and ∇ is the gradient operator for the radial 𝑟 and azimuthal 

𝜃 directions. In the normal 𝑧 direction, the internal bending stress balances the applied force 𝐹𝑝𝑟𝑒 

such that: 

                                                    
𝐸𝑡3

12(1−𝜈2)
𝑇𝑟(𝜿) + 𝝈 ∙ 𝜿 = 𝐹𝑝𝑟𝑒                                                       (A.2)                                

where 𝐸 is the Young’s modulus, 𝑡 is the thickness, 𝜈 is the Poisson’s ratio, 𝜿 is the curvature 

tensor, and 𝑇𝑟(𝜿) is the mean curvature. These are the Föppl-von Kármán equations.  
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Figure A.1. Gallium droplet geometry. (a) In-plane geometry for the Lamé problem. (b) Geometry 

for the gallium droplet (light gray) pinned to post (top rectangle) and forced into contact with glass 

substrate (bottom rectangle).  

 

 Following a polar coordinate system centered on the thin sheet, the in-plane displacement 

is 𝒖(𝑟, 𝜃) =  𝑢𝑟(𝑟, 𝜃)�̂� + 𝑢𝜃(𝑟, 𝜃)�̂� and the normal displacement is 𝜁(𝑟, 𝜃). The strain is then 

given by: 

                                                       𝜖𝑟𝑟 = 𝜕𝑟𝑢𝑟 +
1

2
(𝜕𝑟𝜁)2                                                        (A.3) 

                                                   𝜖𝜃𝜃 =
1

𝑟
𝜕𝜃𝑢𝜃 +

1

𝑟
𝑢𝑟 +

1

2𝑟2
(𝜕𝜃𝜁)2                                          (A.4) 

                                          𝜖𝑟𝜃 = 𝜖𝜃𝑟 =
1

2
(

1

𝑟
𝜕𝜃𝑢𝑟 + 𝜕𝑟𝑢𝜃 +

1

𝑟
𝜕𝑟𝜁𝜕𝜃𝜁)                                   (A.5) 

 For our sheet, we assumed the relationship between stress and strain was linear, following 

the Hooke’s law; therefore, the stresses are expressed as: 

                                                          𝜎𝑟𝑟 =
𝐸𝑡

1−𝜈2
(𝜖𝑟𝑟 + 𝜈𝜖𝜃𝜃)                                                  (A.6) 

                                                        𝜎𝜃𝜃 =
𝐸𝑡

1−𝜈2
(𝜖𝜃𝜃 + 𝜈𝜖𝑟𝑟)                                                   (A.7) 

                                                                 𝜎𝑟𝜃 =
𝐸𝑡

1−𝜈2
𝜖𝑟𝜃                                                          (A.8) 
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Substituting into the Föppl-von Kármán equations, we obtained the following respective 

expressions for the force balance in �̂�, �̂�, and normal 𝑧 directions: 

                                              𝜕𝑟𝜎𝑟𝑟 +
1

𝑟
(𝜕𝜃𝜎𝑟𝜃 + 𝜎𝑟𝑟 − 𝜎𝜃𝜃) = 0                                            (A.9) 

                                                  𝜕𝑟𝜎𝑟𝜃 +
1

𝑟
(𝜕𝜃𝜎𝜃𝜃 + 2𝜎𝑟𝜃) = 0                                             (A.10) 

                 
𝐸𝑡3

12(1−𝜈2)
Δ2𝜁 − 𝜎𝑟𝑟𝜕𝑟

2𝜁 −
2

𝑟
𝜎𝑟𝜃 (𝜕𝑟 −

1

𝑟
) 𝜕𝜃𝜁 −

1

𝑟2
𝜎𝜃𝜃(𝜕𝜃

2𝜁 + 𝑟𝜕𝑟𝜁) = 𝐹𝑝𝑟𝑒         (A.11) 

where the Laplacian Δ = 𝜕𝑟
2 +

1

𝑟
𝜕𝑟 +

1

𝑟2 𝜕𝜃
2. 

 Since our investigation is concerned with an axisymmetric thin sheet, the azimuthal 

displacement 𝑢𝜃 and all derivatives with respect to the azimuthal 𝜃 direction vanished. The radial 

𝑟 and normal 𝑧 force balances simplify to: 

                                                            (𝜕𝑟 +
1

𝑟
) 𝜎𝑟𝑟 =

1

𝑟
𝜎𝜃𝜃                                                   (A.12) 

                                              
𝐸𝑡3

12(1−𝜈2)
Δ2𝜁0 − 𝜎𝑟𝑟𝜁0

′′ −
1

𝑟
𝜎𝜃𝜃𝜁0

′ = 𝑃                                        (A.13) 

respectively, where 𝜁0(𝑟) is the axisymmetric normal displacement, 𝑃 = (4𝐹𝑝𝑟𝑒) (𝜋𝑊2)⁄  is the 

pressure exerted normal to the thin sheet, and primes denote derivatives with respect to the radial 

𝑟 dimension.  

Simplifying the strain tensor results in: 

                                                               𝑢𝑟𝑟 = 𝑢𝑟
′ +

1

2
𝜁0

′2                                                       (A.14) 

                                                                  𝑢𝜃𝜃 =
1

𝑟
𝑢𝑟                                                             (A.15) 

Using the stress-strain relations, we can combine the strain tensor into: 

                                                     (𝜕𝑟 +
1

𝑟
) 𝜎𝜃𝜃 =

1

𝑟
𝜎𝑟𝑟 −

𝐸𝑡

2𝑟
𝜁0

′2                                             (A.16) 

 By combining the two expressions for the force balances in the radial 𝑟 and normal 𝑧 

directions, we can eliminate 𝜎𝜃𝜃, and integrate once with the boundary condition 𝜁0
′ (0) = 0 to get 

the following expression for the slope in terms of the radial stress: 
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                                                            𝜁0
′ (𝑟) = −

𝑃𝑟

2𝜎𝑟𝑟(𝑟)
                                                         (A.17) 

We can then reduce our system of three equations to a set of two coupled first-order ODEs for 𝜎𝑟𝑟 

and 𝜎𝜃𝜃, so that: 

                                                          𝜕𝑟𝜎𝑟𝑟 =
1

𝑟
(−𝜎𝑟𝑟 + 𝜎𝜃𝜃)                                                (A.18)  

                                                𝜕𝑟𝜎𝜃𝜃 =
1

𝑟
(𝜎𝑟𝑟 − 𝜎𝜃𝜃) −

𝐸𝑡𝑃2𝑟

8

1

𝜎𝑟𝑟
2                                           (A.19) 

We can define the following dimensionless variables �̃� = 𝑟 𝑊⁄  and �̃� = 𝜎 (𝑃𝐻 cos 𝛽)⁄ , where 𝑊 

is the width of the contact of the gallium drop on the substrate, 𝐻  is the height between the 

substrate and the post where the gallium droplet is attached. 𝛽 is the angle between the points of 

contact between the gallium drop and the post and substrate, and P is the applied pressure at the 

contact interface as depicted in Figure A.1b. The length scale 𝑊 is the natural length scale since 

it represents the width of the region of the thin, elastic sheet of interest.  

 The scale for force per unit length 𝑃𝐻 cos 𝛽 represents the force pulling on the edge of the 

elastic sheet, and is an adaptation of the force scale from ref [71] to the case of a gallium drop 

forced into contact with a flat substrate. 

 With these dimensionless variables, we can non-dimensionalize our governing ODEs as 

such: 

                                                       𝜕�̃��̃�𝑟𝑟 =
1

�̃�
(−�̃�𝑟𝑟 + �̃�𝜃𝜃)                                                   (A.20) 

                                          𝜕�̃��̃�𝜃𝜃 =
1

�̃�
(�̃�𝑟𝑟 − �̃�𝜃𝜃) −

𝐸𝑡(𝑃𝑊)2

8(𝑃𝐻 cos 𝛽)3 �̃�
1

�̃�𝑟𝑟
2                                      (A.21) 

To solve for the width 𝐿 where radial wrinkles will begin to form, we followed the method 

for solving the governing ODEs in two zones, an inner disk where 𝑟 < 𝐿 and the hoop stress is 

tensile 𝜎𝜃𝜃 > 0 , and an outer annulus 𝐿 < 𝑟 < 𝑊  where the hoop stress is zero 𝜎𝜃𝜃 = 0 . 

Continuing to follow the methodology from King et al. [71], we used matching between the two 

zones and minimization of the dominant elastic energy to solve for 𝐿. The details of the analysis 

are provided in the Supplementary Information of King et al [71].  The resulting solution is: 
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𝐿

𝑊
= (

𝛼

𝛼∗)
−1/5

                                                                (A.22) 

 

 

Figure A.2: SEM images of the Ga droplet surface. (a) Fractal structures of Ga2O3 grown on a 

liquid Ga surface. The surface is exposed to ambient atmosphere before transferring into the SEM 

chamber after rupturing the native oxide skin and liquid metal was revealed (scale bar: 2 μm). Red 
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circles show the fractal structure as reported before in the literature [140]. (b) A ruptured Ga 

droplet surface depicting discontinuity and reconstruction of its oxide layer after deformation of 

the native oxide skin. The fresh oxide layer was formed again within the crack region promptly 

(scale bar: 10 μm). 

 

 

Figure A.3: Contact interface images at different preloads on a glass substrate. Inverted 

microscope images of the wrinkled interfaces of the Ga2O3 skin and glass upon application of 

different preloads from 1 to 8 mN. (Scale bar: 0.4 mm). 
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Figure A.4: Characterization of contact area, pull-off force and retraction speed. (a) The effective 

contact area and pull-off force initially increased with preload. At higher preloads the pull-off force 

is saturated while the contact area continue to increase. The slight increase in the force is attributed 

to the formation of new oxide as the droplet is further squeezed and ruptured. A commercially 

available software (ImageJ) was used to analyze the contact area corresponding to maximum pull-

off force. (b) Rate-independent adhesion of liquid-Ga is characterized by varying the retraction 

speed during each set of experiment. Four different speeds (20, 50, 100, and 150 μm/s), starting 

from low to high, were characterized. 
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Figure A.5: Side-view optical microscope image snapshot of the Ga droplet during retraction 

from the glass substrate. Apparent contact angle of the Ga droplet on glass, 𝜃𝑎, at maximum pull-

off force was measured. Note that the average value of the angle was used for the calculation of 

the interfacial adhesion energy. 
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Appendix B 

 

Table B.1: Summary of thermal properties of all substrates used in the experiments. 

 

 

 

 

 

Table B.2: Summary of thermal properties of the liquid Ga. 
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Figure B.1: Energy dispersive x-ray (EDX) spectroscopy analysis. On the seeding crystal and 

detached droplet from glass surface after crystallization, EDX spectroscopy analysis was 

conducted to verify the elemental composition of Ga. 
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Figure B.2: Differential scanning calorimetry (DSC) measurement of heating and cooling curves 

of Ga droplets crystallized on different substrates. (a) The pristine crystallized droplets on different 

substrates with first heating cycle from the solid state, and then cooling down to -20 ℃ at the same 

rate. (b) Enlarged black box in (a) showing the crystallization curves of the melted droplets after 

heating the droplets from the solids to liquid state at a rate of 5 ℃ min−1. 
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Figure B.3: Structural investigation of crystallized Ga.  A droplet of Ga was quenched on a silicon 

substrate and was freeze-fractured for SEM observation. a) Brittle-like fracture surface of the 

droplet showing both glassy and ordered layers of Ga. b) The magnified image of the yellow square 

region with structural order.  

  

 



 

149 
 

Appendix C 

 

 

 

 

 

 

Figure C.1: Polymorph structure of Ga. Differential scanning calorimetry of EGaIn measured 

through heating/cooling at 2℃/min. The possible polymorphs of different Ga phases when alloyed 

can be resolved as labelled Cr1, Cr2, and Cr3. 
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Figure C.2: Planar orientation of EGaIn in microchannel confinement. Images taken 10 minutes 

after filling the channel at 22 ℃. The direction of the microchannel is aligned with one of the 

polarizers (a) and rotated 45º with respect to the polarizers in transmission light microscope (b). 

The microchannel dimensions are 15 µm width and 17 µm depth with 55 µm spacing.  Scale bars: 

100 µm.  

 

 

 

Figure C.3: Microchannel confinement after 2 hours at 22 ℃. Without analyzer (a) and crossed-

polarized transmission image (b). Scale bars are 50 µm. Note the appearance parabolic focal conic 

domains resembling to smectic phase. The height of the microchannel is 17 µm. The empty 

microchannel are always dark.  
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Figure C.4: Room temperature stability observation of liquid Ga planar cell over 74 hours (7 

h).The red double-head arrow indicates the rubbing direction under R-POM. 

 

 

 

 

 

 

 

 

 

 

 

 

 


