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ABSTRACT 

Exfoliation, Characterizations and Application of 2D Gallium 
Sheets 

by 

Yuan Zhang 

The isolation of graphene from graphite have boomed the two dimensional 

materials research for many years. The metallic layers have been studied rarely, so I 

decided to explore the two-dimensional gallium layer. Unlike the traditional top-down 

techniques of exfoliation, I here develop a novel solid-melt interface exfoliation 

technique, which take advantages of the interface between the solid and molten phases of 

the gallium. Some characterization figures will be reported to study the thickness, the 

morphology, the crystal nature, and the composition details. I also used the standard 

electron beam lithography to fabricate the gallium device, which helps to investigate the 

electronic properties of the atomic-thick gallium layer. At last, to prove the scalability 

and reproducibility of the solid-melt exfoliation technique, I used a new stamping 

technique to create gallium layers showing a successful rate between 80%-90%, which 

could be established to a unique and innovative metal stamping technique in future 

industry. Also, I provided several possible improvements and insights about my own 

project, which may worth a try in future study. At last, the progress and challenges of the 

two dimensional materials area will be covered according to my own understanding. 
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1.

Introduction 

In this part, I will give a brief introduction about the current popular 2D materials 

system, including their synthesis or growth method, characterization and the possible 

application. Then I will discuss how and why I decide to set this project in my master 

program. 

1.1.Classes of single- and few- layers 2D materials 

All story comes from Graphene. One Friday, the two scientists removed 

some flakes from a lump of bulk graphite with sticky tape. They noticed some 

flakes were thinner than others. By separating the graphite fragments repeatedly 

they managed to create flakes which were just one atom thick. They had isolated 

graphene for the first time. 

Graphene has a lot favorable properties that makes it very promising to 

have future applications. For example, it is ultra-light yet immensely tough.It is 
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200 times stronger than steel, but it is incredibly flexible. It is the thinnest 

material possible as well as being transparent. It is a superb conductor and can 

act as a perfect barrier - not even helium can pass through it.  

Graphene has fueled the 2D materials research for many years. Today, we 

already have tons of new 2D materials, take part as insulator, semiconductor, 

semimetal.  

Figure 1.1 – Electromagnetic spectrum. Applications that utilize the different 
spectral ranges are presented in the top portion of the panel. NIR, MIR and FIR 
indicate near-, mid- and far-infrared, respectively. The atomic structures of hBN, 
MoS2, BP and graphene are shown in the bottom of the panel, left to right. The 

crystalline directions (x and y) of anisotropic BP are indicated. The possible spectral 
ranges covered by different materials are indicated using coloured polygons.(34) 
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1.1.1.Layered van der Waals Solids 

The single-atom-thick or multi-layer of atoms are connected with the adjacent 

atoms by ionic bond or covalent bond, whereas the layers are hold together by van der 

Waals force. The energy between the layers is pretty low(around 40-70 meV), which 

makes the mechanical exfoliation a possible way. We will talk about this method in detail 

in the later part. The popular star 2 dimensional material is the layered metal 

chalcogenides(LMDC), with the chemical formula MX2 ( M= Zr, Ti, V, Nb, Re; X= Se, S, 

Te). Until now, there are more than 30 varied LMDCs which provide different promising 

properties. New layered van der Waals materials have kept being discovered by the solid 

state community, like hexagonal boron nitride, vanadium oxide derivatives, ReN2 and so 

on. 

1.1.2. Layered Ionic Solids 

This type of 2-dimensional material is held by strongly electro-positive cations or 

electro negative anions, like halides, or OH. This material is usually easy to disperse on 

one substrate to single and multi layers. Scientist have successfully built 2D structure 

with this method among perovskite, metal oxide, halide and hydroxide. For instance, Tae 

Woo Kim et al used colloidal suspension of exfoliated and layered cobalt oxide nano 

sheets, which shows a nano-level height, which is around 1.20 nm. (8) 
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1.2.Synthesis Method and Characterizations 

The most popular synthesis method for 2D materials is the top-down 

approaches such as exfoliation, and bottom-up approaches represented by the 

chemical vapor deposition and epitaxial growth on specific lattice planes of 

substrates.  

Figure 1.2 –Mainstream Preparation Methods for 2D Nano-materials.(35) 
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1.2.1.Chemical Vapor Deposition 

In traditional CVD, the wafer is usually exposed to one or more precursors, which will 

react with each other and deposit on the substrate, to synthesize a high-quality, good-

performance thin films. It has been widely used in the 2D materials industry.  

Back in 1998, with the support of Fe2O3 as catalyst, the researchers from Stanford 

University reported the success for single-walled carbon nanotubes. They tried to 

investigate the the end of the nanotubes, and this facilitates the understanding of the 

growth mechanism. (1)In 2009, Xuesong Li et al. grew large area graphene films on 

copper substrate using CVD technique at temperature approximately 1000°C, of which 

more than 95% are single-layered samples. (2) At the same year, Alfonso Reina et al 

reported the work on low-cost, scalable CVD technique to obtain large area and few to 

single layers of graphene. They used the ambient pressure CVD on polycrystalline Ni 

films to fabricate large area (∼cm2) films of graphene and develop a transfer technique 

that can move the films to nonspecific substrates. The film is consisted of 1- 12 layers of 

layers of graphene and uniformly covered the whole wafer, which can be used  for 

patterning lithography.(20) 

From the basic understanding of Chemistry, the different system, including the precursor, 

gas environment, catalyst, pressure and temperature will all lead to varied results. We can 

learn a lot from the past experiences, but the rules and methods can not be directly 

applied to other 2D materials system. People explored various technique to study the 

growth mechanism to support the experiments. For instance, carbon isotope was labelled 

in conjunction with Raman spectroscopic mapping to keep track of the C element 
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throughout the CVD process. It showed two growth mechanism on Nickel and Copper 

wafer. We have to notice that the solubility of carbon in copper differs from that in nickel, 

since the limited amount of metal-carbon line compound. Compared with Nickel, copper 

has much lower ability to adsorb CH4, so as soon as the graphene covered the whole 

wafer, the progress will soon stop. As a result, it’s much easier to have reliable and 

uniform graphene film on copper substrate. Both micro-structural defects and grain 

boundaries will increase the participation of carbon metal solubility, which are tough to 

exclude. In consequence, the metal with low carbon solubility functioning as copper 

provide a good candidate acted as wafer for large-scale graphene growth. (4)  

Next to graphene, hexagonal boron nitride (h-BN) probably is another heavily studied 

two diminutional material. It is first fortunately synthesized by Nagashima, A et al in 

1995, which is regardless of the substrate. Specimen like Ni(111), Pd(111) and Pt(111) 

are all sputtered Ar ion and anneal under 800 °C. The decomposition of borazine on the 

wafer happens at 700-800°C with CVD technique. (5) The growth mechanism for h-BN as 

well stays unclear, so we cannot help asking is the technique and recipe can be applied to 

growth of other layered materials? In 2010, Desheng Kong et al declared the growth of 

ultra-thin Bi2Te3 and Bi2Se3 nano plates on SiO2/Si substrate. The growth took place 

without catalyst and the thickness is around 3 nm. (3) 

1.2.2. Micro-mechanical exfoliation 

The original purpose for the exfoliation technique is to dramatically increase the 

accessible surface area of a material, which agrees with the 2D material specialty without 
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prior consultation. In 2004 at Manchester University, Andre Geim's group isolated the 

single layer of graphene from graphite firstly. They basically rubbed the HOPG (highly 

oriented pyrolitic graphite) and got a lot of flakes. Most of the obtained films are multi-

layered graphene, but they exceptionally found single layer graphene among all the 

resulting flakes. (21) At that moment, they won’t expect how their work will boom study 

of 2D material area today.  

Aside from graphite, micro-mechanical exfoliation has been applied to many other 

materials, and rewardingly built new 2D materials structures, with strong in-plane bonds 

and weak, van der Waals-like coupling between layers. (6) For example, during the last 

decades, monolayers of BN, MoS2, NbSe2 and Bi2Sr2CaCu2Ox, have successfully 

prepared by rubbing between surfaces, which usually have a great crystal quality and 

macroscopic continuity. (6) This procedure generally takes half an hour and then can be 

observed with AFM. The reason why we discovered mono-layered 2D crystals after so 

many years that we have this technique is due to the minority of the mono-layers among 

all other thicker flakes, the invisible signature under TEM, lack of color under most 

substrates, low throughout of the AFM technique and the common thought that the single 

layers are hard to survive. (6) 

Such mechanical exfoliation can provide high-quality films but at the same time face the 

problems, such as low-yield and low production rate. One probable solution is the 

exfoliation of layered compounds in solution to give large quantities of dispersed nano 

sheets dispersion.(23) In 2011, Jonathan N. Coleman et al showed that layered compounds 

such as MoS2, WS2, MoSe2, MoTe2, TaSe2, NbSe2, NiTe2, BN, and Bi2Te3 can be 
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efficiently dispersed in common solvents and can be deposited to substrate as individual 

flakes by spraying. On the other hand, if you mix the suspensions with different materials 

together, you can get the hybrid dispersions, which can also cast into film. (22) 

1.2.3.Solution Phase Growth 

In 2012, some Korean researchers demonstrates that they can use mechanical exfoliation 

and high-temperature gas-solid method to get a wide range of colloidal 2-D layered 

transition-metal chalcogenide (TMC) nano-crystals. They firstly proved the synthesis of 

titanium sulfide and selenide and then applied this protocol to all of group IV and V 

transition-metal sulfide (TiS2, ZrS2, HfS2, VS2, NbS2, and TaS2) and selenide (TiSe2, 

ZrSe3, HfSe3, VSe2, NbSe2, and TaSe2) nano-crystals. In this research, the proper choice 

of the chalcogen source is crucial to the success of the whole process. (7) 

1.2.4.Characterization Methods for 2D Materials 

Because of the small sample size, the characterization of two dimensional material is 

always a challenge, however plentiful techniques have been developed to realize the 

identification. In this section, we will concisely discuss all the possible methods. 

Obviously, optical microscope is the most robust and high-output tool for the 

characterization. Dielectric-coated SiO2/Si substrates are the most popular wafer to 

observe such flakes, and the wafer color will depend on the interference effect from 

reflection off the two surfaces of the two surfaces of the dielectrics. In 2011, M M 

Benameur et al  use optical images and AFM to differentiate on 2D TMDCs containing  
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Figure 1.3 –(a) Raman shift as function of MoS2 layers (b) Optical images of single-
layer(highlighted by a dashed line) and few layers MoS2 (c) The AFM image and the 

relevant AFM height profile of single layer MoS2(11) 

X-ray Diffraction (XRD) can provide a lot of information about the unit cell structure and 

constituents. For instance, small-angle X-ray scattering can supply the data about the 

inner-nanosheet. Structure factors for single and multiple layers can be calculated 

assuming atomic positions, unit cell positions, and orientation to a substrate. Katsutoshi 

Fukuda et al tried to study Layered cesium tungstate, Cs6+xW11O36 and indexed the XRD 

data based on hexagonal structure. The lattice constant obtained by this method agree 

with the previous reports about this material. (15) 
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Transmission Electron Microscopy(TEM) can provide detailed the information on the 

nature of crystallinity, layer sizes, interlayer stacking relationships, and elemental 

compositions. 

In summary, we anticipate new and novel characterization technique to apply to the 

atomic structure, defects, properties when we investigate and analyze new materials. Next 

generation of abbreviation- corrected STEM will be extremely helpful if we want to 

determine and diagnose the minority species, defects and edge states. Also, the combined 

system, such as AFM-TERS is specific favorable to eliminate the substrate effect on the 

single-layer materials. Last but not least, to speed the material investigation loop, more 

effective and accurate characterization tools are always needed.  

1.3. Properties and Possible Applications 

What makes 2D materials attractive? As we mentioned earlier, reduced size and 

dimensionality impressively changed the 2D materials properties from their bulk material 

counterparts. Because two dimensional material always had high surface-bulk ratio, the 

interface between the sample and the substrate, and the existence of the defects will 

fiercely change material’s properties. These two dimensional materials usually embraces 

a wide range of valuable properties, flexible as well as thin, high electron mobilities, 

tunable band structure, and high thermal conductivities. The exceptional electronic 

properties will provide a lot platforms for the device making, including semiconductor, 

batteries and super capacitors.  
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1.3.1.Electronic Structure changes 

TMDCs behaves like metals to semiconductors to insulators with remarkably different 

electronic properties. Here, we use MoS2 as an study example. In 2010, Kin Fai Mak et al 

found out that MoS2 monolayer, unlike bulk material, emits light strongly. In detail, the 

indirect band gap lies below the direct band gap in the bulk material shifts upwards in 

energy by more than 0.6 eV, which causes a crossover to a direct gap material. (16) In 

2012, the same research group demonstrated that optical pumping with circularly 

polarized light can bring about complete dynamic valley polarization lighting monolayer 

MoS2. (17) They also reported the spectroscopic identification in a monolayer MoS2 field-

effect transistor of tightly bound negative trios, a quasiparticle composed of two electrons 

and a hole, which plays an unique role in semiconductor industry. (18) S. Najmaei et al 

studied the thermal effect on Raman Spectra of MoS2, with different thickness ranging 

from monolayer to bulk materials. They discovered substantial thickness-dependent red-

shifts along with the changes of line-width.(19) 

1.3.2.Edge Effects on the Electronic Structure 

LMDCs(X-M-X) have a sandwich structure, but the projection in the plane shows a 

hexagonal or honey-comb like structure, which is similar to graphene. So, the edge 

termination can be zigzag, armchair, chiral, or a mixture of these types. In the experiment 

point of view, triangular clusters of of MoS2 on Au substrates showed the metallic 

electronic states localized closed to the edges. I the edge is perfectly continuous, the edge 

can be regarded as one dimensional conducting wires. In 2012, Humberto R. Gutierrez et 



 !12

al studied the WS2 monolayers with triangular morphologies and found strong room-

temperature photoluminescence (PL). The edges of WS2 monolayers were found to 

exhibit PL signals with remarkable intensity, which is approximately 25 times stronger 

than that at the platelet’s center. So they concluded that the structure and chemical 

composition of the platelet edges appear to be critical for PL enhancement. (24) We need 

the one-to-one correlation between the chemical structure and their optical response for 

summarizing the true mechanism. 

1.3.3.Topological Insulators 

In topological insulators, strong spin-orbit effects create metallic electronic effects on 

materials’ surface, whereas the bulk material itself stay insulating. Haijun Zhang et al 

used the first principals electronic structure calculation to predict layer-ed binary 

chalgenides, such as Bi2Se3, Bi2Te3, and Sb2Te3 are possible candidate since they 

embraced relatively large band gap(~0.2eV) and simple band structure, which is similar 

to graphene.(25) In the afterward research, the surface state of this group of material is 

already proved. Lower the dimensionality might be a route to investigate the surface 

effect and decrease the bulk property influences. These uncommon surface states 

recommend several possible applications such as new spintronic and magneto-electric 

devices.  Moreover, TI can give rise to novel structure for topological quantum bits 

combined with superconductors. (26) 
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1.3.4.Thermal and Thermoelectric Properties 

The isolation of atomic layered materials eliminate the interlayer phonon scattering, 

which naturally makes the thermal conductivity of an excellent 2D system like single 

layer graphene or hBN are anticipated to be higher than their basal-plane-values of their 

three dimensional stacks or bulk materials. However, the recent experiment trend seems 

to prove the basal-plane counterparts have higher thermal conductivity both 

experimentally and theoretically.  

Another important thermal property is the interface thermal resistance. In terms of this 

property, the few-layer graphene or hBN is expected to be much smaller than their basal-

plane values due to the small thickness. A lot of 2D materials can provide varied band 

gap values, which can make many functional devices. For these devices, local heating is 

an important factor just as silicon nano electronic devices. 

1.3.5.Applications to Transistor Scalability 

Transistor geometry has decreased a lot due to the thriving of semiconductor industry. We 

now used the silicon-based field-effect transistors(FETs), which have 22nm gate length. 

If we want to reduce the size of the device in the future, we have to find other materials 

or device-making technique. A traditional FET consists of a semi-conducting channel that 

is connected to source and drain electrodes and can be switched on and off by the 

application of a field via a gate electrode that is separated by a dielectric material( see the 

figure below). Favorable properties and features of such devices include high on/ off 

current ratios, low power consumption, and fast switching times. 
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2D materials can provide two main advantages for FET. On one hand, effective screening 

length is crucial for electrostatic property, which is a key factor for device scalability. 

And the effective screening length will decrease if the thickness of the material itself is 

lower. On the other hand, 2D material- based transistor can operate beyond Quantum 

Capacitance Limit (QCL). This property could lead to a lower direct source-to-drain 

leakage current. 

Figure 1.4 –Schematic Illustration of MoS2 FET(27) 
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1.3.6.Multi-layer Assembly to Batteries 

Some researcher called nano-materials as lego, which I think is good metaphor. With 

various bricks in our hand, we can form the ideal periodic structure as we want, which is 

the assembly technique. The key idea here is that we control the properties of materials 

through controlling the structure of materials. They can be manipulated mechanically or 

by deposition on templates, flexible and have a high surface area. Most important of all, 

we can add other type of materials such as nano-particles, small molecules to such system 

to adjust the final property to our own favorable result. Those kind of nanostructure is 

proved to be promising in the battery area. Back to 2006, Shinya Suzuki et al proved that 

the reassembled octatitanate has a smaller over voltage and a higher energy efficiency, 

and a better cycle ability than those nano sheets without assembly. (28) 

1.4. Setting the Project 

In my undergraduate study, I tried the synthesis of nano-particles and 

DNA origami. That project take me to the nano world, and give me a basic 

understanding that the nature of nano-materials, the structure of the material and 

their properties r future application are connected with each other tightly.  

There are new things that are found out in nano world every day, but there 

are one concern is always in my mind. How can we get the nano-material we are 

talking about more easily. Just like I talked above, there are many useful methods 

to grow or synthesize the nano-materials we want, and people sometimes even 
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combine or improve those methods to have a better solution. However, most of 

the methods are highly-cost, time-consuming, unreliable and non-repetitive. Such 

methods can help us to get one good sample for lab research, but how can we 

count on those to go into industry someday? Just like the nobel prize winner, they 

get the graphene simply with the scotch-tape, can we get some novel nano- 

material with some simple method?  

With such concern in my mind, and with the help and instruction from Dr. 

Vidya Kochat, who is a post-doc in my research group, I set up this project. In 

the first part, we use the exfoliation technique to get some gallium sheets. We do 

some characterizations on those sheets and get favorable results. The experiment 

method and the characterization will be talked in detail in section two. Then in 

part 3, I use the fabrication technique I learn in my first year at Rice to make a 

device and give some basic electric test on that. In section 4, I expand the 

technique to different wafers and invent a stamping technique to prove the 

scalability of my project. In section 5, I give a summary of my own project and 

throw my own opinion on how to expand the new technique to new area and 

what still need to be improved about my own research. Also, my thought about 

the Nano Science and Engineering formed in two years of graduate study will 

also be given out.  
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2.

Motivation and Experiment 

In this part, I will talk about why I choose Gallium as my target material, some 

theoretical calculation, which are done by the other researcher in own team, the main 

experiment part and its relevant synthesis mechanism. Some of this chapter is copied 

from reference 41, which is submitted to Nature Materials and is under review now.  

A project is definitely not good enough if it doesn’t have a clear and meaningful 

motivation. I have mainly four reasons to develop this project a s a whole. Firstly, other 

elemental analogues of graphene such as phosphorene, silicone, germanene, borophene 

and stanene have been predicted and created. The reason why call them graphene 

analogues is because that on one side, they have the similar structure as graphene, while 

on the other side, they don’t have the bulk layered counterparts. This gives us a very 

important insight, that is having bulk layered counterparts is not the prerequisite to have 

two dimensional material. Also, unlike graphene, the strong spin-orbit interaction and 

buckled structure in these materials make them even more interesting as they can have 
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topological insulator phases, which can lead to dissipationless electrical conduction and 

support quantum spin Hall state. 

Secondly, there are some interesting research about the metal films recently. The 

epitaxial growth of single atomic layers of Pb and In on Si (111) substrate has led to the 

demonstration of superconductivity in the extreme 2D limit (36-38). On a similar note, 

epitaxially grown ultra-thin Fe films have important implications the development of 2D 

nano-magnets (39). 

Thirdly, all these materials exhibit a wide range of electronic, thermal, mechanical 

and chemical properties, making them promising candidates for many applications. 

However, among them, the research of layered metal materials is relatively rare, which 

provides us enough space for good research.  

Fully considered above, these “metallenes” which are the metallic analogues of 

graphene can thus form a new class of 2D materials with interesting properties and our 

goal for now is to find a good metal to make atom thin layer.  

2.1.Details of Gallium 

Gallium is a great metal to throw research on. Firstly, it has a low melting 

point, solid gallium will convert into liquid gallium upon heating up to 303 K 

(29.8 °C). Besides a low melting point, Ga exhibits rich polymorphism, having 5 

crystal modifications at ambient pressure. All Ga polymorphs show very peculiar 
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crystal structures such as, α-Ga containing dimeric Ga units, or γ-Ga containing 

Ga pentagons and heptagons.(32) We can notice this from the figure below.  

 

Figure 2.1 –Phase Diagram of Ga 
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About 10 years ago, some researchers already found that the materials 

undergo light-induced transformations between structural phases is very 

promising to create the optical memory element. B. F. Soares et al reported a 

research on a film of gallium nanoparticles, in which gallium nano particles 

withstand light-induced structural transformation and nearly provide all 

properties that we need for rewritable all-optical memory elements. (29) In a 

recent research, Maria Losurdo et al demonstrated the stable coexistence of the 

unexpected solid core and a liquid shell in Ga nanoparticles on a substrate from 

180 K to 800 K. (31)  

On the other hand, they reported a superconducting phase in two- 

monolayer crystalline Ga films epitaxially grown on wide-band-gap 

semiconductor GaN. It has a structure of Hexagonal and a thickness of 0.552nm, 

having a superconducting temperature as high as 5.4 K. (32) More than 40 years 

ago, scientists predicts Griffiths singularity, which is a phase transition and 

caused by disorder effects. This effect hasn’t been proved by experiments for 

many years. In 2015, scientists reported the transport properties of atomically 

thin gallium films and found that the films undergo superconductor-metal 

transitions with increasing magnetic field. As they go close to the zero 

temperature, they can observe a divergence of the dynamical critical exponent, 

which agree with the Griffiths singularity. (33) 
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All the intrinsic properties of Gallium and interesting electric and physics 

properties suggest the promising research on Gallium and the possible 

application.  

2.2.Solid-Melt exfoliation technique 

As the temperature increases, the strength of metal will decrease, which is 

due to the large thermal vibration. The strength of the metal becomes super low 

when it approaches the melting temperature. During cooling of a liquid metal 

droplet on a solid substrate, the temperature difference between the liquid and the 

substrate results in heterogeneous nucleation at the substrate-liquid metal 

interface. The free energy G of heterogeneous nucleation is related to the free 

energy of homogeneous nucleation as,  

Ghetero = Ghomo x f(θ) 

where the f(θ) is the contact angle between solid and liquid phase. If you 

have an interface with large contact angle, heterogeneous nucleation is more 

likely to happen, but not homogeneous nucleation. And this will cause a growth 

of a surface solid crystalline layer above the liquid metal, which is shown in the 

figure above (about 70°). 
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Figure 2.2–Contact angle of Ga droplet on SiO2 substrate 

It is obvious that the strengths of metals in a solid and liquid state are 

quite different. As a result, we need much less force to separate the surface solid 

layer from the liquid metal. We name this new technique as “solid-melt 

exfoliation technique”. Gallium has a good wet-ability, which is a good candidate 

for this technique. 

The liquid gallium droplet is studied by compressing the top surface using 

indenter with controlled loading. The surface was compressed to around 5 µm 

and then pulled out along the tensile direction of the indenture. We need at 

approximate 30 µN for 6 µm displacement. It only requires the 1.5MPa for the 

exfoliation with this liquid-solid technique, which is much lower than the 

maximum tensile strength of solid α-Ga (40MPa). 
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Figure 2.3 –Load vs. displacement curve 

2.3.Experiment 

I will describe how I use a new exfoliation technique to get the Gallium 

thin film: Gallenene. In this technique, we don’t need the vacuum furnace or 

other complicated synthesis instrument, the only thing we need is a hot-plate. The 

schematic is shown in the figure below.  
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Figure 2.4 –Schematic of the proposed solid-melt exfoliation technique of gallenene 
onto Si/SiO2 wafers. 

In the first step, a gallium droplet is first heated to 50°C on the hot plate, 

and remain for several minutes to achieve a uniform melting of the entire droplet. 

The temperature is then reduced to 300°C, which is slightly above Tm of 

Gallium, and this usually takes another 20-30 minutes. At this point of the 
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experiment, a clean Si/SiO2 wafer is brought into contact with the surface of the 

Ga droplet and then removed.  The lower temperature at the SiO2 –Ga interface 

results in the solidification of the surface Ga layers, which are then exfoliated 

onto the SiO2 substrate. The characterization figure will be shown in the 

following part. 
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3. 

Characterization 

Some of this chapter is copied from reference 41, which is submitted to Nature 

Materials and is under review now.  

3.1 Optical Images and AFM Analysis 

The Gallium layer shows a color similar to purple undertake 

optical microscope. From the image below, we can see a mm-sized flake 

surrounded by the bulk gallium droplet. From the optical image below, 

we can see the flake is free of crack or aggregation. Most important of 

all, it’s uniform and continuous in a relative big region.  
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Figure 3.1– Optical image of Ga sheet on SiO2 wafer showing regions with uniform 
ultra- thin layers 

With AFM, we can know the thickness of the sample. After a series of 

measurement on several samples we have, we know the thickness is around 4 nm, which 

indicates that the film is 4-6 layers of atoms. The figure below is the representative AFM 

image.  

According to phonon dispersion calculations, few-layer thick gallenene will be 

stable. The bond in Gallium is the mixture of the covalent and metallic bonding, so it’s 

extremely difficult to exfoliate monolayer of gallium. We conduct the AFM measurement 
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on 30 different flakes, most of which have the thickness between 3.5nm-4.5nm. Below 

we show some statistic of the 30 gallium flakes thickness.  

 

Figure 3.12– Representative AFM image of Gallium flakes  
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Figure 3.3 – Histogram of AFM thickness  

3.2 Elemental Composition-EDS and XPS 

In order to study the composition of the material, we use the SEM 

equipped with energy-dispersive X-ray spectroscopy (EDS). The 

following figure is the SEM image of Gallium sheet, we mark the dark 

and bright region to study the EDS spectrum in the next step.  
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Figure 3.4– SEM image of Gallium Flake 

We do the EDX analysis on both the dark and bright region. The signal from the 

bright region(i in Figure 2.7) shows very significant Gallium peak, and the dark region, 

which is the gallium flake region also shows the peak at the same position, which prove 

the atom-thick sheet composition. We notice that the dark region show very weak peak, 

that is due to the extreme thins of this layer. From the data below we obtained form the 

EDX, we know these films are truly the Gallium sheet. 
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Figure 3.5 –EDX peaks for the Gallium 

With the X-ray photoelectron spectroscopy technique, we can measure the 

chemical state and electronic state of the elements that exist within a material. We know 

the chemical bonding information from the XPS, which shows the peaks at binding 

energies of 1117eV and 1143 eV correspond to 2p 3/2 and 2p 1/2 of Ga respectively. From 

the data, we can also know the valence state of Gallium, which is zero. And this proved 
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that the sample we used has not been oxidized, which guarantee the following step for 

fabrication.  

 

Figure 3.6 – XPS data showing two intense peaks at binding energies of 1117.0 and 
1143.0 eV which correspond to 2p3/2 and 2p1/2 states respectively of metallic Ga. 

3.3 TEM 

TEM is always a helpful technique to study the properties like 

crystal orientation, electronic structure. Here, we study the Gallium sheet 

crystal nature by using electron diffraction studies in TEM. I use the 

transfer technique to make the TEM sample, which is shown in the figure 

below. The sample is on the Si/SiO2 wafer and then was coated a layer of 
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PMMA. The Silicon will be etched by KOH solution and PMMA layer 

with sample will split from the substrate. The sample can be transferred 

to the onto holey-C coated TEM grids.  

 

Figure 3.7–Schematic representation of the transfer of exfoliated graphene layers 
from an oxidized silicon wafer to a TEM grid by wet-etching using a KOH 

solution(28) 

The TEM image was shown below, we can see the single dots pattern, which 

prove the crystal nature of the Gallium sheets. (Figure 3.8) 
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Figure 3.8– The TEM image. Scale bar = 2µm 

To better understand the crystal nature about of Gallium sheet, we study the 

prepared samples with 200kV JEOL 2011 Cryo-TEM. The contamination originating in 

PMMA assisted transfer is avoided by direct exfoliation of ultra-thin Ga films onto TEM 

grids. From the selected area electron diffraction (SAED), we can see there are mainly 

two lattice orientations, which will be shown in the figures below.  

The low magnification bright field TEM image in (i) shows an atomically thin 

film of Ga. The SAED pattern obtained for this Ga sheet(ii) shows that it originates from 

the (010) lattice orientation of orthorhombic Ga with a and b having values of 0.2 and 

0.26 nm respectively and alpha=90°. The ratio of a/b is around 0.8, which indicates 

possible strain in these sheets giving rise to lattice distortion. The HRTEM image in (iii) 

shows the lattice arrangement on which the DFT b010 structure of gallenene is 

superimposed. From the HRTEM image, we obtain the lattice spacings as a=0.27 nm and 
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b=0.28 nm, which are in agreement with the lattice parameters of the equilibrium 

structure obtained from DFT. 

Figure 3.9 – Representative bright field TEM images (i) along with SAED patterns 
(ii) and HRTEM image (iii) for the gallenene b010 and a100 sheets respectively. The 

simulated crystal structure for these two orientations is super-imposed on the 
HRTEM images. Scale bar = 200 nm. 

In Figure 3.10(i), we show the representative low magnification bright field TEM image 

from gallenene having a different lattice orientation. The inset shows regions with layer 
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thicknesses in the few-layer to monolayer limit. The SAED pattern obtained for this 

gallenene sheet (Fig. 3.10(ii)) shows two hexagons which are rotated with respect to each 

other by an angle of 60 which could arise due to slightly mis-oriented gallenene 

multilayers.  

Figure 3.10 – Representative bright field TEM images (i) along with SAED patterns 
(ii) and HRTEM image (iii) for the gallenene b010 and a100 sheets respectively. The 

simulated crystal structure for these two orientations is super-imposed on the 
HRTEM images. Scale bar = 200 nm. 
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This hexagonal symmetry of the diffraction pattern corresponds to the relaxed hexagonal 

lattice obtained from the (100) plane of the orthorhombic structure of gallenene. The 

HRTEM image in Fig. 3.10 (iii) shows this hexagonal structure of Ga with a lattice 

spacing of 0.2 nm and resembles the a100 structure obtained from DFT, which is 

superimposed on this image. The above experimental results using solid-melt exfoliation 

results in gallenene with two distinct structures with 100 and 010 crystallographic 

orientations, which are in agreement with the structures predicted using DFT calculation.  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4. 

Application 

In this part, I used the standard electron beam lithography to fabricate a device.  

4.1 Fabrication 

I firstly describe the detailed procedure for the whole e-beam process. In the first 

step, I exfoliate gallium flakes on a Si/SiO2 wafer, then I coat a layer of polymer, which is 

PMMA in my case on the surface of it. This thin layer of resist will be chemically 

changed under the exposure to the electron beam. After I finish the first step, I will 

remember the approximate coordinate of the my sample on the substrate, which is needed 

for the alignment marker lithography.  

Now we have the markers on the sample, so we can do the following steps. I will 

draw a pattern will the software AutoCAD and use the lithography to expose that. For the 

gallium project, I only do a pattern with four probes. After each step of lithography, the 

exposed areas can be dissolved in a specific solvent, while the non-exposed area is not 
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reactive to the solution. This step is called development, which only takes 25-30 seconds. 

Although this step only takes a short time, it should be sone carefully and patiently. If you  

make mistake in time or temperature, all will cause a low resolution for final pattern. 

After the removal of the exposed resist a thin metallic layer is deposited on the substrate. 

On the areas exposed to the electron beam the deposited metal sticks to the substrate, 

while on the unexposed areas the metal sticks to the resist surface. 

The last step is called “lift-off”. We will put the substrate with the metal 

deposition in an aggressive solvent. For the parts that metal stick on the substrate, noting 

will happen, whereas for the parts that we have metal on the top of PMMA, it will be 

washed off. The schematic is shown in the following figure. 

  

Figure 4.1 –Schematic of E-beam Lithography 
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To conduct a favorable e-beam lithography, there are a lot of things we need to 

take inconsideration. First, you need to select qualified substrate, which should be 

“relative conductive”. On one hand, wafer can build an electric charge if they are not 

conductive, which can deflect the electron beam and thus distort the drawn pattern. On 

the other hand, the base of the electronic circuit should be somewhat insulating, 

otherwise the whole pattern will be shortened. As a result, Si/SiO2 wafer is a good 

candidate, for it is as close to insulating as possible without damaging the drawn pattern. 

Second, we can talk about why we choose PMMA as the resist. There a large 

quantities of resist, which have varied properties. It is the standard positive electron beam 

resist and remains one of the highest resolution resists available. It can be dissolved in 

acetone, and the e beam reactive parts can dissolved in MIBK. We have to notice that 

MIBK itself is a too strong developer, and it will even remove some un-exposed polymer, 

so we use the MIBK and IPA mixture.  

Last but not least, the drawing itself, also can cause a lot in accuracy, for it 

becomes complicated when the electron really hits the sample. There are a lot of small 

angle scattering when the electron penetrate the polymer, which all will cause bigger 

electron beam diameter. When the electron go into the substrate, the condition becomes 

more complex. The large angle scattering happens, and these part of electrons will 

definitely affect the dose of the patterns. You can calculate the real circumstances and do 

some compensation by hand to correct the “approximate effect”. 
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4.2 Experiment and Properties 

I use the standard e beam lithography to fabricate the pattern, which is shown in 

the following picture. The metal we deposit is Ti/Au (10/100nm). Some of this chapter is 

copied from reference 41, which is submitted to Nature Materials and is under review 

now.  

Figure 4.2 –Optical Image of the drawn pattern on Gallium samples. 
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The two-probe IV-curves, shown in Figure 4.3 , obtained from two such devices, 

Dev_A and Dev_B (shown in inset) displays linear characteristics with resistance values 

of 1.7 and 4 kΩ respectively, indicating ohmic contacts to gallenene. 

 

Figure 4.3 –I-V Curve of two representative devices  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5. 

Metal Stamping Technique 

When we submit our journal article to Nature materials, the reviewers are 

satisfied about most of the results, but they doubt whether this exfoliation technique can 

be repeated. Here I developed one stamping technique to show the scalability and 

repetitive ability of my research. Some of this chapter is copied from reference 41, which 

is submitted to Nature Materials and is under review now.  

5.1 The basic set-up 

This technique is designed to demonstrate simultaneous exfoliation on multiple 

wafers, which can show the scalability and reproducibility of the solid-melt exfoliation 

technique. I used an old setup in the mechanical lab and operate it with hand. The Si/SiO2 

wafers (each batch of 5 wafers) were mounted on a glass slide and was then fitted onto 

the manual stamping arrangement on top of the hotplate. The solid Ga was placed on 

another glass slide kept directly on the hotplate and heated to temperatures above the 
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melting point of Ga. On subsequent cooling to 300°C, the wafers were pressed manually 

onto the Ga on hotplate and released. The following figure shows the procedure of the 

stamping technique.  

Figure 5.1 Schematic of the stamping technique 

Here I also want to share the realtime picture of the experiment to help you have 

good understanding of this technique. 
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Figure 5.2 – Realtime Stamping technique 

5.2 Results of the stamping technique 

Firstly, we can see the pictures I take with my iPhone to know the direct results 

from this technique.  
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Figure 5.3 –Pictures of the Stamping technique results after exfoliation 

The results we got from this technique is quite promising and reliable, with 

success rate varying between 80-90% for each batch. And I want to show optical images 

of the sample I get with this technique, set 1 shows a batch of Si/SiO2 wafers where 4/5 

wafers had Ga films and Set 2 shows a batch with 3/5 wafers with Ga films. In future, we 

propose to further automate this setup by applying known loads for successful exfoliation 

of various other low melting point metals. 
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Figure 5.4 –Optical images of the Gallium flakes obtained by stamping technique 

With this technique, it’s time-saving to make gallium samples, so I conduct 6 sets 

of experiment in the following step to answer the other question from the reviewer, how 

big percentage of the area you can get with this exfoliation technique. 
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Figure 5.5 –The pie chart shows the distribution of the percentage of the area (in 
µm2) of the exfoliated Ga films obtained from among 30 different flakes. 

The above pie chart shows the distribution of the areal coverage of gallenene 

films obtained from a set of 30 different samples using this technique. 

5.3 Substrate effect 

Following this route, we study the substrate effects on gallenene exfoliation by 

exfoliating these films on various other substrates such as Si(111), GaN(0001), 

GaAs(111) and polycrystalline Ni using this stamping technique. We can see the optical 

images for on all kinds of wafers. 
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Figure 5.6 – Optical Images of Gallium flakes on different substrates 

On an average we find that the exfoliation on Si and GaN yielded flakes of lower 

thicknesses when compared to the ones exfoliated on GaAs and Ni. A closer microscopic 

investigation using AFM as shown below reveals that the gallenene films on Ni were 

highly discontinuous when compared to the ones on other substrates inspite of similar 

average surface roughness for the Ni substrate.This indicates that the solid layer 

exfoliation highly depends on the interaction between the substrate and Ga.  
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Figure 5.7–AFM images of Gallium flakes on different substrates 

The contact angle test performed using liquid Ga droplet on different substrates 

(see figure below). For an approximate measurement, contact angle for Silicon is 38, 

GaAs is 58, GaN is 67, and Nickel is 91.It clearly reveals a much larger contact angle for 

Ni which leads to discontinuous layers due to the low wettability of Ga on Nickel.  

After we have explored the stability of gallenene on the various class of substrates 

such as metals (Al, Ag and Ni), Si and ceramics (α-SiO2 and GaN) substrates.We find a 

strong correlation between the structure of the gallenene and orientation, topology and  
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Figure 5.8 –Contact angles for Gallium droplet on different substrates 

type of the substrates. The gallenene a100 structure shows good structural 

stability on the Al, Ag, Si, GaN, and α-SiO2, whereas b010 show good structural stability 

on α-SiO2 and Ni. The calculated interaction energy per atom of Ga indicates a strong 

chemical interaction of the gallenene with substrates, unlike the van der Waals solids 

(graphene, h-BN, MoS2 etc.).  
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The charge transfer analysis shows a charge transfer from gallenene to Si, SiO2, 

Ag substrates, whereas Al gives the charge to gallenene. To get better insight into the 

nature of chemical bond, we have carried out electron localization function analysis 

(ELF). The electrons are localized along the Ga and substrate bonds for Si and SiO2 

substrates, suggesting a mixture of ionic and covalent character. On the other hand, Al 

and Ag substrates show nearly uniform electron charge distribution indicating more 

metallic character. These strong interactions lead to enhancement of the stability of 

gallenene. Depending on the strength of the bonding with substrate (stronger covalent in 

Si and weaker on metallic metals), determines the thickness and stability of gallenene 

sheets as observed in experiments. Uniquely gallenene offers an entirely different 

approach to tune the fundamental electronic properties of the sheet itself by changing the 

underlying substrates. 

Figure 5.9–Charge accumulation and depletion of gallenene a100 on Si, Ag, GaN, 
SiO2 and b010 on SiO2 substrates 
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6. 

Summary and Outlook 

In this part, I will share my point of view about what problems still remain in this 

technique and how can we extend this technique to the metal and system. Also, I would 

like to talk about the progress and challenge in 2D research area.  

6.1 Extend new exfoliation technique to other material system 

 We demonstrate the stability of gallenene sheets having distinct atomic 

arrangements oriented along two crystallographic (010) and (100) directions. The one-to-

one correspondence between the gallenene structures as observed in TEM and the 

theoretically predicted structures clearly reveals the formation of stable 2D gallenene 

sheets. The phonon dispersion calculations show that gallenene sheets can be stabilized 

with bulk lattice parameters.  

Our new technique for the extraction of gallenene sheets using the solid-melt 

exfoliation technique could be further extended to exfoliate other metallenes of low 
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melting pure metals and alloys. There are two requirements for this new technique, one is 

the low melting point of the material itself, the other is that the metal or other material 

system shouldn’t be flammable or dangerous under the solid-meld condition. After we 

search all the possible metal, and other kinds of layers materials we have for today, we 

think Sn and BiI3 have the favorable properties and worth a try. 

6.2 Oxidation 

Although most oxidation is avoided in this project, gallium is still a metal easily 

get oxidized under high temperature in air environment. However, why can’t we take use 

of the metal oxide? If the metal oxide stay as atom thin flakes, that will be good insulator. 

So is there a way we can convert the gallium sheet to gallium oxide sheet. We conduct 

some simple experiment on this thought and have some draft results to show.  

 

(a) (b)

(c) (d)
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Figure 6.1–Optical images of heating Gallium sheets for (a)t=0, (b)t=30s, (c)t=1min, 
(d) t=5min 

From the images above, we can see a clear color change for the gallium flakes 

after heating. Has the gallium changed to gallium oxide? We check with the Raman and 

EDX again, however we didn’t get good results from both of them. To better explore the 

morphology, we check the material with the AFM and We find out some interesting 

results. The smooth and continuous edge of the 2D flakes begin to show some small 

bubbles for the new color-changed flakes we have.  

Figure 6.2–AFM image of the color-changed flakes 

The real condition is more complicated than we thought, so we need more 

accurate technique to know the chemical composition of the color-changes flakes we 
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have. Is the change of the color due to the change of the morphology or change of the 

chemical nature? Or there is more complicated problems we need to think of? 

6.3 Outlook 

At last, we want to share my opinions about the 2D materials research area. At the 

first place, there are still some interesting physics properties that we haven’t do research 

on. There are a lot of body interactions including phonon transport, flexural phonon 

modes and interactions between electron-electron, electron-phonon, electron-magnon, 

and so on. All these still need fundamental studies. A lot of properties are quite attractive, 

such as like the nature and impact of defects and the substrate; the influence of high 

doping, strain effects, and electric fields; mechanical properties; quantum size effects; 

and edge effects in transport. 

Secondly, we need large-area and high quality 2D material for both fundamental 

studies and device fabrication. As a result, we need the well-round built growth 

mechanism to support this requirement. For now, the research on mechanism is still rare.  

Last but not least,  the family of 2D crystals is continuously growing, both in 

terms of variety and number of materials, and it looks like this process is only beginning. 

Nowadays, numerous heterostructure is quite popular. People naturally pack different 

material layer together accumulate and adjust the favorable properties in z- direction.This 

is now can be mechanically assembled or grown by a variety of techniques. Among the 

unsolved problems is the control of surface reconstruction, charge transfers, and builtin 
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electric fields in such heterostructure. The standard band diagrams with quasi-electric 

fields are not a useful concept in 2D heterostructure; therefore, a new framework must be 

developed. (39) 
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