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ABSTRACT

Layered materials are a class of matter in which atomic layers are bonded to one another via van der
Waals (vdW) forces. Due to these weak, out-of-plane interactions, we can exfoliate layered materials
even down to monolayer thicknesses. Confinement of electron interactions to two dimensions (2D)
hasled to the rise of new exciting physical properties which are largely inaccessible in three dimensions.
Additionally, we can create new artificial interfaces which do not occur naturally, by creating hetero
structures of the exfoliated materials. Therefore, assembling vdW materials with highly-tunable prop-
erties have been at the epicenter of innovative material and physics research over the past two decades.
This dissertation reports on the methods for electrical and optical characterization of some of these
novel two dimensional materials. Increasing the amount of electronic and ionic charge that can be
rapidly accumulated in and recovered from a material is the preeminent chemical challenge for elec-
trochemical energy storage devices like supercapacitors and batteries. In the first two parts of this
thesis, I will reveal the role of the interface during intercalation processes by creating heterostructures
with finite, discrete hetero-layers. Here, we demonstrate the electro-intercalation of lithium at the
level of singular “vdW number of constituent layers,” comprised of deterministically stacked hexago-
nal boron nitride (hBN), graphene, and molybdenum dichalcogenide layers. Such engineered func-
tional vdW heterostructures enable the direct resolution of intermediate stages in the intercalation
of discrete heterointerfaces and the extent of charge transfer to individual layers. Also, we develop
operando optical microscopy to investigate the dynamics of ion diffusion into thin graphite to esti-
mate upper diffusion limits. Furthermore, developing new quantum materials has a crucial role in
advancing quantum technology. Advances in crystal growth methods provide scientists opportuni-
ties to invent new layered materials with phenomenal electrical and optical properties. In the second
part of this thesis, I will present electrical characterization of novel layered materials, such as metal
organic frameworks (MOFs), a new allotrope of carbon—so called graphullrene, and CeSil as new
2D heavy fermions candidates. I will present novel device fabrication techniques and electron trans-
port characterizations based on these low-dimensional quantum materials. The results in this thesis
provide new methodologies and offer novel approaches to manipulating the charge density in the 2D
limit and to explore the electrical properties of quantum materials.
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Introdcution

Exfoliation of monolayer graphene ' opened a new era of exploration into the physical properties of
materials in the thinnest limits. Since 2004, scientists have been trying to discover new combinations
of layered materials that can host new quasi particles for advanced applications. Here, in this thesis, I
will discuss electrical characterization of engineered and novel 2—dimensional (2D) materials. In this
chapter, asan introduction, I start with general description of 2D materials research, intercalation pro-

cesses on a mesoscopic scale, electrical transport in novel oraganic/semi-organic materials, and heavy
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Figure 1.1: 2D materials: semimetal to insulator.

fermion formation in low dimensions, the topics that will be discussed in the following chapters.

1.1 Two DIMENSIONAL MATERIALS

The mere existence of materials in 2D was under questions for almost 70 years. A theory in the
1930s*? predicted that, because of thermodynamic limitations, materials could not form or main-
tain structure in 2D. The energy fluctuations were predicted to cause the sheets of material to fold
and become a giant squashy ball, effectively. Unprecedentedly in 2004, Andre Geim and Konstantin
Novoselov' showed that one can exfoliate graphite down to monolayer thickness, known as graphene,
by using scotch tape to break the weak van der Waals (vdW) forces bonding the sheets of graphene to-
gether to form graphite. The local thermodynamic fluctuations actually stabalize the 2D materials.
Then a single sheet of graphene could be deposited onto a substrate. Graphene, as an allotrope of
carbon, is a monolayer of graphite in which atoms are sitting in a honeycomb lattice structure . Based
on a tight-binding model, graphene has Dirac cone electronic band structure with massless electrons
close to charge neutrality. Graphene, the pioneer of 2D materials, has extraordinary properties such as

high mobility, masless Dirac fermions, high thermal conducitvity, weak electron-phonon coupling,



etc. Despite its extraordinary properties, graphene has some drawbacks which make it ill-suited for
some applications. For instance, the lack of bandgap in graphene limits its application in semicon-
ductor industries. On the other hand, other 2D materials such as transition metal dichalcogenides
(TMDs) and hexagonal boron nitride (hBN) show semiconductor to insulator behavior (Fig 1.1 ).
The extensive library of 2D materials makes them a unique platform to explore exotic and phenomenal
physical properties such as quantum Hall, fractional quantum Hall, superconductivity, and strongly
correlated systems. This discovery has motivated scientists for the past two decades to explore, dis-
cover, and grow new 2D materials in order to study condensed matter problems in two dimensions
and develop new tools for various applications across fields ranging from bio-technology devices to

astronomical sensors and detectors.

-
Graphene] q“m

hBN

Figure 1.2: Assembling of van der Waals heterostructure by stacking 2D materials“.

The diversity in physical properties and exfoliability of 2D materials give us an enormous oppor-
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Figure 1.3: the schematic half cell reaction in lithium ion batteries.

tunities to create new heterostructures without worrying about the lattice mismatch at interfaces (Fig
1.2). Creating vdW heterostructures of distinct 2D layers enables us to control and manipulate the
generation, confinement and transport of different type of particles /quasi particles such as charge,
excitons, photons and phonons within these atomic interfaces. In this thesis, I will discuss the physics
and engineering of heterointerfaces by stacking 2D materials and create unique vdW heterostructure.
In addition, I try to extend the 2D materials library by studying electrical properties of novel organic

/semi organic layered materials.

1.2 ELECTRO-INTERCALATION IN MESOSCOPIC SCALE

Electrochemcial intercalation is the insertion of ions between layers of some anode or cathode by use
of an electric field as the driving force of the ion-forming chemical reaction®. This process give us the
possibilities to manipulate layered materials to tune and induce new physical properties by inserting
various ions. For instance, Emery ez a/ ¢ demonstrate the superconductivity in graphite upon interca-
lation with calcium(Ca). Furthermore, Dresselhaus ez 2/5 show the transition metal dicholride could
induce strong magnetism in graphite. Also, the intercalation process has great importance in devel-
oping rechargeable energy storage system. The reaction at anode/cathode of battery cell is an example
of the electro-intercalation process (Fig 1.3). Assembling vdW layers into heterostructures introduces

the possibility of preparing heterostructures with uniquely tailored vdW interfaces that, in princi-
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Figure 1.4: a,b, Graphene and MoS, are fully intercalated with ions at possible atomic site. cthe left side is vdW
(hBN/Gr/MoS,/hBN) host before LiT intercalation process. After, Liions insert between the host layers, they will donates
charge to each individual layers.

ple, may be capable of accommodating more intercalants (increasing capacity), altering intercalation
potentials (modifying thermodynamic landscapes) and/or influencing ion conduction through the
interlayer gap (regulating ion diffusion kinetics).

Intercalation reactions are ultimately limited by the maximal stoichiometry (number of intercala-
tion sites per unit area) of the intercalation compound (Fig 1.4 a,b). A traditional method to study
the intercalation process is based on building an electorchemical cell with the following ingredients:
a metal to serve as anode/cathode (for example, platinum or lithium in the case of lithium intercala-
tion), a layered material host (for example graphite or complex oxide such as cobalt oxide, etc.), and
an electrolyte. This method has its merits, particularly when performing bulk characterization. How-
ever, this bulk measurement cannot provide insightful information about the microscopic process

occurring within the individual material layers. Furthermore, while enhancing the ion accumula-



tion is a dominant goal in energy storage research communities, fast charging/discharging, aging, and
operation under harsh conditions limit the use of new materials as cathode/anode in storage energy
units. To address these problems, we need to understand the dynamics of ion diffusion inside the an-
ode/cathode of the electrochemical cell. Layered materials at the 2D limit are a great platform to study
dynamic ion diffusion. Optical microscopy method” can be strongly useful to study ion diffusion
into vdW materials as well. The need to investigate the microscopic reactions of intercalation moti-
vated us to develop our new method in which we monitor the intercalation process at the mesoscopic
scale for finite discrete individual layers. Thus, we can create an on-chip microscopic electrochemical
cell by combining 2D materials with traditional intercalation tools. Particularly, we will present in-
terfaces based on graphene, hexagonal boron nitride, and molybdenum dichalcogenides (Fig 1.4 c) as

a prototype vdW heterostructures.
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Figure 1.5: Schematic illustrating the general structure of conductive 2D MOFs where layers stack in the c direction to
form intrinsically porous crystals with pores of approximately 2 nm in diameter. Metal atoms and organic ligands comprise
the honeycomb lattice of the 2D layers. Niz(HITP), and Cuz(HHTP), have M/X = Ni/NH and Cu/O respectively.



1.3 NOVEL ORGANIC & SEMI-ORGANIC LAYERED MATERIALS

Recent developments in 2D materials applications have lured chemists and material scientists into
growing and constructing more sophisticated and complex layered crystalline systems. In this thesis,
two different classes of organic molecular structures are studied. The first one is metal organic frame-
works (MOFs) . These molecular crystals are organic-inorganic hybrid materials that form a highly
ordered network of organic ligands which connect to each other with transition metal ions( fig 1.5)*.
MOFs have been studied and used for gas storage, catalysis, magnetism, and drug delivery **>* "2,
This category of material has been developed and studied over the last decade. However, lack of suf-
ficient electrical conductivity has restricted the application of these materials from electronic applica-
tions. Only recently have a few groups shown the possibility of synthesizing conductive MOFs ®*3'4.
Preliminary results on Cu and Ni based MOFs have shown promising conductivity in bulk 3, but

have only been performed as 2-terminal transport measurements on bulk aggregates.

Figure 1.6: a, Cy fullerene, a zero-dimensional molecular cage composed of 60 carbon atoms, and b, graphene, consisting
of a single layer of atoms, both composed of three-coordinate carbon. ¢, Graphullerene, a molecular sheet of carbon
assembled from covalently-linked Cy fullerene superatomic building blocks.

I have also studied materials that are covalently linked molecular sheets. These materials offer the
potential to revolutionize technologies related to electronics and energy storage to chemical separa-

tions and structural materials 5. Largely, this is because 2D confinement leads to an extraordinary



range of properties distinct from 3—dimensional (3D) analogues. For instance, 2D carbon-allotropes
( Fig 1.6) are known to combine desirable electronic properties with flexibility, which has already be-
gun driving their commercial development. However, to continue the technological expansion of 2D
materials, new structures must be prepared as high-quality, exfoliatable crystals, and a comprehensive
understanding of their material properties must be forged. In addition, the systematic design of 2D
materials will benefit enormously from the systematic incorporation of molecular motifs directly into
covalent 2D networks. In this regard, I studied a new, two-dimensional crystalline polymer of Cy that
is a hybrid of molecular and extended carbon materials. This 2D polymer is charge neutral and purely
carbon-based with macroscopic crystals large enough to mechanically exfoliate into molecularly-thin
flakes with clean interfaces - a critical requirement for the creation of useful heterostructures and op-

toelectronic devices.

1.4 STRONGLY CORRELATED SYSTEM : KONDO EFFECT IN LOW DIMENSIONS

From the perspective of condensed matter physics, confinement of electrons in low dimensions en-
hances interactions (for example, Coulomb interactions) and leads to new phenomenal properties. In
low dimensions, magnetic atoms with d and f orbitals can affect electronics band structure of materi-
als significantly. Around 100 years ago, after the discovery of superconductivity in mercury, scientists
tried to cool down all sorts of metals in search of new superconductors. Surprisingly, they realized
some simple metals such as Au, Cu, and Ag exhibit very peculiar low temperature behavior. The re-
sistivity of these metals did not decrease monotonically, with a minimum at non-zero temperatures '°.
This finding was baffling for around 30 years before scientists eventually figured out the connection
of magnetic impurities to the appearance of minimum resistivity in those metals. In the 1960s, re-

searchers discovered that reducing the number of impurities in such materials also reduced the min-

imum resistivity reached at low temperatures, to the point of vanishing resistivity once all magnetic



impurities were completely removed 7. Thus we learned that the presence of magnetic impurities in

a sea of electrons can affect the behavior of electrons at low temperatures.

@ | @.

Figure 1.7: a. Schematic illustration of rectangular lattice with free electrons in orange coloring. Above T}, the interaction
between localized ions and the sea of electrons is weak. b. When temperature is below 7}, we have continuous formation
of the singlet Kondo state. The localized ion starts to screen the spin of conduction electrons at the Fermi surface.

In 1962, Kondo proposed a mechanism describing how the presence of magnetic ions alters the
minimum resistivity in metals'®. This process, the so called Kondo effect, proposes a scenario in
which magnetic ion impurities with a high-temperature magnetic Curie susceptibility are screened by
the spin of conduction electrons to form spinless scattering sites. The Kondo effect is a continuous
process which occurs at the Kondo temperature (Tx) or a magnetic field that is lower than the inter-
action energy scale. Local moments at the scattering sites suppress the conduction electron mobility,
resulting in an increase in resistivity. The spin of free electrons and magnetic moments of localized
magnetic orbitals create the singlet state that remains down to ground state. Figure 1.7 depicts the
process of Kondo singlet state formation in the single-impurity Kondo effect. The Kondo effect pre-

dicts that magnetic impurities yield a logarithmic temperature dependence to electrical transportl(’.



We can express the electrical transport in a 3D metal with magnetic impurities as follows:

p(T) =p, +AT* — Bln() + CT° (1.1)

I
T

where 7T'is temperature, p,, is residual resistivity and 4, B, C, x are constants which are independent
of T. The logarithmic term grows at lower temperatures and becomes dominant in transport. The
second term comes from the Fermi liquid behavior of electrons in metals. The last terms is connected

to electron-phonon scattering.

T>T, T<T,

Figure 1.8: a. Schematic illustration of rectangular lattice containing localized heavy atoms with o orforbitals at each
sites with free electrons presented in orange color. The interaction between free electrons and Iocalizedfor d orbitals
are weak when T'is above 7}, . b. When temperature is below 7}, the localized ions starts to form a singlet state with
the spin of the conduction electrons. The system does not have any magnetic ordering, but it develops a coherent state
which causes the sharp change in decreasing resistivity.

Now, consider a scenario in which the localized magnetic moments happen at each lattice site (Fig
1.8a). In this situation, the Kondo singlet state forms at each atomic point at temperature below Tk,

and the spinless scattering sites become periodic (Fig 1.8b). This network formation is known as a
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Kondo Lattice '*'°. The coupling strength between sites creates coherent states which causes a drop
in the resistivity. The Kondo lattice forms in heavy fermionic systems consisting of rare earth materials
with d and f orbitals with localized magnetic moments, such as Ce 20,17:16 - Also, the Kondo effect can
create resonant states at the Fermi surface. Single impurities lead to the formation of a single fermionic
level which can be modelled as Anderson localization inside the system (Fig 1.9a). On the contrary,

the Kondo lattice induces a new, heavy fermionic band in the density of states, with bandwidth Tk 10,

Ty ~ De 1% (1.2)

where D is the width of the electronic state, /is the interaction strength (effective coupling), and
p is the density of states of the electrons. Based on the heavy Fermionic bands, we could have either

Kondo metallic or Kondo insulating behaviour (Fig 1.9b).
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Figure 1.9: a. Single-impurity Kondo effect builds a single fermionic level into the electron conduction sea, which gives
rise to a resonance in the conduction electron density of states. b. Lattice Kondo effect builds a fermionic resonance into

the conduction sea in each unit cell. The elastic scattering of this lattice of resonances leads to the formation of a heavy

electron band. [Reprint from P. Coleman 2006¢ |

In a Kondo lattice, the localized magnetic moments interact with each other through conduction

electrons. These indirect interactions mediate in metallic environments and can give rise to magnetic
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Figure 1.10: The dashed lines represent the dependence of the Kondo (green) and the Ruderman-Kittel-Kasuya-Yosida
(RKKY; purple) interaction — represented by the dependence of the respective characteristic temperatures, 7k and
Trixy, on the effective spin-exchange coupling parameter, /, between conduction electrons and local d or f electrons19.
At the point where the two interactions have equal strength, the magnetic ordering temperature, 7 (represented by the
solid red line), approaches zero and a quantum critical point (QCP) ensues if the transition from one ground state to the
other is continuous. [Reprint from Steffen Wirth and Frank Steglich Nature 2016 2]

ordering at low temperatures. Indirect exchange interactions at interatomic spacings between local
moments occur due to Friedel oscillations of the conduction electron spin density. This polarization
process happens in metals and is known as the Ruderman-Kittel-Kasuya—Yosida (RKKY) interac-
tion . The RKKY interaction depends on 7, coupling strength, and g, electron density of states, (Fig
1.10). The Kondo effect and RKKY interaction have competing contributions at low temperatures.
RKKY terms can overcome the Kondo effect and form an antiferromagnetic (AFM) or spin density
wave (SDW) ground state in heavy fermionic systems. In the bulk of heavy fermion materials, the
interplay between the (RKKY) interaction, which induces magnetic ordering, and the Kondo effect,
which determines the ground state, can be tuned using external parameters (e.g., pressure, magnetic
or electric field) to the brink of a quantum phase transition where various exotic quantum phenom-
ena can emerge (Fig 1.10). The Doniach phase'” space diagram depicts different states of spin for a

general heavy fermionic system. We can use non-thermal tuning parameters (9), such magnetic field
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or pressure, to tune the ground state of the system, and consequently study the exotic phenomena

occurring near the quantum criticality point.

T A
Ty
Kondo Lattice
TN
AFM/SDW
PM/HPM
QCP 5

Figure 1.11: J'is an external, non-thermal control parameter used to tune the material through the quantum critical point
(QCP). The blue area which is above Tk indicates the phase space in which electrons interact weakly with local magnetic
moments. The green shaded indicates Kondo lattice formation. Competition between Kondo and RKKY leads to an
ordered state when T'is lower than 7. AFM, antiferromagnetic; SDW, spin density wave; PM/HPM paramagnetic state
or Heavy paramagnetic state; 7k, Kondo temperature; 7, Néel temperature.

1.5 OVERVIEW OF THIs THESIS

In the following chapters, we will first discuss the intercalation dynamics at the microscopic scale by
developing a new electrochemical cell method. Exceeding the performance limits of metal-ion bat-
tery technologies mandates the discovery of new approaches to tune the fundamental properties of
electrode materials. While composites of layered materials have drawn relatively recent attention as
high capacity battery anodes, the precise role of heterolayers in modifying intercalation reactions re-

mains unclear. Previous studies represented ensemble measurements of macroscopic films or pow-
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ders, which lacked the specificity to isolate and probe the 2D interfaces individually . Paradigm
shifts in batteries, ion separation, electronics, and a myriad of other technologies will require isolation
and identification of the fundamental electrochemical characteristics of 2D heterointerfaces to en-
able rational materials design. In chapter 2, we prepare individual vdW intercalation heterostructures
of graphene and transition metal dichalcogenide (TMDC) layers that are encapsulated between lay-
ers of inert hexagonal boron nitride (hBN). We establish several operando experimental tools such as
Hall voltammetry and intercalation frontier imaging to monitor the course of the electro-intercalation
Li* reaction at the mesoscopic 2D heterointerfaces. The high quality of our 2D intercalated het-
erostructures permits us to use low-temperature quantum transport methods in conjunction with
spectroscopy to identify the fundamental layer capacities and equilibrium potentials of individual 2D
layers.

In chapter 3, we demonstrate the intercalation of AICl,™ ions into van der Waals heterostructure
layers consisting of deterministically stacked hexagonal boron nitride (hBN) and few layer graphene.
We use magnetoresistance charge transport and operando optical microscopy to evaluate the dynamics
of intercalation processes in atomically thin samples. We develop a colorimetric method to estimate
the diffusion coeflicient in variable temperature.

In chapter 4, we cover electrical transport studies of two novel layered materials. Here, studies of
single crystals of two 2D MOFs, Ni,(HITP), and Ni,(HHTP),, uncover critical insights into their
structure and transport. Conductivity measurements down to 0.3 K suggest metallicity for meso-
scopic single crystals of Ni, (HITP),, which contrasts with apparent activated conductivity for poly-
crystalline films. Notably, single rods exhibit conductivities up to 150 S/cm, which persist even af-
ter prolonged exposure to the ambient environment. Also, we perform Hall effect measurements
in single crystal Ni;(HHTP),. These single crystal studies confirm that 2D MOFs hold promise as
molecularly tunable platforms for fundamental science and applications where porosity and conduc-

tivity are critical. In the second part of chapter 4, we introduce the newest member of the graphene
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family. The two natural allotropes of carbon, diamond and graphite, are extended networks of 5p3
and sp* hybridized atoms, respectively. By mixing different hybridizations and geometries of carbon,
one could conceptually construct countless synthetic allotropes. Here we introduce graphullerene,
a new two-dimensional (2D) crystalline polymer of Cyq that bridges the gulf between molecular and
extended carbon materials. Its constituent fullerene subunits arrange hexagonally in a covalently inter-
connected molecular sheet. We report charge-neutral, purely carbon-based macroscopic crystals that
are large enough to produce, via mechanical exfoliation, molecularly-thin flakes with clean interfaces,
a critical requirement for the creation of heterostructures and optoelectronic devices. We explore the
electrical conductivity of this material. More broadly, the synthesis of extended carbon structures by
polymerization of molecular precursors charts a clear path to the systematic design of new materials
for construction of 2D heterostructures with tunable optoelectronic properties.

In chapter s, we introduce the newest candidate for heavy fermions with layered structure. We
report electrical transport of atomically thin CeSil. Heavy fermion metals can host exotic quantum
phenomena such as Kondo lattices, unconventional superconductivity, and quantum criticality. Our
study of an atomically thin 2D heavy fermion system provides a new route to explore low dimensional
strongly correlated systems. Heavy fermion metals are prototype systems for the observation of emer-
gent quantum phases driven by electronic interactions. A longstanding aspiration has been to control
these quantum phases by reducing the dimensionality of the host compounds. This remains a sig-
nificant challenge because traditional intermetallic heavy fermion materials have three-dimensional
atomic structures. Here we report comprehensive thermodynamic and spectroscopic evidence of a
heavy fermion ground state in CeSil, a layered antiferromagnetic metal composed of 2D sheets held
together by weak vdW interactions. The vdW structure of CeSil allows us to control its physical di-
mension using mechanical exfoliation. The electrical transport properties of few-layer flakes reveal
heavy fermion behavior and magnetic order down to the ultra-thin regime. Our work offers unique

opportunities to apply well-established mechanical exfoliation and transfer methods to understand
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and manipulate Kondo screening, magnetism, and proximity effects in heavy fermion systems. In
this chapter, we also discuss how the verification of the 2D electronic system and the inherent layered
structure of CeSil makes 2D transport an exciting avenue to explore the effect of dimensionality on its
heavy fermion behavior. With the air sensitivity exhibited by bulk crystals, exfoliated flakes are more
reactive, and because of this increased reactivity, device fabrication is extremely complex.

Finally, I will end this thesis by projecting a potential outlook from the projects presented in this

thesis.
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Electrochemical intercalation into van der

Waals heterostructures

2.1 INTRODUCTION

Increasing the amount of electronic and ionic charge is the preeminent chemical challenge for electro-

chemical energy storage devices like supercapacitors and batteries****3*4. Conventional routes to
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modifying the fundamental redox properties of electrode materials include alloying and partial substi-
tution/doping .These approaches inherently mandate chemical and structural compatibility between
substitute and parent compound for synthesis. The assembly of layered vdW materials into novel het-
erostructures relaxes the requirements on crystallographic commensurability across interfaces and en-
ables the creation of atomically precise superlattices * that may be synthetically intractable by chemical
growth.Intrinsically, this stacking of vdW layers creates unique 2D interlayer galleries that are absent
from bulk materials, and which may be electrochemically driven to accommodate ions for energy stor-
age*#*5°_ Since intercalation necessarily involves some form of chemical bond formation between
host and guest, this atomistic control over the coordination environment of an intercalant species
introduces the possibility of preparing a myriad of new complex materials with uniquely tailored het-
erointerfaces that, in principle, may be capable of accommodating more/less intercalants (controlling
capacity), altering intercalation potentials (modifying thermodynamic landscapes) and/or influencing
ion conduction through the interlayer gap (regulating ion diffusion kinetics). The recently developed
“Hall potentiometry” (HP) method*7, together with low-temperature quantum transport measure-
ments, directly probes the intercalation process at atomic interfaces to reveal novel synergistic effects
of intimate face-to-face vdW contact between multiple redox-active 2D layers in a prototypical car-
bon/metal dichalcogenide system. A complementary potentiostatic technique has elucidated rapid
diffusion of Li in graphene bilayers®. In this chapter I will study the Li intercalation into Van der

Waals heterostructures.

2.2 ELECTROCHEMICAL DOPING & INTERCALATION

To examine the role of the vdW heterointerface in intercalation, we have assembled layers of graphene,
molybdenum dichalcogenides (MoX,, X =S, Se), and hBN into the series of five heterostructures

shown in Figure 2.1a using vdW assembly*?. Structure I was the subject of our previous studies and is
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included in this study as a point of comparison®”. These device architectures are interrogated singu-
larly as the working electrodes (WEs) of on-chip micro-electrochemical cells as shown in Figures 2.1b
and c. Using the Hall voltammetry method (see Appendix A for details), we can monitor both the
longitudinal resistance, Ry, of the heterostructure WE as well as the Hall carrier density, 7z and by
extension, the progress of the electrochemical reaction at this mesoscopic system while the reaction
driving force (potential) is altered.

Fig. 2.2 presents results for electro-intercalation of a heterostructure stack of Structure II. This
heretostructure is stack of (h(BN/MoS2/G/hBN). From the behaviors of R,; and 7 as a function of
applied potential £, four distinct phases (Phase 1—4) in the electrochemical data can be distinguished
corresponding to intermediate stages in the electrochemical reaction of the MoS2/G heterostructure.
This in-situ monitoring of R, and 7 provides more direct information of intercalation staging than
that of the traditional electrochemical approach using linear sweep or cyclic voltammetry , in which
the overall electrochemical response is also influenced by any charge transfer reactions at the solid—
solution interface of the metal contacts. The transport features in Phase 1 (for £> —2..3 V) replicate the
purely electrostatic doping behavior observed in electric double layer gating of graphene>3'. As we
apply an increasingly negative voltage £, several intercalation processes occur, revealed by pronounced
jumps in Ry, and 7. The latter features in phases 3 and 4, specifically the peak in R, that occurs in
concert with the surge in 7, are key signatures of ion intercalation involving a high mobility graphene
layer. The intercalation process engenders a decline in electron mobility as Li* ions become closely
associated with the graphene lattice and act as scattering sites for mobile electrons. Ultimately the
resistance is driven back down as mounting carrier densities supersede this sudden decrease in mobil-
ity*”. We find that the deintercalation process (by sweeping £ toward o 7 potential) reverses doping

and recovers R, and zg values similar to those of the pristine heterostructure ( Fig. 2.3).
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Figure 2.1: a, Schematic diagram of the heterostructure series employed for investigation of heterolayers on intercala-
tion capacities and thermodynamics. b Schematic model of mesoscopic electrochemical cell where the electrochemical
potential, £, is applied between the working electrode consisting of a vdW heterostructure and the counter electrode
for controlled intercalation. Magnetic fields are applied perpendicular to the heterostructure plane and a small AC cur-
rent Ids is applied along the heterostructure. Magnetoresistance and Hall resistance R, and Rx}, are obtained from the
longitudinal and transverse voltages, V., and ny by taking their respective ratios to Ids. R, and Rx] are measured dur-
ing the intercalation process by sweeping E in the presence of the electrolyte and the results are compared to the cyclic
voltammetry obtained by monitoring the “leakage” current (A). ¢, Optical micrographs of an on-chip electrochemical cell
for charge transport and optical measurements during electro-intercalation. Scale bars: left, 500 um ; right, 10 um .

2.3 LOW-TEMPERATURE CHARGE TRANSPORT AND MAGNETORESISTANCE ANALYSIS

Our unique capabilities for in-situ characterization of electrical properties of electrochemically-modified
vdW structures offer an elegant route to probe the distribution of charge on each 2D layer after inter-

calation. To uncover these details, we performed low temperature magnetotransport studies in the in-
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Figure 2.2: . a, Two-electrode “Hall potentiogram” recorded at 325 K for a graphene-MoSe2 device, showing the change
in four-terminal longitudinal resistance, R, and Hall carrier density, 7z (in the presence of a perpendicular magnetic
field of 0.5 T) as a function of applied potential between heterostructure and the counter electrode. Four distinct phases
of the intercalation are emphasized along with the approximate stoichiometries of lithium-carbon centers as the sweep
progresses. b, Mechanism of vdW heterostructure intercalation based on experimental data.

tercalated vdW heterostructures. Fig. 2.4a presents the magnetoresistance R, and Hall resistance R,
for a fully intercalated Structure IT device at 1.8 K. R, is linear in magnetic field B from which we esti-
mate 77 equal to 1.0 X 10%cm 2. R, exhibits a pronounced peak near B = 0, presumably related to
the weak localization behavior due to intervalley scattering of intercalated Li" ions 8 As Bincreases,
we observe well-defined Shubnikov-de Haas (SdH) oscillations**3* , for B > 3 T, signifying a high
quality 2D electron gas (2DEG) and homogeneity of the lithium-intercalated heterostructure.SdH
oscillations in R (B) arise due to the formation of Landau levels at high magnetic fields. Plotting
R.:(B) as a function of B! confirms that these oscillations are periodic in B~! with a frequency Br.

The associated carrier density of the 2DEG, 7,4, can then be determined from the relation:
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Figure 2.3: Forward (solid lines) and reverse (dashed lines) sweeps of four-probe resistance (red), Hall carrier density (blue),
and Hall mobility (purple) as a function of potential at the heterostructure (vs. the counter electrode/electrolyte gate—i.e.
in a two-electrode electrochemical configuration) in a LiTFSI/PEO electrolyte at 325 K in the presence of a magnetic field,
B = 0.5T. Inset: optical micrograph of heterostructure stack working electrode.

X eXB
”SdH:gTF (2.1)

where g is the Landau level degeneracy, ¢ is the elementary charge and 5 is Planck’s constant. For
these electron-doped graphene or MoX, layers, it is reasonable to take g as close to 4. Spin-valley
locking in the valence band of H-MoX2 layers gives rise to degeneracies close to 2, whereas the con-
duction band-edges are almost spin degenerate leading to degeneracies closer to 4 for electron-doped

H-MoS,. The periodicity of SdH quantum oscillations with B! (Fig. 2.4b) unveils a carrier den-
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sity 75477 on the order of 2 X 108cem™, which is five-fold smaller than the total density, 7 estimated
from Hall measurement. This discrepancy between 7,77 and 7 lies in stark contrast with those ob-
served for Structure I, and is consistent with a two-channel electronic system, where a higher mobility
2DEG produces SdH oscillations corresponding to a lower density 7,y < 27, while another channel
contains the vast majority of electron density (zx — 7s4z7).

For further quantitative analysis of the electronic band, we measure the SdH behavior at different
temperatures, 7 (Fig. 2.4b). The decreasing oscillation amplitude with increasing 7"is linked to the
effective mass (72*) of electrons. The effective mass, 7™, of the band giving rise to SdH oscillations
is determined from the temperature dependence of the SdH amplitude, AR, ( Fig. 2.4b), by fitting

these data to the Lifshitz—Kosevich theory>*?3,

AEnB)  ( —aTp
AR,.(B, :
(B,7) sinh(WT(B))e AEN(B)) (22)
heB
AENn(B) = - (2.3)
b
TD N 47[27163 (2.4)
a = Zﬁzkg (2.5)

where B is the magnetic field position of the Nth minimum in R, AEN (B) is the energy gap between
the Nth and (N + 1)th Landau levels (2 is the effective mass, e is the elementary charge, and h is the
Planck constant), Tp is the Dingle temperature, £ is Boltzmann’s constant, (738 the quantum lifetime
of carriers, and « is the momentum space area including spin degeneracy. In our experiment, AExand
T’p are the only two fitting parameters. The pre-exponential in this expression is the only temperature
dependent portion and permits the straightforward determination of 7% and 7.

Fitting SdH data using the standard Lifshitz-Kosevich formalism (2.2), we obtained 7* = 0.11m
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Figure 2.4: a, Four-terminal magnetoresistance, R, and Hall resistance, R,@, as a function of perpendicular magnetic field
strength, B, for a Structure |l graphene-MoS, device after intercalation at £ = -5 V. Hall carrier density, 72, is determined
tobe 1.0 x 10%cm™. b, AR,.., determined from R, by subtraction of a polynomial fit to the magnetoresistance back-
ground as a function of the reciprocal magnetic field strength, B!, at various temperatures. Shubnikov-de Haas oscillations
(SdH) possessing a periodicity of 4.47 x 1073 T are observed, consistent with a carrier density, 7gz7, of 2 X 10'3 cm2.
Top inset shows the temperature dependence of SdH amplitude at five values of B. Solid lines depict the fit to the data
according to the Lifshitz-Kosevich formalism. Bottom inset shows effective masses, m*, extracted from fits at different
values of B, all around 0.17z¢ (Where 7z is the free electron mas ~ 9.11 X 1073 Kg. c,d, Dependence of charge transport
on backgate voltage, V:g. ¢, Landau fan diagram R, (l'/:g, B) after intercalation, evincing a robust dependence of 7,z on
V:q, consistent with the underlying graphene layer as the origin of quantum oscillations in these heterostructures. Inset
shows schematic of the intercalated heterostructure used with the graphene layer beneath MoS,. d, V:g dependence of
nsqp (open circles) and 7,y (filled circles). The lines represent fits assuming a Si backgate capacitance of 1.2 X 108 F

cm?.
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(my is the electron rest mass), close to the value of 0.099m that we obtain for intercalated Structure I
(hBN/graphene/hBN) doped to a density of 2 x 10'3cm™ (additional transport quantities are summa-
rized in Table 1, fig 2.7). We also characterize the low temperature magnetotransport as a function of
back gate voltage Vg applied to the underlying Si substrate (Figs. 2.4c and d). For Structure I, studied
above, the graphene monolayer channel is positioned in closer proximity to the back gate, underneath
the MoS, channel (Fig. 2.4¢ inset). From the Landau fan diagram (Fig. 2.4c), where R, is plotted as
a function of both V; and B, we observe that the SAH quantum oscillations are strongly dependent
on V,, pointing to the graphene as the origin of the magneto-oscillations. Were it the case that the
MoS, layer served as the origin of the SdH oscillations, the SdH channel would be electrostatically
screened by graphene and the associated density would therefore be independent of V. Correspond-
ingly, we find that 7,7 and 7 exhibit the same dependence on V; (Fig. 2.4d), consistent with the
bottom-graphene layer (ca. 10'* cm™) serving to shield the overlying MoSz sheet (ca. 10'*cm™) from
the electrostatic influence of Ve In this picture, the dependence of the total density, given by 7y,
simply follows the dependence of one of its components 7g,z7. We estimate the backgate capacitance,
C=1.2x10® Fecm™ using Angy = CV, /e, whose value is in a good agreement with the thickness of
SiO, and hBN layers serving as the gate dielectric.

Having established that the carrier density distribution of these heterostructures lies strongly on
the metal dichalcogenide layer, we expected that an increase in the number of dichalcogenide layers to
two (Structure III) would simply furnish carrier densities well in excess of those observed for Struc-
ture II. Interestingly, we observe that intercalation of Structure Il stacks (2 = 1.4 — 1.9 x 10%cm,
Data Fig. 2.5) does not lead to carrier densities in excess of typical Structure II samples, suggesting
that it is the G/MoS, heterointerface that harbors the vast majority of intercalated ions as opposed
to hBN/MoX, or MoX,/MoX, interfaces. A significant benefit to our device-based approach to
electrochemistry and our method of deterministically assembling 2D layers with designed interfaces

is the possibility to directly compare electrochemical reactions at different 2D heterointerfaces. By
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Figure 2.5: a, Optical micrograph (false color) of a device consisting of multiple hBN-encapsulated graphene-MoS, het-
erostructure types (depicted in the associated illustration) arrayed along a single graphene monolayer . b,c, Zonal resis-
tances as a function of potential in a two—potential versus counter—(b) and three—potential versus Pt pseudo reference
(c)—electrode electrochemical configuration in a LiTFSI/PEQ electrolyte at 325 K in the presence of a magnetic field, B, of
0.5 T. Electrochemical doping of three regions of the device in a (demarcated by the assigned contact number) are moni-
tored. Intercalation (indicated by the arrows) initiates at 0.6 V more positive potentials at zones B and D (structures Ill and
1) than at A (structure I). d, Conventional cyclic voltammetric electrochemical current response (gray) of the entire device
overlaid with the resistances of the various device regions over the course of the sweep. CV cannot distinguish between
the intercalation of G/MoS, and G/hBN regions in this device. e, Hall resistance, ny, as a function of magnetic field at
1.8 K for the different regions of the device after electrochemical polarization up to -5.0 V, displaying the resulting Hall
carrier densities obtained. f-h, magnetoresistance data at 1.8 K for zones A (f), C (g), and D (h), showing associated SdH
carrier densities, 7,77 extracted from the periodicities of oscillations in BL i, Temperature dependence of resistance for
the various device regions between 200 and 1.8 K during warming.
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Figure 2.6: Optical micrograph (false color) of a device consisting of multiple hBN-encapsulated graphene-MoS, het-
erostructure types (depicted in the associated illustration) arrayed along a single graphene monolayer. b,c, Zonal resis-
tances as a function of potential in a two—potential versus counter—(b) and three—potential versus Pt pseudo reference
(c)—electrode electrochemical configuration in a LITFSI/PEO electrolyte at 325 K in the presence of a magnetic field, B,
of 0.5 T. Electrochemical doping of the three regions of the device in a (demarcated by the assigned contact number) are
monitored. Intercalation (indicated by the arrows) initiates at ~0.7 V more positive potentials at zones B (Structure Il) and
C (Structure V) than at zone A (Structure 1). d, Conventional cyclic voltammetric electrochemical current response (gray)
of the entire device overlaid with the resistances of the various device regions over the course of the sweep. CV cannot
distinguish between the intercalation of G/Mo0S2 and G/hBN regions in this device. e, Hall resistance, ij,, as a function
of magnetic field at 1.8 K for the different regions of the device after electrochemical polarization up to -5.5V, displaying
the resulting Hall carrier densities obtained. f-h, Magnetoresistance data at 1.8 K for regions A (f), B (g), and C (h) that
reveal associated SdH carrier densities, 75,7 from the periodicities of oscillations.
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Structure I Structure II
Parameter Intercalated (E=-5.5V) Intercalated (E=-5.0 V)
hBN/Graphene/hBN hBN/MoS;/graphene/hBN
ny 2.3 x1013¢cm2 1x10%cm—2
Nsdy 2.2 x1013cm2 2.0 x 1013 cm2
m* 0.099mo 0.11mo
To 30.5K 36.2K
Tq 39.9fs 33.6fs
1 40 nm 34 nm
Uq 712 cm2V-1s-1 557 cm2V-1s-1
Urau 462 cm2V-1s-1 270 cm2 V-1s1

Figure 2.7: Comparison of transport parameters for two classes of intercalated heterostructures. The relative similarity in
quantum scattering time and mean free compound support for the contention that SdH oscillations observed for interca-
lated Structure Il arise from the graphene sublayer

creating heteroarchitectures wherein we design in-plane variations to the structure type along a single
graphene monolayer, as depicted in Fig. 2.6a, we quantitatively examine the dichalcogenide hetero-
layer effect. Simultaneous measurement of the transport characteristics at different lateral sections of
the heterostructure devices during electrochemical polarization (Fig. 2.8b ) reveals that the onset of
G/MoX, intercalation takes place at about AE? = +0.5¢0 + 0.75V vs. that of G/hBN. Notwith-
standing the significantly more negative potential that MoX, layers are subjected to, it is notewor-
thy that the dichalcogenides in these G/MoX, heterostructures are not decomposed to lithium poly-
chalcogenides as occurs in the bulk*#, indicating a widened window of electrochemical stability. An
effect of dimensional confinement on the conversion reaction voltage has been previously observed
in MoS, /carbon-nanofiber hybrids**. In these systems, the outstanding cycling performance is at-
tributed to the restriction of polysulfide/Mo® nucleation and confinement of product diffusion. We
anticipate that such mechanisms could be pronounced in these 2D heterostructures. Low temper-
ature plots of Hall resistance, Ry, as 2 function of magnetic field (Fig. 2.8b, bottom left) allow us

to precisely identify the total carrier density (and for that matter, lithium ion capacity) in each re-
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gion of the device. Consequently these vdW stacks unequivocally demonstrate the critical role of
direct graphene—MoX, heterointerfaces in markedly enhancing the carrier/charge capacities in vdW
heterostructure electrodes. We find that sandwiching a graphene monolayer between layers of MoX,
(Structures V and V*), thereby creating two graphene—dichalcogenide heterointerfaces produces in-
tercalation capacities more than double those of the “isomeric” Structure III region within the same
device (Fig. 2.8b, bottom right). Similar intercalation behaviors were observed in multiple devices
, confirming the proposition of using intimate vdW contact between different 2D layers as a means
of favorably manipulating the equilibrium potentials and capacities in intercalation electrodes. The
intercalation onset potentials of the different structures (Figure 2.8c) emphasize that G/MoX, in-
terfaces dominate the intercalation properties, since the onset of intercalation is effectively identical
across Structures I to V, and distinctly lying between those of Structure I and bulk MoX, . Capacities
(Fig. 2.6¢ inset ) as high as 6.2 x 10" cm™ are attainable in Structure V devices. However, in all these
structures, the graphene density (7,47) exhibits a maximum value of ~ 2 x 1083 cm™, indicative of a

0"%cm™ each). Assuming

strong preference for charge transfer to the dichalcogenide layers ( ~ 3 x 1
additive Li* capacities, we can estimate the electrochemically accessible capacity of each vdW inter-
face as plotted in Figure 2.8d, showing the =10-fold superiority of the G/MoS, interface compared
to other interfaces. Therefore, the atomic heterointerfaces of vdW materials represent a new material
platform to realize engineered functional interfaces for energy conversion and storage. These results

highlight the criticality of the graphene heterolayer in enhancing electrochemical charge accumula-

tion in MoX, while also directing intercalation at a more negative voltage than that of bulk MoX,.
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Figure 2.8: a, Optical micrograph (false color) of a device consisting of multiple hBN-encapsulated graphene-MoS2 het-
erostructure types (depicted in the associated illustration) arrayed along a single graphene monolayer. Scale bar: 5 um.
b, Top: Four terminal resistance, R,., as a function of applied potential during electrochemical gating of two regions of
the device in a demarcated by the assigned contact number. Intercalation (revealed by the sudden rise in resistance in-
dicated at the red arrows proceeds at AE® ~ 0.6V more positive potentials at the graphene-MoS, interface than at
the graphene-hBN interface. Bottom left: Hall resistances, ny, as a function of applied field, B, following polarization of
the device in a to -5.0 V. Bottom right: Hall carrier densities determined from contacts in each of the four regions of the
device. ¢, Onset potentials from intercalation of vdW heterostructures and bulk MoX, devices. Inset: Mean charge den-
sities (intercalation capacities) achieved after intercalation of devices based on Structures |-V. Hall carrier densities (72z),
indicative of the total density in the heterostructure, are depicted by the overall bar height, whereas the graphene partial
carrier densities determined from SdH quantum oscillation data (where available) are indicated by the lighter sub-bars. d,
Estimated doping level of each interface based on results in c.

2.4 RAMAN & PHOTOLUMINESCENCE SPECTROSCOPY STUDIES

While the transport in the intercalated MoS, /G is largely dominated by conduction through high

mobility graphene, as we will discuss later, further insight into the participation of MoS, in this elec-
30



trochemical reaction is provided by operando Raman and photoluminescence (PL) spectroelectro-
chemistry. Fig. 2.9a shows PL data acquired over the course of an E sweep revealing distinct changes
to the optical profile of the semiconducting 1/ — (D3h symmetry) MoX, layer. Specifically, we find
the PL peak consistent with the formation of negatively charged trions (A4)*° appears at the later stage
of intercalation process (£ < -3 V), signifying strong n-doping in MoS, layer. These data indicate
that a highly doped 1H-MoS, phase persists immediately prior to the main intercalation stage, be-
yond which the PL is fully quenched and Raman (Fig. 2.10a) spectral features of the MoS, (and
graphene) layer are lost due to Pauli blocking*7373#. Deintercalation by reversing the polarization
back to o V recovers the original graphene spectral features, yet reveals marked changes in the Raman
spectrum of MoS, as shown in Figure 2.9b. Most conspicuously, a series of weak, low wavenumber
peaks between ~ 150 and 230 cm™ emerge. These peaks grow in intensity with increasing number of
MoS, layers, confirming their association with the dichalcogenide and are still present, albeit slightly
diminished, after annealing for 1 h at 300 °C (Figure 2.9b, inset). In contrast the Raman peaks for the
Eig and 4, modes recover some spectral intensity after annealing. The aforementioned changes in PL
and Raman response are even more clearly observed in the corresponding spectroscopic spatial maps
(Figs. 2.9c—f and Figure 2.10c-g). These spectroscopic results are as expected for an intercalation-
induced structural phase transition from the semiconducting H phase to a metallic 7'(D3d symmetry
with octahedral Mo coordination)-type phase with an additional lattice distortion (usually denoted
as T"), which is favored upon intercalation and/or electron doping of 2H-MoS, **3%4°. This phase is
metallic and therefore the PL is strongly quenched. The low wavenumber Raman features are char-
acteristic of the so-called “]” modes of 7'and 7 phases of MoS, #"*#*##. The 154 and 226 cm ™!
peaks are attributed to the /; and /> modes of 7"°-MoS, and the 184 cm™ feature is assigned to the
J1 mode of 7-MoS,. The corresponding /> mode for 7-MoS, is expected at ~ 203 cm™ and there-
fore explains the low wavenumber tail of the 77’ /, peak as seen in Figure 2.9b. Notably, we have

not observed the emergence of any Raman signatures for lithium polysulfides (746 cm™) during the
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entire intercalation—deintercalation processes, suggesting the overall chemical integrity of MoS, re-
mained intact upon lithiation, with a mixed phase of metastable 7— and 7"’-MoS, persisting upon
deintercalation, and partial recovery of H-MoS, after annealing. We also performed magnetotrans-
port measurements to determine carrier densities induced by intercalation. The total carrier densities
for Structure II stacks attain values approaching ny = 2 x 10"cm™ , between three and ten-times

the maximal densities observed for intercalated Structure I (zz7 = 2 — 7 x 1083cm™)?7.

2.5 TRANSMISSION ELECTRON MICROSCOPY OF INTERCALATION PROCESS

Finally, to develop a more comprehensive understanding of the mechanism of intercalation at these
2D interfaces and to inform our explanation of these differences in interface capacity, we explore the
crystallographic and electronic structure evolution of these layers upon lithiation and delithiation.
We fabricate Structure IT stacks on so nm amorphous holey silicon nitride membranes (Figure 2.11a),
and use scanning transmission electron microscopy (STEM) imaging to interrogate these devices in
the pristine state before intercalation (Figure 2.1 1b) and after one cycle (Fig. 2.11c). Asexpected, data
from the pristine heterostructure are fully consistent with that of #-MoS, (Fig. 2.11b). The onset
of intercalation results in an increasingly disordered MoS, lattice evinced by the progressive splitting
of the MoS, Bragg spots in the selected area electron diffraction (SAED) patterns. Importantly, even
before the peak in R, we see this signature of disorder at the edges of the heterostructure, whilst the
interior appears pristine . Full intercalation results in the observation of a ring in SAED (Figure 2.11¢,
inset). Insightfully, aberration-corrected imaging (Figure 2.9c) uncovers crystalline order within do-
mains that are approximately s—10 nm in size as indicated by fast Fourier transforms (FFT) of the
atomic resolution images in specified regions (Figure 2.11¢, right). Inverse FT permits us to resolve
this 2D nanocrystalline domain structure. We also distinctly observe ~ 1 nm-sized defects in the metal

dichalcogenide layer that are reminiscent of what has been reported in previous TEM studies of chem-
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Figure 2.9: a,Operando photoluminescence (left) and resistance (middle) measurements acquired at a graphene-MoS,
device over the course of a potential sweep at 325 K. The three pronounced spectral features are assigned to neutral
excitons, A and B, due to the spin-split valence bands of the dichalcogenide, as well as the formation of negatively charged
trions, A-. Spectral baselines are offset (dashed grey lines) to, and color-matched with their associated resistance-potential
data points. b, Ex situ Raman spectra of a pristine device (bottom), after one cycle to -5 V and back to 0 V (middle),
and after annealing for 1 h at 573 K (top). Inset shows Raman spectra after one intercalation-deintercalation cycle and
annealing (573 K, 1 h) of hBN-encapsulated (from bottom to top) MoS,, G/MoS,, 2L-MoS,, and G/2L-MoS,. d, Optical
micrograph of an hBN-encapsulated device consisting of a singular graphene monolayer straddling a monolayer MoS,
flake on one end and a bilayer MoS, flake at the other as demarcated by the dashed lines. Scale bar: 5 um. c-f, Ex situ
photoluminescence (c,d) and Raman spatial maps of the device in d at room temperature before intercalation (d) after
intercalation and deintercalation (e) and following annealing for 1 h at 573 K (f). The Raman map in f pertains to the 200-

250 cm™! window and therefore represents the_/, peak of T/T’—Mosz.
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Figure 2.10: a, Raman spectra of an hBN-graphene-MoS, Structure Il device over the course of electrochemical inter-
calation, showing the disappearance of graphene and MoS, spectral features after full intercalation at -5.0 V, consistent
with Pauli blocking in addition to the 2H —= 1T’ phase transition of MoS,. Deintercalation returns graphene peaks, and
annealing at 300 °C for 1 h restores the 2//-MoS2 peaks. Each spectrum is offset for clarity. b-g, Schematic diagram (b),

photoluminescence spectra (c-e).
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ically (#BuLi)-lithiated and exfoliated MoS, *°. These defects were attributed to beam damage during
imaging, which is a possibility for these studies as well owing to the long exposure times required be-
fore and during atomic resolution imaging . However, this structural disruption is perhaps more likely
caused by the strain introduced into the MoS, layer during lithiation and the attendant progression of
the H- to T’ phase transformation along the lattice. This leads to pronounced wrinkles in bulk MoS,
crystals>#, polycrystallinity in few-layer nanoflakes*S of MoS,, as well as visible cracks in the MoX,
layer of our larger devices upon deintercalation. In our ex situ data of deintercalated structures we can-
not observe the characteristic zig-zag superlattice structure of the T phase even though we see clear
evidence for this phase in Raman spectra (Figure 2.9b). Notably extended beam exposure is known
to relax 7"-MoS, to 7-MoS, *?, and additional studies involving lower beam energies as well as the
development of an in situ electrochemical TEM methodology for these 2D stacks may be required to

observe this phase in vdW heterostructures by electron microscopy imaging.

2.6 DenNsITY FuncTiIONAL THEORY (DFT) COMPUTATIONS

The tuning of intercalation potentials using vdW heterostructures is well explained by the modifica-
tion of theoretical Li binding energetics as observed in density functional theory (DFT) computations
which were performed by our collaborators in the Kaxiras group (Fig. 2.12 ). First, these calculations
reveal that the 7-MoS, phase has a considerably stronger binding affinity for Li atoms than A-MoS,.
Thus alocal phase transformation upon doping should lead to a cooperative effect wherein it becomes
increasingly favorable to intercalate Li into that local vdW region as the dichalcogenide undergoes the
semiconductor to metal H- to T’- transformation . Furthermore, since hBN is an inert, wide-gap in-
sulator and non redox-active, the energetics of initial Li intercalation are only slightly perturbed in
the case of hBN/7-MoS, compared to 7"’-MoS,/T’-MoS,. Contrarily, graphene (G) heterolayers

have a substantially stronger attenuating effect on the binding energy of Li, yet still the reaction is
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TEM Device 1

Figure 2.11: a, Schematic for vdW heterostructure device assembled onto amorphous holey silicon nitride membranes
and subjected to one cycle of intercalation and deintercalation followed by (scanning) transmission electron microscopy,
(S)TEM analysis. Inset shows optical microscope image of the one such device. Scale bar 10 um. b,c, High angle annular
dark field (HAADF) STEM images of Structure Il devices before (b) intercalation and after one cycle (d). Scale bars: 5
nm. Insets show selective area electron diffraction (SAED) patterns using a 300 nm sized aperture. Diffraction features
originating from 101°0 and 112 0 planes of MoS, are marked with red and green circles/arrows, respectively. In c, fast
Fourier transforms (FFT) obtained from the regions indicated with the dashed boxes are shown on the right, showing
local crystallinity over 5 nm domains. d, Resistance, R,., as a function of applied potential, E, of an hBN/MoS,/G vdW
heterostructure fabricated onto a 50 nm holey amorphous silicon nitride membrane. The electrochemical reaction is
suspended as the upturn in R, is commencing by immediately sweeping the potential back to 0 V. e, g—MoS,= 1120
dark field (DF) TEM image of the device after removal of the electrolyte.f, Selected area electron diffraction (SAED) patterns
acquired from the regions designated 1, 2, and 3 in b. SAED data reveal a pristine MoS, structure in region 1, but splitting
of the Bragg spots (insets) at the edges of the heterostructure (regions 2 and 3) are indicative of the formation of two or
more domains.

more exergonic than that of Li with hBN/G or G/G ¢ (Fig. 2.10a). As a result, we observe a positive
shift in intercalation potential for G/MoS, vs. hBN/G in Figs. 2.8a and c. Taken together, the re-

sults of all figures are consistent with the electrochemical reaction scheme that is presented in Figure
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2.12¢. This mechanism involves charge transfer to both graphene and MoX, in initial stages of the
electrochemical gating process. Very dilute concentrations of Li* ions are intercalated at modest po-
tentials into MoX,/hBN (and MoX,/MoX, ) heterointerfaces. However, on the basis of SAED data
of our heterostructures and prior observations of sluggish chemical lithiation of bulk MoS2, Li* ion
intercalants of these interfaces appear most concentrated proximate to the heterostructure—electrolyte
interface (where the electric field is certainly strongest and some 7”-MoS, may be formed locally from
electrostatic double-layer gating). The G/MoX, interface possesses a unique intercalation potential
thatis lower than that of G/hBN and as such, this is the next interface to undergo intercalation. Even-
tually a highly doped, 2D nanocrystalline 7’-MoX, is formed upon complete intercalation of the

graphene—dichalcogenide heterostructure.
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Figure 2.12: a, Computed lithium atom binding energy as a function of number of lithium atoms added to a supercell
consisting of a layer of 4x4 unit cells of graphene and 5x5 unit cells of MoS,. b, Computed top relaxed structures (top) and
density of states, DOS, plots (bottom) for the pristine (left) and four-Li intercalated structure. 2L-graphene and hBN/G data
are adapted from ref 33. ¢, Mechanism of vdW heterostructure intercalation based on experimental and computational
data. [computation is performed by Daniel T. Larson in the Kaxiras group] [Reproduced from ref*’]
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2.7 CONCLUSION

We note that typically, in battery electrodes consisting of layered material composites, carbonaceous
additives like graphene serve primarily to improve cyclability, particularly over the course of additional
conversion reactions that can form insulating and structurally expanded conversion phases?5-2¢4%:49,
These approaches do not seek to create or exploit a direct vdW contact between individual atomic
layers as a means of manipulating the intercalation reaction itself. Our observations for Li-ion in-
tercalation at individual atomic interfaces motivate the use of vdW heterostructuring as a promising
strategy in designing new intercalation materials by manipulating the ion storage modes and critical
“job-sharing” characteristics of hybrid electrodes. In this regard, our results reveal that the low resis-
tivity of graphene does not necessarily imply that it possesses the majority of electronic charge in the
composite material. The vdW heterointerface hosts the Li+ ions, butit is the MoX, layer thatis in fact
the most highly electron-doped. Yet we conclude that the exceptional electronic mobility of graphene
(sufficient to display quantum oscillations even after ion intercalation) furnishes a lower-resistance
electronic pathway, notwithstanding a lower partial carrier density, which allows its immediate in-
terface with the MoX, layer to undergo ionic doping more efficiently than adjacent MoX,/MoX,
homointerfaces. This decoupling of the electron from the ion in an electrochemical scheme is dis-
tinct from the case encountered in chemical lithiation reactions where the electron and ion donors
are identical (e.g. organolithium reagents). Beyond battery technology, novel ion insertion and ion
transport behavior in vdW heterostructures could enable increased control over selectivity in ion sep-
arations relevant to detoxification and desalination of water 35",

Furthermore, our demonstrated control over intercalation energetics, the resultant spatial carrier
density profile, and realization of ultra-high charge densities using vd W heterointerfaces opens up new
possibilities for 2D plasmonic device schemes >* that would require large variations in charge density.

The 7 metal dichalcogenide phases observed here are also especially interesting as potential precursors
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of 2D topological insulators 3. To advance these areas, it may be important to devise approaches that
mitigate the strain imposed on vdW layers upon association with intercalant species, since this can

compromise the pristine crystallographic integrity of the atomically thin layers as we have observed.
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Diftusion Study of Cations [AICl, ] into

Few layer Graphene

3.1 INTRODUCTION

The rapid development of portable electronic devices, the promise of electric vehicles, and advances in

the production of electricity from renewable sources have increased the demand for safe and low-cost
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electrochemical energy storage devices 5. Although lithium-ion batteries (LIBs)® are widely used
in portable consumer electronics and are rapidly entering into transportation and grid-scale storage
sectors, the future of all types of Li-based batteries is the subject of much debate 375 8 The main limita-
tions of LIBs include unresolved safety issues, slow charging, limited cycle lifetime, under-utilization,
stress-induced material damage, capacity fade, and possibility of thermal runaway’”. In addition,
lithium is a finite resource and its production faces geological, technical, and economic constraints
with increased extraction costs projected for the future’*®°. These issues have prompted the pursuit
of so-called “beyond Li-ion” batteries that use less lithium and/or use metals other than lithium 5559,

Recently, rechargeable Al-based batteries utilizing AIC, ™ ions have intrigued researchers as promis-
ing alternatives to LIBs. Three main factors make Al an attractive material for next-generation energy
storage devices: First, because Al is the most abundant metal in the Earth’s crust and can be handled
in air, materials extraction and device fabrication costs of Al ion-based batteries (AIBs) could, in prin-
ciple, be low by comparison to those of LIBs. Second, the stability of Al to ambient conditions could
lead to rechargeable batteries with significantly reduced concerns over safety. Third, owing to its rel-
atively light weight and theoretical three-electron redox capability, AIBs could, in principle, not only
offer a higher volumetric capacity (8046 Ah L) than Li, Na, K, Mg, Ca, and Zn, but also a higher
gravimetric capacity (2980 Ah Kg™*) than Na, K, Mg, Ca, and Zn 54575801 Tp addition, compared to
alkali-ion batteries, AIBs may deliver energy at a much more economically feasible rate (i.e. cost per
kWh) because of the cost savings associated with the use of Al, leading to more rapid market penetra-
tion of this technology.

Notwithstanding the promise of AIBs, progress on rechargeable AIBs has failed to compete with
that of other battery systems over the past three decades. Arguably the greatest contributors to the
slow development of AlBs are: (i) the challenge of finding suitable cathode materials and electrolytes
that are capable of operating near room temperature, and (ii) packaging problems and poor overall

device stability due to corrosive electrolytes 5¢*. Recent advances that include the use of ionic liquid
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(IL) electrolytes have resulted in the extraordinary cycling performance of AIBs5#01:62:63:64:65:66.67.68

In these systems, a metallic Al anode is combined with a graphitic cathode and a chloroaluminate IL
(typically produced from a mixture of anhydrous AICl, and a quaternary ammonium chloride salt
like 1-ethyl-3-methylimidazolium chloride, EMICI) electrolyte, from which Al can be reversibly de-
posited and stripped with a high Coulombic efficiency (>99.5%), without formation of dendrites and
with a discharge voltage of about 2 V. One of the hallmarks of these chloroaluminate batteries is their
impressively high charging rates, which have been attributed to very fast anion diffusion within the
graphite cathode. However, unlike LIBs, the fundamental interfacial intercalation chemistry and ion
transport dynamics within the cathode remain to be investigated in AIBs. One critical unknown is
the intrinsic chloroaluminate ion diffusion rate in graphite, which would define the upper limit for
the charging rate. Likewise, rationally tailoring cathodes that can offer higher discharge voltages re-
quires measurements of electrochemical behavior at individual mesoscopic crystals of the intercalation
host materials. Comparing such single-particle electrochemical analyses with more traditional ensem-
ble battery cell measurements then enables the deconvolution of intrinsic physicochemical properties
from the impact of additives and other extrinsic factors related to cell construction.

Here, I perform systematic investigations into the electrochemistry and diffusion dynamics of
AICl,™ intercalation into graphite. We fabricate mesoscopic on-chip electrochemical cells with graphitic
single crystals of controlled dimensionality—from few-layer graphene to bulk graphite flakes—and
perform operando variable temperature charge transport measurements and optical microscopy. These
measurements allow us to probe the intercalation reaction at the thinnest limit of the bulk inter-
calation compound (four-layer graphene) and to determine an upper bound for the diffusion co-
efficient of AICl, in graphite. Taken together, our studies provide fundamental insights into the
chloroaluminate—graphite system and establish a methodological framework for the design and mea-

surement of new candidate AIB materials with improved performance.
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3.2 ELECTRO-INTERCALATION IN 2D LIMITS OF THE ALCL4_/GRAPHITE SYSTEM

We began by exploring the electrochemical properties of the graphite—AlCI, "intercalation compound
in the 2D limit with operando electronic transport measurements. We fabricated Hall bar devices
containing few-layer graphene (2—6 layers) stacked between two 10-30 nm thick hexagonal boron

nitride (hBN) crystals . The fabrication steps are demonstrated in figure 3.1.

S N e e

30 um

Figure 3.1: a, Schematic of fabrication steps to make microelectrochemical cell, showing a stack on a Si/SiO, substrate,
formation of a Hall bar and deposition of an Au contacts, deposition of Ti/Al counter electrode(CE) and reference electrode
(RE), and coverage of the device by an electrolyte droplet. b Optical micrographs of the fabrication steps depicted in (a).

We then constructed an on-chip electrochemical cell (Fig. 3.2a,b) consisting of this hRBN/4LG/hBN
Hall bar as the working electrode (WE), and two separate Al electrodes to serve as the counter elec-
trode (CE), and pseudoreference electrode (RE). The WE, RE, and CE were then covered by a ~ 10uL
droplet of AICl,"EMI, which was prepared from a ~3:2 molar ratio of AICl; and EMICI (see Ap-
pendix B). In addition to the electrochemical current response (I), standard AC transport measure-
ments were used to measure the longitudinal resistance (R,,) of the Hall bar WE at 300 K as the

potential (£) at the WE was swept from o V to +2.0 V vs. the AI-RE with a sweep rate of 2 mV/s.
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Beginning with a four-layer graphene (4LG) device, examining plots of both R, and 7 as a function
of potential £ (Fig. 3.2¢) throughout the sweep provides insight into the fundamental steps in the
intercalation reaction. The plot of R, shows two distinct regions: First, between o to 1.8 V, R,
decreases only slightly, by less than 8 % compared to Ry, ato V. At 1.8 V, R, decreases precipitously
after a small initial upturn and then remains unchanged from 1.85 V to 2.0 V. In the plot of 7 as a
function of E, minimal change in I occurs until a significant increase at ~1.6 V, followed by the onset
of a sharp increase in current at 1.8 V. To investigate the origin of these changes, we cooled these
mesoscopic devices to 4 K under three applied biases (o V, 1.55 V, and 2.0 V) and performed Hall
effect measurements that allow us to precisely measure the carrier density in the graphene layers. At
oV, the positive slope of the Hall resistance curve reveals electron doping of the pristine 4L.G, and
we calculate a 2D carrier density, 7#,p, of 3 X 10Pecm™. At 1.55 Vand 2.0V, the slopes of the Hall
resistance curves are positive (Fig 3.3), which is the manifestation of holes as charge carriers, and 7,p
at2.0 Vis 4.4 x 10Mcm™. These changes in n are summarized in Fig. 3.2d.

Combined, these measurements provide key insight into the crucial steps in the intercalation of
graphite by chloroaluminate ions and the ultimate capacity limits of the system. The initial decrease
in R, which is accompanied by a small change in /, yet switches the graphene from n-type to p-type
conductor, is attributed to the purely electrostatic gating effect of the electrochemical double layer. As
we have shown previously for Li+ intercalation, the initial upturn in Ry, at 1.8 V that coincides with
an onset of a large increase in 7 arises because intercalation leads to decreased electronic mobility owing
to increased scattering between electrons in the graphene layers and chloroaluminate anions in the van
der Waals (vdW) gap *7#7. This decreased mobility causes the resistance to increase initially but is then
overwhelmed by the greatly increased hole carrier density that also accompanies AICl, ~intercalation,
resulting in a subsequent sharp drop in resistance. These charge transport measurements thus allow
us to interrogate the intercalation mechanism directly, in a manner that is not conflated with side re-

actions as in the sole measurement of 7. Our measurements also allow us to estimate an approximate
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Figure 3.2: a, Optical micrograph of on-chip electrochemical cell for transport measurements during intercalation. b,
False-color scanning electron micrograph of the region indicated with the dashed box in a showing hBN/4LG/hBN Hall
bar working electrode, along with a cross-sectional schematic. Scale bar: 10 um. ¢, Longitudinal resistantce, R,., and
electrochemical current response, |, as a function of potential, E vs. Al pseudoreference electrode. d Carrier densities
extracted from Hall effect measurements as a function of E, showing transition from electron-doping to hole-doping.
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optical micrographs of devices. b,c, Transverse resistances, Rx}, vs magnetic field, B, b before and c after polarization to
2.5V, showing measured Hall carrier densities, 7, which change from electron carriers (at O V) to hole carriers (2.5 V).
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limit for the capacity of carbon-based chloroaluminate intercalation compounds; the Hall carrier den-
sity of fully intercalated 4L.G devices, (Fig. 3.2d) translates into a capacity of ~85 mAh g. In this
estimate, we consider only the three graphene—graphene vdW interfaces of the hBN/4LG/hBN het-
erostructure as active for intercalation (thus neglecting the two peripheral hBN/G vdW interfaces).
This assumption is based on previous studies that showed >10-fold decreased proclivity for hBN/G
interfaces to intercalate Li* ions compared to that of G/G interfaces*”*7. Analogous experiments at
2LG achieved a carrier density of 1.0 X 10" cm™ at 2.5 V, which is more than two orders of magnitude
lower than that observed for the aforementioned 4LG system. These results are consistent with only
electrostatic gating, but no substantial intercalation in the 2L limit up to 2.5 V. The dissolution of
contact electrodes prohibited potential excursions in excess of 2.5 V. It is noteworthy that the staging

limits for chloroaluminate—graphite intercalation compounds are typically stage 4.

3.3 DYNAMIC OF ION DIFFUSION IN CONTINUUM LIMIT (RaANDOM WALK)

While enhancing the ion accumulation is a dominant goal in energy storage research communities,
fast charging/discharging , aging and working in harsh conditions limit use of the new materials as
cathode/anode in storage energy unit. To address these problems, we need to understand the dynamics
of ion diffusion inside the anode/cathode of the electrochemical cell. When ions start to intercalate
between layers” host, they move very random and are constrained with boundary conditions. Previous
studies show that ions movements inside the host has strong connections to a random walk problem.
Diffusion and random walks are two processes which have similar mathematical descriptions in the
continuous limit (steps in time and space are infinitesimally small) ®. Therefore, the results from one
of these processes can be used to interpret or predict the results for the other.

Here, we consider the process of AICI,~ intercalation as a random walk in two dimensions. In high-

density intercalation, the process can be considered linear with respect to time. Figure 3.4 illustrates
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a path for an ion inside a host. We model movement of the ion from one spot to another by the
probability function c¢(x = kAx,z = mAt) which determines ion presence in a given position x at

time ¢ where £ is a number of finite step in position and 2 is a number of finite step in time .

Start

Y

Figure 3.4: schematic diagram for 2D random walk path for an ion moving inside graphite

We combine the probabilities of being at that spot and moving to left or right. Equation 3.1 shows

the probability of being ion in the spot based on a step time:
1 1 1
clkAx, (m +1)At] = Ec[kAx, (m)At] + Zc[(/e —1)Ax, (m)Af] + Zc[(k +1)Ax, (m)At]  (3.1)

Initial conditions at # = 0is: ¢[0,0] = 1,c[kAx,0] = 0,k # 0 By using Taylor expansion and

continuous limits, we define the next steps as following:

Oc 1 0% 1 03¢
+ 1) Ax, mAd = c[kA Af] + Ax— 4+ AP — + —Ax’ — Ax*t )
c[(k £1)Ax, mAt] = clkAx, (m)Ad] x8x+ A o £ A o + O(Ax") (3.2)

c[kAx, (m £ 1)At] = c[kAx, (m)At] £+ Atg; + 0(AF) (3-3)

By substituting the equation 3.2,3.3 into 3.1, we have:
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dc o1 1 oc 1 282 1 383
clx, 1 + Ata‘ + 0(Ar) = Ec[x, ]+ f{c[x, 1 — Axa + 2A 92 gA 93 + 0(Ax*)}
o1 8 1 383
(3.4)
86 282 e Ax* 0%
Ax?
= E (3.6)

By neglecting higher order terms, we derive the diffusion constant D.
This is the simple model, one can estimate the ion diffusion constant by observing intercalation

area ( change (Ax?) as function of time (A?) ).

3.4 CHLOROALUMINATE ALCL, ION DIFFUSION VIA OPTICAL MICROSCOPY

To estimate the diffusion coefficient of AICl,"ions in graphite-based electrodes, we assembled a two-
electrode on-chip electrochemical cell under an optical microscope (Fig. 3.5). We observed reversible
intercalation in an ~8o nm thick graphite crystal, manifested by changes in the optical contrast across
the flake, which occurs due to a combination of interlayer expansion and changes in dielectric constant
due to intercalation-induced doping”®*#7. As anticipated by the transport measurements shown in
Fig. 3.2, no contrast change occurs when the applied potential between the graphite and counter
electrode is less than 1.85 V. As the bias is increased beyond 1.9 V, we see evidence of AICI, ~ions in-
tercalating into, and diffusing though the graphite lattice with a well-defined staging behavior. These

optical changes are reversed when the potential returns to 1.5 V, however the flake is left with some
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Figure 3.5: Top: Schematic showing on-chip spectroelectrochemical cell for intercalation and simultaneous optical mea-
surements of graphite flakes. Bottom: Optical micrographs of an 80 nm graphite flake with £ = 1.5 V (before intercalation),
2.0V (intercalation commenced), and 1.5 V (after deintercalation) at 300 K.

additional wrinkles from this intercalation—deintercalation cycle. Fig. 2b shows a series of optical mi-
croscope images taken over a period of 2 s as under a bias of 1.9 V. These images clearly display the
movement of the diffusion front with time, and the intercalated area was extracted from the image at
each time point (fig 3.6), allowing estimation of the diffusion coefficient, D, for AIC,in graphite by
linear regression analysis of the temporal evolution of intercalated area (Fig. 3.6 c) using a simplified
continuum model. In this model, the D is related to the change in area A4 and time as shown in Eq
3.6. The resultant D based on equation 3.7 we extract from the room temperature measurements of

Figs. 3.6 bycis ~ 1.1 X 107¢ cm?® s .

49



Start

Area (cm?) %

1 15
Time(s)

Figure 3.6: a 2D random walk path for an ion moving inside graphite. b Optical micrograph of graphite flake with Au
contact, with accompanying binary images created by MATLAB's Image Thresholding toolbox. ¢ Optical micrographs and
corresponding binary images of graphite flake as CE potential is held at 1.9 V at 300K, showing how the ions diffuse to
cover the flake. d Plot of ion coverage area vs. time determined from images in (c).
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3.5 ALCL,”DIFFUSION STUDY INTO DIsK SHAPE ELECTRODE

Previous studies have shown that a disk geometry is useful in studying diffusion through a material, as
it creates boundary conditions equal at all edges and directions. Devices for diffusion characterization
were fabricated by patterning disk shapes onto graphite flakes using electron-beam lithography fol-
lowed by reactive-ion etching. Al contacts and a Al counter electrode were deposited by electron beam
evaporation. Variable-temperature diffusion experiments were performed in an argon-filled glovebox.
First, a 20 uL droplet of electrolyte was deposited onto the device, which was kept in a temperature-
controlled sample holder.

Ion intercalation was performed by applying a potential between the CE and graphite electrode. An
optical microscope equipped with a high-resolution camera was used to record videos of the intercala-
tion process at different temperatures between 320 and 220 K. After collecting videos of intercalation
at desired voltages and temperatures, we processed images of the graphite electrodes throughout the
intercalation process using MATLAB’s Image Thresholding toolbox to create RGB masks to extract
binary image based on desired color. Video frames were analyzed to extract the ion coverage area of
the electrode. A complete visualization of this technique is presented in Figures 3.8 and 3.9, with ad-
ditional details of our diffusion calculations below. Diffusion coefficients are calculated when the ion
coverage area varies linearly with time, which occurs in the range of 20-70% coverage (Fig 3.8).

These ion dynamics were then probed over a wide temperature range of 320-220 K by fabricating
disk-shaped graphite electrodes with thicknesses of 40—50 nm. We note that with decreasing temper-
ature, higher potentials were required to initiate intercalation as monitored by optical contrast, which
may be attributed to changes in equilibrium potential and/or changes to ohmic losses through the
electrolyte in this two-electrode configuration. Regardless, D can be determined for each condition
as summarized in Fig. 3.9d. At 320K, we extract D = 9.6 X 107 cm? s, a value approaching the

diffusion coefficient of chloride ions in water at room temperature (ca. 2 X 107> cm® s™)7". Since
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Figure 3.7: a, Schematic of space- and time-resolved microscopy for studying AICl, intercalation into graphite disk. b,
Optical micrograph of device containing 40nm-thick graphite disk. ¢ SEM image of graphite disk before intercalation,
with inset showing disk edge. d SEM image of graphite disk after intercalation, with inset showing the disk edge where
wrinkles have appeared on the disk. e Optical micrographs of on-chip graphite disk, showing creation of a binary image in
MATLAB's Image Thresholding toolbox.

practical cathodes consist of polycrystalline materials and also contain additives and binders, the val-
ues for D we obtain serve as upper bounds for chloroaluminate ion diffusion in graphitic cathodes.
Employing this diffusion constant, we can also evaluate the performance of AIBs constructed with

cathodes of varying composition and microstructure.
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Figure 3.8: a, (1-5) Graphite disk images before intercalation at O V. Scale bars = 15 um (1), 10 um (2-5). b, (1-5), lon
coverage area for each disk vs. time at different temperatures and fixed potential, labeled in (c). x-axis is multiplied by 10
in (5).c, (1-5), Optical micrographs of intercalated disks at corresponding temperatures and the fixed voltage.

3.6 CONCLUSION

Understanding the underlying electrochemical processes in battery materials is essential to improving

battery performance. Charge transport measurements were performed to gain insight into the elec-
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Figure 3.9: a, Plot of intercalation area as a function of time used to estimate chloroaluminate ion diffusion constant.
Data are shown for linear regions of coverage area increase, between 20-70% coverage.b, Chloroaluminate diffusion
coefficients measured at different temperatures, also showing the potential at which the optical analysis was performed.

trochemistry of AlCI, ~intercalation into few-layer graphene and thick graphite flakes. These mea-
surements uncovered the intercalation behavior of the 2D limit of the chloroaluminate—graphite in-
tercalation compound and allowed estimations of the limiting capacity that might be expected from
AIBs comprising graphitic cathodes. Transport of AICI, within thin graphite crystals was revealed
by optical microscopy, leading to a quantitative determination of the chloroaluminate diffusion coef-
ficientas 9.6 X 107 cm? s at 320 Kand 3.4 x 1078 cm? s™" at 220 K. Our results thus establish that
controlling the nanoscale morphology of graphitic anodes will be especially important to optimizing
the performance of AIBs. These studies also provide a mesoscopic device framework for probing the
fundamental physicochemical phenomena underlying the operation of practical battery devices and
exemplify how to make connections between these approaches and more conventional electrochemi-

cal measurements.
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Electron Transport in Organic and Semi

Organic layered materials

4.1  INTRODUCTION

In this chapter, we discuss electrical transport in organic molecule based low dimensional materials ;

MOFs and graphullerene . The growth details and other characterization techniques of these molec-

55



ular crystals are described in these works”*73. MOFs and organic materials are very sensitive to heat
and electron beam (e-beam) for device fabrication. In order to overcome these cHallenges, we intro-
duce a device fabrication method that is the solvent and e-beam free lithography process and can be
perforemd inside inert environment such Argon or nitrogen filled glovebox. This advanced high reso-
lution stencil mask technique brings us the possibility of having high quality devices which are reliable

to explore the intrinsic properties of new sensitive materials.

4.2 AIR & SOLVENT FREE DEVICE FABRICATION

A high-resolution stencil mask technique was used to fabricate rigorously air-free devices inside the
glovebox. This process is free of solvents and polymers and helps to preserve the quality of the crystals,
eliminating possible artifacts that might arise from conventional lithography processes using solvent-
based methods and conducting paints usually applied as contacts for bulk crystals. The process starts
with the fabrication of the stencil masks. The mask is based on a §i/Si; N, (500 nm) substrate. Mul-
tiple windows of 20oumx20oum squares are patterned by photolithography. For the largest pat-
terns, soommx soopm squares were used. Stencil masks were fabricated from Si; N, (500 nm)/Si(300
wm)/Si; N, (soo nm) wafers. At first, a combination of photolithography, reactive ion etching, and
wet etching (potassium hydroxide solution) was used to create 200 and 500 um square windows of
Si;N,,. The silicon was etched to make a silicon nitride window. Subsequently, the desired patterns
of devices were written with photolithography on the windows. Then, the silicon nitride was etched
with a reactive ion etcher to finish the mask fabrication.

We used a micro-positioner to align and place the prefabricated Si; N, masks on transferred flakes. To
place the mask on the substrate, we applied a small amount of grease (Apiezon H) near the edge of
the mask. Then the mask was placed on a desired position using a micropositioner. It is important to

press the mask well to minimize the gap between the mask and the crystal. If the gap is too large, it
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Figure 4.1: a-c, Double sided Silicon nitride substrate used to fabricate winodw and final contacts pattern via photolithog-
raphy and dry/wet etching. d-f, side view of steps from a to c. g exfoliated flake on top of designated substrate. h, aligning
the patterned window to the flake with micropositioner. We use a small amount of grease to attach the silicon nitride win-
dow to the substrate.i, depositing metal as contacts and removing the mask.

will generate deposition shadows around the pattern that could short the device. Once the mask was
well-positioned, we finished the device fabrication by evaporating metal. Gold and palladium electri-
cal contacts were tested, and the palladium electrode seems to provide a better electrical connection.
The final device was isolated, mounted on a 16 pins chip-carrier, and wire-bonded inside the glovebox.

Finally, the chip-carrier was covered with glass and loaded into the cryostat for the measurements.
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4.3 ELECTRICAL TRANSPORT SINGLE CRYSTALS OF 2D MOFs N1,(HITP),

MOFs are hybrid inorganic/organic crystals that can possess features distinct from many crystalline
materials7#75: intrinsic porosity, nm-scale lattice parameters, flexible mechanics, and a rich structural
and compositional diversity enabled by advances in both organic and inorganic chemistry in three di-
mensions. The vast majority of MOFs are insulators and have been used in applications that benefit
from high surface areas and chemical tunability, such as gas capture and catalysis. Conductive MOFs
represent a new type of hybrid inorganic/organic conductor in addition to non-porous coordination
polymers and hybrid perovskites, which have recently demonstrated high conductivities and super-
conductivity76 and promising performances for optoelectronics”’, respectively. 2D layered MOFs
where metals and redox-active ligands form extended n-d conjugated sheets (Fig. 1.5), have shown the
highest conductivities and are predicted to exhibit rare transport phenomena including, for instance,
the quantum anomalous Hall effect”®. However, due to poor synthetic control and small crystallite
size, charge transport and structural studies for the 2D MOFs have generally relied on polycrystalline
films/pellets and powder X-ray diffraction (PXRD), where grain boundaries and anisotropy obscure
the intrinsic properties. Only a handful of single crystal devices have been reported including a room-
temperature conductivity value for a 2D MOF7?, for a 2D coordination polymer,80 and for some
less-conductive 3D MOFs®*"#2. Despite Ni,(2,3,6,7,10,11-hexaiminotriphenylene), 2 (Ni,(HITP),)
possessing one of the highest conductivities for a porous MOF and having demonstrated promise for
various applications, its conduction is poorly understood; calculations have predicted Ni, (HITP), to
be metallic but results of experiments on polycrystalline pellets down to 8o K have been interpreted as
semiconducting®?. Here, with isolated crystals, we reveal the distinct layer stacking for Ni, (HITP),
, the metallic nature of single crystals of Ni, (HITP),, and the importance of transport in the out-of-
plane direction despite the presumed dominance of in-plane transport for 2D MOFs. The details of

transport analysis for Cu,(2,3,6,7,10,1 1-hexahydroxytriphenylene), (Cu,(HHTP),) has been this in
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our paper’?. Here , we focus on electrical transport for Ni;(HITP),.

Figure 4.2: a, using new conditions with NiCl, and sodium acetate in an open vial b, and using a 10X higher concentration
of sodium acetate with nickel nitrate in a closed vial.c, The use of NH,OH generally yielded Niz(HITP), morphologies that
were difficult to isolate individual crystals from as the crystals appear to emanate from a shared base. The use of sodium
acetate led to isolated rods in appreciably higher yields and were used for TEM and device fabrication.

To understand charge transport in our 2D MOFs, we isolated individual crystals of Ni,(HITP),,
and measured their conductivity as a function of temperature. Fig 2 published in ref** generated an
interconnected nanocrystalline morphology (Figure 4.2), which has been cHallenging to isolate crys-
tals from. Here, we obtain isolated rods of Ni;(HITP), up to ~2 wm in length and ~200 nm in
diameter. Devices were fabricated by drop-casting suspensions of Ni,(HITP), rods onto Si covered
by SiO, substrates and using electron-beam lithography and metal evaporation to deposit Ti/Pd con-
tacts on top of the rods (Fig. 4.3a). A DC current—voltage (I-V) sweep for a representative device

(Fig. 4.5b) yielded four-probe conductance values G of 1.3 mS at 295 K and 0.7 mS at 1.4 K, and
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two-probe values of 0.25 mS at 295 Kand 0.13 mS at 1.4 K. A reversible decrease in conductance is
observed when a magnetic field is applied (Fig. 4.3b, inset), and the magnitude of this change decreases
as the temperature T increases from 1.4 K (top) to 10 K (bottom). Such low temperature enhanced
increased magnetoresistance suggest positive magneto resistance originated from the shrinking of elec-
tronic impurity wave function under a magnetic field . However, potential mixing between Hall and

longitudinal resistance in our device geometry requires proper multiterminal magnetotransportin the

future study.
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Figure 4.3: a, SEM of a single rod Ni3(HITP), device with Ti/Pd contacts. Scale bar, 1 um. b, Current-voltage plots of
a single rod Niz(HITP), device at 295 K (blue) and 1.4 K (black). Inset: Normalized magnetoresistance at several fixed
temperatures . c,d 4-probe temperature-dependent conductance (solid line; left axis) of a single rod device (c) and a
polycrystalline film device (d) of Nis(HITP), and their corresponding Zabrodskii plots with their reduced activation energy
(dotted lines; right axes). Inset: Temperature-dependent conductance plotted with linear axes.

We find that further decreasing the temperature from 1.4 K to 0.3 K (Fig. 4.3¢); red solid line, left

axis) decreased the four-probe conductance negligibly. Variable temperature (VT) measurements on
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three additional Ni, (HITP), rod devices showed a similar weak, positive dependence on temperature.
In contrast, a four-probe VT measurement of a polycrystalline Ni,(HITP), film device (Fig. 4.3d);
black solid line, left axis) revealed a conductance that decreased by orders of magnitude over a smaller

temperature range.
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Figure 4.4: Top, Temperature dependent conductance traces for four Niz(HITP), devices. Bottom, Zabrodskii plot showing
reduced activation energy (w) as a function of temperature for the four traces.

To understand the VT behavior for these single rod and polycrystalline devices, we plot the acti-
vation energy W(7T) = dinG/dInT vs temperature T in a logarithmic scale as shown in Fig. 4.3c¢
and Fig. 4.3d (dashed lines, right axes). This Zabrodksii plot scheme has been used for doped organic
polymers®*, quantum dot films®s, and other systems®®, where the negative slope of the Zabrodksii
plot indicates localization behaviors with a reduced activation gap. We observe a positive slope for all
single rod devices, indicating metallicity in the absence of the strong localization at low temperatures.

A small reduced activation energy value that decreases as temperature decreases is consistent with a
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non-zero conductance value as temperature goes to o K (Fig. 4.3¢ inset). For the polycrystalline film
device, we observe a negative slope in the Zabrodksii plot, indicating a semiconducting nature, where
the conductance approaches o as temperature goes to o K (Fig. 4.3d inset). Literature precedence 7
and additional data (Fig 4.4) are consistent with our interpretation of metallicity in Ni,(HITP),.
With the aid of single crystal device data, we make observations relevant to understanding transport
in conductive 2D MOFs. First, Ni, (HITP), system, rod devices with significant out-of-plane contri-
butions show conductivities greater than their polycrystalline pellet measurements. The out-of-plane
transport is often disregarded in the literature compared to in-plane transport, but is consistent with
band structure and density of states calculations, which show that C, N, and Ni contribute to these
out-of-plane bands. Second, Zabrodksii plots show a positive slope for single crystal Ni,(HITP), de-
vices but a negative slope for its polycrystalline film, indicating intrinsic metallic conducting nature of
single crystal MOFs, while the non-metallic behavior of polycrystalline film could be extrinsic to the
materials. Additional work is needed to further understand the role that anisotropy and grain bound-
aries contribute to polycrystalline transport. Importantly, for organic systems and quantum dot films,
by controlling film preparation and the material’s surface, conductance can be increased by orders of
magnitude; similar strategies may yield significant increases in polycrystalline MOF transport. Last,
we note that literature reports have attempted to claim metallicity or a semiconducting nature for
various MOFs or coordination polymers by analyzing high temperature polycrystalline pellets or by
applying Arrhenius equations to weak temperature dependences, which may lead to incorrect inter-
pretations of small band gaps. We show that although the out-of-plane conduction for Ni,(HITP),
devices decreases with temperature, the Zabrodskii analysis at low temperatures and single crystals are

critical in determining the nature of its conduction.
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4.4 HaLL EFFECT MEASUREMENT IN SINGLE CRYSTALS OF 2D MOFs N1,(HHTP),

A major bottleneck towards exploring MOFs properties has been crystal growth, especially within
the basal plane where high conductivity and topologically nontrivial properties are expected. Indeed,
even basic experiments such as a Hall effect measurement of the basal plane have not been possible
because the basal plane domain size afforded by conventional crystal growth techniques has thus far
been limited to less than 200 nm , which is under the spatial resolution limit for multi-terminal device
fabrication using lithography techniques88’79’89’14’13. As such, one of the key challenges preventing
a deeper understanding of the electronic properties of these materials has been the growth of suffi-
ciently large single crystals. Our collaborator at MIT developed a biophase method to grow large sin-
gle crystal of 2D MOFs7?. Basically the reaction is confined in liquid liquid interfaces. The summary
of growth shows in Fig 4.5. In this work, we demonstrate the growth of single crystals of Ni-CAT-
1 (Ni;(HHTP),; HHTP = 2,3,6,7,10,11-hexahydroxytriphenylene). This material is chosen as the
testbed for a new growth technique for 2D WM OFs that promotes the growth of plate-shaped rather
than needle-shaped single crystals.

Optical microscope and scanning electron microscope (SEM) images of large single-crystal plates
of Ni-CAT-1 grown by the method described above are shown in Fig. 4.6. The morphology of these
crystals strongly contrasts with previously reported Ni-CAT-1 needle-shaped crystals. The lateral di-
mension of the solution-solid grown crystals is more than two orders of magnitude larger than the
needle-shaped ones .

The large single crystals of Ni-CAT-1 permit measurements of electrical properties of the basal
plane in 2D ®MOFs. To minimize damage to the 2D ®MOFs during device fabrication, we placed
four electrical contacts using a stencil mask technique rather than conventional electron beam lithog-
raphy (Fig 4.7). The stencil mask avoids electron beam resist coating, baking, and direct electron-beam

exposure. Details of the sample fabrication techniques and conductivities are given in Fig. 4.8. Con-
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Figure 4.5: (A) Schematic illustration of the solution-solid growth of 2D mMOFs. The organic ligands are introduced in
the solid phase and react with metal ions that are dissolved in water. The dense and aligned organic molecules increase
the basal-plane growth rate. The high reaction temperature accelerates the reaction rate and ensures high crystallinity.
The small volume and high aspect ratio of the reaction solution facilitate planar crystal growth. (B) MOF layer structure
of Ni-CAT-1. (C) Schematic of the growth method. HHTP film is grown by vacuum thermal evaporation, and Ni(OAc), is
drop-cast on a separate substrate. The two substrates are pressed together so that the two reactants are opposite each
other. Teflon-coated magnets are used to press the two substrates with a pressure of 50 kPa at room temperature. The
ensemble is placed in water and heated at 95 °C. Typical growth conditions are from 40 nm-thick film of HHTP, a drop-cast
film of Ni(OAc), from 20 uL of 10 mM methanol solution, and a reaction time of 12 h.
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Figure 4.6: (A) SEM image of Ni-CAT-1 crystals after a reaction time of 1 h. (B) SEM image of crystals grown after 12
h. No residual HHTP is observed surrounding the Ni-CAT-1 crystals, and the sharp edges and corners indicate increased
crystallinity. (C,D) Optical microscope images of the crystal plates on a Sz'/Sz'Oz substrate. (E) Thickness profile of the
crystal grown from 40 nm of HHTP. The thickness can be varied by adjusting reaction conditions .

ventional 4-probe pressed pellet samples provided important comparisons with the single crystal de-
vices. Thus, the peak basal-plane single-crystal electrical conductivity of the Ni-CAT-1 crystals is 2
S/cm, with an average of 0.8 S/cm, whereas the conductivity of a polycrystalline pressed-pellet sam-

ple is 3.6 x 1073S/cm, similar to two previously reported values. In other words, the conductivity
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Figure 4.7: a,optical picture of the Ni-CAT-1 crystal. b,c shows the fabricated device via stenceil mask technique. we
deposited 600 nm Au to make electrical contacts to the flake.d, SEM micro picture of the device to extract the height of
the flake.

of a polycrystalline pressed pellet of Ni-CAT-1 is lower by more than two orders of magnitude, as
may be expected given the grain boundaries and contributions from the lower, out-of-plane, ¢ axis
conductivity estimated at 10 x 10™* S/cm from a two probe device. The presence of traps at grain
boundaries is further confirmed by a temperature-dependent conductivity study (Fig. 4.9A), which
gives an activation energy of 0.09 eV for the single crystal, and 0.14 eV for the pressed pellet devices.

A Hall measurement on asingle crystal device of Ni-CAT-1 provided unique insight into the nature
of in-plane electrical transport in 2D wMOFs. The Hall coefhicient obtained from fitting the data in

Fig. 4.9G, (-0.46 £ 0.14) cm?/C, is relatively small compared to the conductivity. This suggests that
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Figure 4.8: (A C) Optical microscope images of fabricated devices. (A) A device made by electron beam lithography (B)
A device fabricated with stencil mask technique. (C) A pressed-pellet device. (D) Electrical conductivities with various
crystal sizes using the two fabrication methods. Note that the electrical conductivity increases by one order of magnitude
under vacuum. All the devices fabricated with the stencil mask technique were measured under vacuum and the others
were measured in an ambient environment. The electron beam lithography conditions were destructive to the crystals.
The fabrication yield was about 50%, and the measured conductivity varies by two orders of magnitude for 21 samples.
The stencil-mask samples show higher conductivity than electron beam samples and spread over one order of magnitude.
Although the electron beam process was destructive, the best-measured conductivity of electron beam samples was similar
to the stencil mask process. Therefore, further optimization of growth and fabrication parameters are required to use the
electron beam lithography process. (E) An example of the single-crystal fracture after device fabrication with electron-
beam lithography technique. Some crystals, especially bigger ones, tend to crack easier.

the origin of the high conductivity in this particular material is a high carrier concentration rather than
fast carrier transport. Given its small bandgap of 0.2 eV, Ni-CAT-1 may intrinsically possess high
densities of electrons and holes at room temperature. However, assuming n-type behavior, consistent
with the sign of the Hall coefficient, gives an electron density of (—1.4 & 0.42) x 10" cm, which
corresponds to 1% of HHTP-site density, and a corresponding electron mobility of (0.16 % 0.049)

cm?/V.S . Whereas the single crystals of Ni-CAT-1 generate a distinct Hall effect, we were unable to
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Figure 4.9: . (A) Temperature dependence of electrical conductivity along the basal plane of a single crystal and of a
pressed pellet. Inset: optical microscope images of single-crystal and pressed-pellet devices. (B and C) Current-voltage
(1-V) curves of 2-probe (B) and 4-probe (C) measurements on a single crystal. (D) Temperature dependence of 2-probe and
4-probe resistance. (E) |-V characteristics of Hall measurement at room temperature and 1 T. (F) Hall resistance (R,@,, blue
circle) as a function of time, while the magnetic field (B, red line) is slowly swept between -1 and 1 T. The Hall resistance
is determined from the slope of |-V curve in (E) and subtracting magnetic-field independent offset (Figure S14). (G) Mean
Hall resistances as a function of the magnetic field. The Hall coefficient is -0.46 + 0.14 cm®/C, indicating that the high
conductivity of Ni-CAT-1 originates from a high carrier density. Error bars are the standard error of the mean.

measure the Hall effect in pressed pellet samples due to suppression of the charge carrier mobility
by grain boundaries. Recalling that the pressed pellet samples also exhibited nearly three orders of
magnitude decrease in conductivity, these measurements provide an important direct assessment of
charge carrier densities in 2D ®MOFs and confirm that the single crystal samples exhibit significantly
superior electronic properties overall.

Biphasic solution-solid growth of large planar single crystals of Ni-CAT-1 allow characterization
of its intrinsic electronic properties along the 2D plane. Based on these promising results, we fur-

ther anticipate that applications of this growth technique will enhance the performance of other,
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highly-conductive 2D tMOFs . Future studies of single-crystal 2D tMOFs should clarify fundamen-
tal structure-property relationships and allow measurement of intrinsic electronic and topologically-

protected properties.

4.5 GRAPHULLERENE : SUPERATOMIC COUSIN OF GRAPHENE

Ceo fullerene, the first synthetic carbon allotrop“°, is a geometrically closed, polycyclic polymer com-
posed solely of carbon atoms (Fig. 4.10). This polymer is infinite in the literal sense of not having any
termini, but it is obviously quite finite in being the size of a normal, albeit large, molecule. Graphene,
another allotrope of elemental carbon?’, is also a polymer of carbon atoms, but in this case, the poly-
merization leads to a geometrically open result: infinite, two-dimensional (2D) sheets (Fig. 4.10). In
this report we disclose a new 2D polymer of Cyo, which we synthesize by linking C6o molecules into
layered, graphene-like hexagonal sheets (Fig. 4.10). By analogy to graphene and graphite, we have

dubbed this material graphullerene and its 3D vdW solid, graphullerite.
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Figure 4.10: Schematic illustration of the CVT technique employed for the growth of single crystals. Optical micrographs
of crystals of (A) (Mg2C60)2 and (B) (Mg4C60)2. Crystal structures of (C) (Mg2C60)2 and (D) (Mg4Cé60)2, with the top-view
of a single layer for each compound alongside the side-view, showing the layered structures of the crystals.

Our chemical strategy to prepare graphullerene was inspired by a recent study of Yamanaka and
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coworkers?*, who employed the chemical vapor transport (CVT) approach to grow single crystals of
metal-doped polyfullerides. First, we grow single crystals of Mg-doped polyfulleride (Mg, Ceo). These
polyfullerides are obtained by pressing a pellet of Cgp and Mg powder under inert atmosphere, which
is then sealed in a fused silica tube under vacuum, and placed in a horizontal furnace with a tempera-
ture gradient (Fig. 4.10a). Large black hexagonal crystals (hundreds of micrometers in lateral dimen-
sions), with a metallic luster, are obtained at the cold end of the tube (Fig. 4.10b). Single crystal X-ray
diffraction (SCXRD) reveals that the crystals have a layered structure, and display a quasi-hexagonal
lattice, with each Cg forming eight covalent o-bonds to six neighbors within a molecular plane. Four
of these make single connections between the Cgy molecules, and each of the other two pairs doubly
connects the Cg’s (Fig. 4.10c). The synthesis yields highly reduced sheets with 4 Mg counterions
per fullerene. The counterions are closely associated with each individual layer (Fig. 4.10c), and not
shared between layers; hence, the layers are only weakly bonded to each other, predominantly through
vdW interactions. Single crystals of (Mg, Cyo) were recently grown by Hou et al. as well, using a sim-
ilar CVT approach??.

To create a vdW Cgo polymer material that can be mechanically exfoliated, we attempted to re-
move the Mg from the Mg, C¢, lattice by immersing the crystals in different aqueous acidic solu-
tions, expecting Mg to form water-soluble salts with the conjugate bases. Suspending Mg,Cg, in
dilute aqueous solutions of acetic acid or nitric acid leaches out most of the Mg, yielding Mg, ; Ceo,
as determined by energy dispersive X-ray spectroscopy (EDS). By suspending the Mg, Cg, crystals
in N-methylpyrrolidone at 180° C, we completely remove the Mg counterions (Fig. 4.112). Upon
examining the graphullerite crystals using scanning electron microscopy (SEM), we find that the crys-
tals remain intact following Mg deintercalation (Fig. 4.114, inset). With Mg taken out, the remaining
material is entirely and purely carbon, yet it is not Cyp; it is a new vdW solid, graphullerite (Cyp in the
Figures). Note that the lack of long-range registry of the covalent layers along the stacking direction,

indicated by the broadening of the powder X-ray diffraction (PXRD) peaks , has thus far prevented
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Figure 4.11: a, Elemental composition of single crystals before (Mg, Cyo) and after (Cg) treatment with a dilute acetic acid
solution, as determined by EDS. The absence of the oxygen peak in the spectrum of graphullerite implies that the observed
oxygen peak in Mg4Cq crystals corresponds to oxidized Mg species and not the fullerene sheets. Inset: SEM image of a
graphullerite crystal. b, Optical micrograph of mechanically exfoliated graphullerene. ¢, AFM image of the bilayer selected
in red in (b). d, TEM image of a few-layer graphullerene flake prepared by mechanical exfoliation on a TEM grid. Inset:
Selected area electron diffraction pattern from a 100x100 nm? region of the flake. Low magnification TEM image of this
flake is shown , iFFT of the area selected in green in (d), which is magnified in the inset. The filtering removes the aperiodic
pixel noise and represents the lattice superstructure, showing that each C60 is connected to six neighboring fullerenes in
a molecular plane. f, iFFT image of the area selected in pink in (d). The high degree of crystallinity can be observed in the
Fourier transform (inset) and the electron diffraction pattern in (d).

structural determination using SCXRD.

The van der Waals structure of Mg, Cy, and observations of facile spontaneous exfoliation in air
led us to speculate that pristine materials could be exfoliated. Through mechanical scotch tape exfoli-
ation, uniform flakes with micrometer scale lateral dimensions were reliably obtained (Figure 4.12a).
Exfoliated Mg, Cy, flakes are found to have thicknesses of roughly s layers, as derived from the flake
thickness (4.8 &= 0.1 nm) and the interlayer crystallographic axis length (0.875 nm per layer) (Figure
4.14b).

The two-dimensional structure of Mg, Ce, inspired investigations into the electronic structure of
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Figure 4.12: SEM images of (A) (Mg4Cq¢o) and (B) (Mg,Cyo) crystals. The weakly bonded flaky morphology of (Mg4Cgo)
is seen in the magnified image of the area selected in beige. (C and D) Optical micrographs of mechanically exfoliated
crystals: (MgsCyp) crystals are easily exfoliated to produce few-layer flakes (C), while (Mg,Cq) breaks into small pieces
(D). (E) AFM image of the flake selected in red in (C). (F) Log of the conductance versus temperature. Pink and green lines
are the data for (Mg, Cqgp) and (Mg, Ceo), respectively. A fit to a thermally activated (Arrhenius) model is given by the dashed
lines. A typical device and corresponding 4-terminal measurement scheme are shown in the inset.

these materials, which reveal that Mg4C6o is semiconducting along the in-plane direction. The ability
to exfoliate the crystals allowed us to fabricate rigorously air-free devices and eliminate possible arti-
facts that might arise from using solvent based conducting paints usually used for applying contacts
on bulk crystals. Four-terminal transport measurements on ~ 100 nm thick flakes show that the con-

ductivity increases with increasing temperature with a room temperature conductivity of ¢ = 0.82
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mS cm™ (Figure 4.12¢). This positive dependence between temperature and electronic conductivity
indicates that Mg, Ce, is semiconducting. Fitting an Arrhenius thermal activation model reveals an
extremely low activation (Ea) threshold of 121 meV along the in-plane direction (Figure 4.12¢, inset),
suggesting that electrons can easily traverse covalently bonded fullerenes. Our attempts to measure
the conductance along the cross-plane direction showed that Mg, Cq, is highly insulating along the
stacking direction (R > 2 G Ohm), emphasizing that charge-transport is likely facilitated by the small
cofacial distance and covalent bonding within a molecular plane. Though the crystallographic struc-
ture of Mg, Cy, is weakly disrupted by air exposure, the electronic structure transitions from semicon-
ducting to electronically insulating upon air-exposure. This evolution implies that the charge-carriers
measured in the pristine material are introduced via reduction by Mg and removed through atmo-
spheric oxidation. Also, we attempted to fabricate with a few layer graphullerne. Due to semicon-
ducting nature of the material, we had a problem to make metal reliable contacts to them. One of
the next step would be contact engineering for this novel material to explore their properties in lower
temperature.

To realize the technological promises of 2D materials, it is critical to grow macroscopic single crys-
tals that can provide high-quality macroscopic flakes with clean surfaces. We have presented a new
chemical strategy to grow a 2D polymer of Cy as large single crystals that are readily exfoliatable. The
ability of graphullerite to withstand grinding, oxidation, and treatment with acid highlights the strong
in-plane covalent bonding between the fullerenes. Graphullerite vdW crystals are charge neutral and
the exfoliated molecularly-thin flakes have no residual counterions or impurities, providing a unique
platform for the investigations of confined light, and the construction of quantum materials-based

devices
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Heavy Fermions in the 2D Limits

5.1 INTRODUCTION

Crystals with strongly interacting electrons exhibit fascinating properties that challenge basic con-
cepts of physics and expand our knowledge of possible electronic states. One of the most successful
strategies to prepare so-called strongly correlated materials is to design crystalline solids in which local-

ized magnetic moments can entangle with itinerant electrons to produce a coherent narrow band of
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heavy fermions. The basic ingredients of such heavy fermion materials are a lattice of local magnetic
moments (typically from f~elements with unpaired spins) and a sea of metallic conduction electrons.
These materials are most commonly found in 3D intermetallic metals that have one of their elements
from the lanthanide or actinide series (most commonly Ce, Yb or U) 1921617,

The realization of 2D heavy fermion materials offers entirely new approaches to tune this coupling
and to access these quantum phases, opening up a myriad of opportunities. Confining the electrons
to two dimensions increases their interactions due to the reduced Coulomb screening, which may
strengthen quantum fluctuations. Moreover, 2D materials prepared from vdW crystals can be stacked,
strained, twisted and integrated into heterostructures and gateable electronic devices, providing new
possibilities for manipulating the heavy fermion state. While a few notable low-dimensional heavy
fermion materials have been theoretically proposed and experimentally reported, including epitaxially-
grown Celn,/Laln, superlattices and related structures®4, 3He bilayers®> and 1'T/1H TaS, 2D het-
erostructures*°, a genuine 2D vdW material with an intrinsic heavy fermion ground state has not yet
been discovered. In our search for such a material, we identified CeSil®7 as a promising candidate
because (i) the spin % state of the Ce atoms is ubiquitous in heavy fermion compounds; (ii) previ-
ous electrical transport measurements and Zintl-Klemm formalism suggest a metallic character; and
(iii) the crystal structure of CeSil points to weakly interacting vdW layers and a highly dimensionally-
confined electronic system.

In this chapter, first ,I introduce CeSil as promising candidate to study Kondo physics at low di-
mensions. I then describe the device fabrication and complexity of it to prepare the proper platform
to study electrical tranport in this system. Also, I will present the magneto transport measurements
which reveal some evidence about the Fermi surface reconstruction and Kondo lattice formation in
CeSil down to the few layer level. At the end, I will discuss transport study atomically thin CeSil in

the limit of 4 unit cell thickness.
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5.2 CESII NEW CANDIDATE FOR 2D HEAVY FERMIONS

The Roy group at Columbia university synthesized single crystals of CeSil from the high temperature
reaction of Ce, Siand Cel3 in Nb ampules welded shut under Ar and encapsulated in sealed fused silica
tubes?®. The highly air sensitive crystals isolated from this reaction are thin hexagonal plates with a
copper metallic sheen (Fig. s.1a). The crystal structure of CeSil (Fig. 5.1b), determined by single
crystal X-ray diffraction (SCXRD), is remarkable: each layer consists of a nearly flat 2D honeycomb
sheet of Si (i.e. silicene), sandwiched between two triangular layers of Ce atoms (Fig. s.1c). The vdW
layers are capped with iodine atoms and stacked along the c-direction to produce a trigonal lattice with
space group P3m (Fig.s.1d). Crystals of CeSil can be mechanically exfoliated on Si wafers with a 100
nm Si3N4 layer to produce flakes of various thicknesses with lateral dimensions of tens of microns as
measured by optical microscopy (Fig. s.1¢). Using this method, we were able to isolate flakes as thin
as trilayers, determined by atomic force microscopy (AFM) (Fig. s.1f). Even thinner flakes could also
be identified by optical microscopy. The average layer thickness measured by AFM on mechanically
exfoliated flakes is ~ 1.3 nm, in excellent agreement with the layer thickness determined from SCXRD
data (~ 1.2 nm).

Our collaborator showed that the first time the heavy fermion state of bulk CeSil using a compre-
hensive set of thermodynamic (heat capacity, magnetic susceptibility and electrical transport) probes.
By measuring the electrical transport properties of few-layer flakes, I demonstrate the possibility of
achieving a dimensionally confined heavy fermion material and exploring the layer dependence of its
behavior down to the 2D regime. We find that the transport characteristics of a thinner flake is typical
of antiferromagnetic heavy fermion compounds and is analogous to the bulk transport characteris-
tics measured on single crystal devices. The quintessential experimental evidence for heavy fermion
behavior is the Sommerfeld coefficient (y) calculated from heat capacity. The Sommerfeld coefhicient

is proportional to the effective electron mass, and therefore a larger y is generally attributed to stronger
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Figure 5.1: a, An image of a CeSil crystal with a scale bar of 100 uz. b, The layered crystal structure of CeSil. ¢, A top view
of the crystal structure with the iodine atoms removed to show the silicene layer. d, A side view of CeSil. e, An optical
image of a CeSil crystal exfoliated with scotch tape on a SisN4 wafer with the flake outlined in orange. f, An AFM image
of the same thin flake with the step height overlayed.

electronic correlations. Figure 5.2a displays the heat capacity (C) of CeSil single crystals at different
applied magnetic fields (B) with a distinct A-type second-order transition around ~7 K attributed to
antiferromagnetic (AFM) ordering of the Ce atoms, as discussed below. The value of y is extracted

from the fit of the heat capacity data according to the equation:

=y+pT° (5.1)

Nl

where (3 represents a proportionality constant for the phonon contribution to C. Extrapolation to

T = o K of the fits of the C/T versus 7> graph (Fig. 5.2b) above the Neel temperature (7 = 7 K)
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givesy = 0.15 ] mol-1 K-2 at B= o T, implying moderate electronic correlations and the existence of
a heavy fermion state. As B increases, y also increases due to stronger interactions between the heavy
quasiparticles, reaching 0.35 J mol-1 K-2 at B = 9 T (inset of Fig. 5.2b). Like other antiferromag-
netic Ce-based heavy fermion systems, CeSil displays a significantly larger y below 77, indicating the
formation of heavier quasiparticles in the magnetic state. Additional heat capacity measurements on
pressed pellets of single crystals give similar values of y = 0.19 ] mol™, K™ and 0.17 ] mol*, K™ . Heat
capacity measured down to dilution fridge temperatures also confirms the large effective electron mass

even with an impurity at 7~ 1K.
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Figure 5.2: a, Heat capacity of CeSil crystals at different fields. b C/ T fit extrapolated to O K to determine the Sommerfeld
coefficient. The inset shows the change in the coefficient as a function of magnetic field. ¢, The magnetic susceptibility as
a function of temperature measured with a field of 1 T with B || c. d, The field-dependent moment in Bohr magnetons per
Ce atom. The red curve displays the derivative. Both insets show the hysteresis loop for both metamagnetic transitions. e,
The temperature dependence of the resistivity and its derivative with the antiferromagnetically ordered lattice indicated
by the grey highlighted region. The inset displays the resistivity as a function of T2 with the red line displaying the Fermi
liquid fit. f, The magnetoresistance at multiple temperatures.[measurements was done by our collaborator at Columbia]
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To better understand the heat capacity anomaly near 7 K, our collaborter measured the magnetic
susceptibility (x) of bulk CeSil single crystals. With B parallel to the crystallographic c-axis, the tem-
perature dependence of x displays a sharp maximum at 7 K (Fig 5.2¢ ), indicating the onset of AFM
order. For B || c-axis, the magnetization (A1) at T = 2 K increases linearly with field, consistent with
AFM ordering. With increasing B, we observe two distinct metamagnetic transitions (Fig. 5.2d), oc-
curring at 2.3 and 4.1 T, with the first reaching a magnetization plateau at 0.4 pp/Ce and the second
reaching a magnetization of ~ 0.9 ug/Ce at B = 9 T. Both of these transitions contain a small open
hysteresis and are only observed below Ty, suggesting they are associated with ordering of the Ce
moments. Similar magnetic plateaus have been observed in magnetically frustrated triangular lattice
materials, other Ce-based heavy fermion compounds, and the heavy fermion system, URu, Si,, due to
Fermi surface reconstruction. Though the magnetic structure in the plateau region of CeSil has not
been identified, a recent neutron diffraction study suggested that geometric frustration and possible
cycloidal ordering of the Ce moments could explain the magnetic transitions observed here. Further-
more, the expected magnetic ground state of a S = % system is confirmed with an estimated entropy
close to RIn(2) determined from the heat capacity data (where R is the ideal gas constant).

In addition to confirming the overall metallicity of CeSil, electrical transport measurements on
bulk single crystals show clear evidence of competition between the RKKY-mediated magnetic order
and the Kondo lattice behavior. The temperature dependence of the resistivity (p) features a sharp
anomaly at 7 K resulting from the AFM ordering (Fig. s.2¢). More revealingly, the curve does not
follow the typical trend of a metal. Instead of decreasing and saturating at a residual resistance, the
material experiences a large drop in resistivity around so K due to the ordering of Kondo singlets into
a coherent Kondo lattice, leading to reduced scattering of the conduction electrons. Such a drop in
resistivity at the onset of the Kondo lattice is typical of heavy fermion systems. The low-temperature
behavior above the magnetic ordering temperature follows Fermi liquid behavior with a linear rela-

tionship between p and 7% (inset of 5.2¢). Below 7}, the magnetorestistance (MR) presents two dis-
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tinct peaks that align exactly with the metamagnetic transitions in the M versus B curves (Fig. s.2f).
These peaks disappear above T}, indicating they are related to the magnetic order. Unlike the A1 vs.
H curve, the MR does not display a hysteresis at the metamagnetic transitions, and instead exhibits a
change in slope from one transition to the next. The arrangement of the spins after the second tran-
sition causes a drastic decrease in resistance and from here, the continued increase in field causes a
positive magnetoresistance to occur. The exact magnetic origin of these transitions and their angle
dependence is currently under exploration along with how the existence of the Kondo lattice and its

interplay with the magnetism potentially affects them.

5.3 AIR & SOLVENT FREE DEVICE FABRICATION FOR FEW LAYER CESII

The verification of the 2D electronic system and the inherent layered structure of CeSil makes 2D
transport an exciting avenue to explore the effect of dimensionality on its heavy fermion behavior.
With the air sensitivity exhibited by bulk crystals, exfoliated flakes are more reactive and because of
this device fabrication is extremely complex. CeSil crystal was mechanically exfoliated onto SiO2./Si
substrates inside Argon glovebox with <o.1 ppm O, and H, O. The substrate was baked on hot plate
at 300 C for more than 24 hours to remove any water residue from the surface. Flakes of desired
thicknesses were identified by optical contrast. We used a high-resolution stencil mask technique to
fabricate the devices. This process is free of solvents and polymers and helped to preserve the qual-
ity of crystal. In addition, it can be done air free inside the glovebox. Stencil masks were fabricated
from Si; N, (soonm)/Si(300um)/ Si; N, (soonm) wafers. At first step, combination of photolithogra-
phy, reactive ion etching and wet etching (potassium hydroxide solution) were used to create 200 and
soo wm square windows of Si3N4. Subsequently, the desired patterns of devices were written with
photolithography on the windows. In the last step, we used reactive ion etching to remove Si;N,, in

exposed patterned area. We used a micropositioner to align and place the prefabricated Si; N, masks
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on designated flakes. A small amount of vacuum grease (Apiezon H) was used to glue the mask to the
substrate. We finished the device fabrication by evaporating Au metal as electrical contacts. Finally,
the fabricated device is covered with hBN (thickness 20 to 40 nm) to provide extra protection from
degradation. A flake down to 15-layers was obtained from the mechanical exfoliation of CeSil onto Si
wafers with a 285 nm SiO, layer (Figs. 5.3a). SiN membrane based stencil mask technique was used to
fabricate devices inside the Ar filled glovebox. The fabricated device covered with 40 nm hBN prior to
load in cryostat to provide extra protection against degradation due to loading process. AFM on the

hBN covered device exhibits a flake thickness of 20 nm, corresponding to 15 atomic unit cell layers

(Fig s.4).

Figure 5.3: a, Optical micrograph 15 layers of CeSil flake. the crystal exfoliated on a Si/SiO, substrate which was baked
for more than 24 hr on hot plate at 300 C. b, final device covered with 40 nm hBN. the gold contact deposited with stencil
mask technique. ¢, overall device picture with contact pads.

8o



X(pm)

Figure 5.4: a, AFM of the device show after measurements. the scale bar is 10um. the dash line cut is used to measure the
thickness of flake. the dots on flake appeared due to degradation after unloading from glovebox. The AFM performed 10
minutes after unloading from cryostat to minimize the degradation. b, the line cut shows the height of the CeSil covered
flake. the height is about 20 nm which is equal to 15 layers of CeSil (each layer is ~ 1.3 nm)

5.4 ELECTRICAL TRANSPORT : KONDO LATTICE ON FEW LAYER CESII

The temperature dependence of the resistivity of the few layers device (Fig. s.5) displays the same
characteristics of the bulk single crystal measurement shown in Fig. s.2e with an antiferromagnetic
transition at ~7 K and the Kondo lattice formation at ~40 K. The decrease in the resistivity from the
onset of the Kondo lattice indicates that the heavy fermion behavior persists at least down to 15 layers.
Coherent states are developed in the Kondo lattice regime. The fermi liquid behaviour is expected for

coherent state :

A1) =py + AT (5.2)
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Figure 5.6a shows fitting for R, vs 7% of sample between 10 K to 25 K. The linear fit line in this
graph indicates the existence of Fermi liquid in Kondo lattice regime. We also fit the data for lower
temperature between 2 K to 7 K (Fig 5.6b). The R, has 72 dependency in magnetic order state. We
need to perform measurement in lower 7 to understand the power law and nature of quasi particle

exists in AFM state.

08 50 100 150 200
T(/K)

Figure 5.5: Longitudinal resistance, R, as temperatures, shows sudden dropping around 40 K (7 k) and 8 K (7). Coher-
ent states are developed at both states.

5.5 MAGNETO-RESISTANCE AND FERMI SURFACE RECONSTRUCTION FOR FEW CESII

We also measure the temperature dependent magneto resistance(MR) and Hall resistance on the few
layer device. As shown in Fig. 5.7, the low temperature MR exhibits sharp kinks near the metamag-

netic transitions (4 - 5 T B perpendicular to the flake ) observed in magnetization below T3, with two
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Figure 5.6: a, fermi liquid fit of R, depicts for 10 K to 25 K. b,fermi liquid fit of R, presents for 2 K to 6 K.

clear transitions observed. We can explain each of the kinks based on magnetic ordering transitions:
The first kink happens around 2 T, potentially due to competing RKKY and Kondo interactions.
The results can develop the R, plateaus between 2 T to 4 T, and above 4 T, the magnetic ordering to
a paramagnetic state with localized magnetic moments.

Owing to atomically thin samples (20 nm), we also obtain higher resolution temperature depen-
dent Hall measurements, allowing us to probe Fermi surface reconstruction through Kondo lattice
formation. Figure 5.8 presents 2D plot of Hall resistance vs magnetic field from 120 K down to 2

K. The carrier density of any enclosed Fermi surface can be estimated from the difterential Hall resis-
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Figure 5.7: a,b,line cut from of 2D plots for 2 K to 120 K temperatures. the result show clear two magnetic transitions at
2T and 4 T below 7 K. R, has negative MR above 7. ¢, 2D plot of normalized Magnetoresistance change of R, for
range of temperatures 2 K to 120 K as a function of B.
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tance, dey /dB athigh and low magnetic field limits. Here we estimate at the net carrier density at the
high magnetic field (8 T to 14 T) regime and the low magnetic field ( -o.5 to 0.5 T)) regime, separate by
the metamagnetic transitions. We find that the Hall measurements exhibit three distinct temperature
regimes in 2D plot: 7'> T,,), (40 K), T (7 K) < T< T, (40 K), T'< Ty (7 K). At high B, the Hall
coefficient simply proportional to the total carrier density. The Hall slopes in this limit are found to
be almost constant down to 20 K. The net carrier density is estimated to be ~ 3.3 0.1 x 10" cm™
electrons per layer. At low B, on the contrarily, the Hall slopes are affected by scattering process in
microscopic scales. We find that the Hall coefficients between 120 K to 40K transforms from semi
linear behavior at higher temperature to more nonlinear when temperature approach closer to 7.

The observed transition from linear to non-linear behavior of R, (B) suggest a gradual formation
of new transport channel with different carrier sign. Figure s.10 shows dR.,/dB obtained in these
two different magnetic field limits as a function of 7. We find that that 4R, /dB in the both high and
low magnetic field limits are negative for 7> T, but the low field dR., /dB changes its sign at T,.
The total net carrier density at 2 K estimated from the low field limit is ~ 1.2 4- 0.2 x 10®cm™ holes
per layer. Asshown in Fig 5.10, we also note that sharp changes of the sign of 4R, /dB are observed at
magnetic field larger than the metamagnetic transitions field ( 4.5 T'). This transition magnetic field B*
tends to increase with 7 persisting above T, suggesting the origin of this phenomena is not entirely
due to magnetic ordering. Presence of B*, combined with the gradually change of 4R, /dB, proposes
possibilities that at least two different Fermi surfaces, sharply reconstructed by magnetic fields, may
contribute to electrical charge transports.

We also observed very slow Shubnikov—de Haas (sdH) oscillation in R, vs 1/B in high magnetic
field in low temperature (Fig 5.11) on the top of the linear background. The carrier density extracts
from these oscillations corresponds to ~ 3.8 x 10'* cm™. We need more measurements to figure out

the origin of this SdH oscillation.
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Figure 5.9: MR line cut from of 2D plots for 2 K and 120 K temperatures, the light gray and green area have been used to
estimate hall coefficients for high and low magnetic field.
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Figure 5.10: Differential Hall coefficients for high and low magnetic field as temperatures from 120 K down to 2 K.
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Figure 5.11: Shubnikov-de Haas oscillation in R, for T 2K to 6 K. we extracted the electron density of ~ 3.8 x 10'2

cm?,

5.6 MAGNETO-RESISTANCES FOR 4 LAYERS CESII

We further push our device fabrication toward the samples in the atomically thin 2D limit. A pre-
liminary device of 4 layers (Fig 5.12) strongly suggests that the heavy fermion behavior persists in
the 2D regime. The resistivity versus temperature curve suggests that both the magnetic and Kondo
lattice order still exists at the 4-layers limit . Furthermore, the magnetoresistance indicates that the
metamagnetic transitions are still preserved. The existence of both the complex magnetism and the
heavy fermion system in the 2D make CeSil a promising candidate for manipulating the coupling
between the magnetism and itinerant electrons with gating, strain, twisting, and incorporating into

heterostructures. A recent theory study highlights strain and surface hole doping as promising avenues

88



for tuning the Kondo resonance of the CeSil monolayer .
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Figure 5.12: a, Optical micrograph 4 layers of CeSil flake, inset shows the picture flake before fabrication . b, Longitudinal
resistance, R, as temperatures, c. fermi liquid fit of R, depicts for 10 K to 25 K. d. Magnetoresistance of R, for range
of temperatures 2.5 K to 60 K.

5.7 CONCLUSION

We have identified the first intrinsic vdW heavy fermion material, CeSil, through bulk characterization
including spectroscopy, transport, and magnetism. These measurements highlight the antiferromag-

netic ordering from the RKKY interaction that directly competes with the formation of the Kondo
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lattice shown to order at ~ 50 K'in our electron transport. In addition, the moderately large Sommer-
feld coefficient obtained from heat capacity, indicate the heavy fermion nature of CeSil. This material
can also be mechanically exfoliated down to atomically thin crystals. we demonstrate mesoscale device
fabrication employing these thin flakes. Our initial electron transport measurements on thin flakes in-
dicate that the antiferromagetism and the Kondo lattice are maintained in the 2D. The discovery of
a 2D vdW heavy fermion material opens the possibilities to obtaining a monolayer and exploring the

complex phenomena in these heavy fermion systems in the 2D limits.

90



Outlook

Research in 2D materials has been extensively developed in the last two decades. Developing new
methods bring possibilities to grow and manipulate conventional and new layered materials with
unique properties. In this thesis, I discussed how to fabricate electronic devices and measure electrical
and structural properties of engineered and new 2D material candidates.

In Chapter 2, I discussed electrochemical intercalation in finite discrete vdW hetero-structure lay-

ers. We used several techniques to characterize the intercalation process in the 2D limit and reveal
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the process on the microscopic scale. The creation of vdW heterointerfaces between graphene and
MoX, results in over 1o-fold accumulation of charge in MoX, compared to MoX,/MoX, homoint-
erfaces, while enforcing a more negative intercalation potential than that of bulk MoX, by atleast 0.5
V. This work clearly demonstrates the ability to engineer hetero-structures to host new ions. From
this, we have tools to intercalate new ions into an engineered heterostructure host and create unique
properties by manipulating non magnetic 2D materials with magnetic ions. Thus, inducing both su-
perconductivity and magnetization could be an interesting avenue to explore as an extension of our
work.

In Chapter 2, I described a technique to study ion diffusion dynamics. This methodology enables
the evaluation of the energetics and dynamics of intercalation processes in atomically thin samples.
The diffusion coefficient for AICI,~, measured in 2D graphitic hosts approaches 107> cm?® s at 320
K, establishing the intrinsic upper limit. A useful extension of this work could be to study the diffusion
of AICl,™ ions into composite layered materials (graphene/MoS2). Furthermore, we can use heavy ion
intercalation to induce spin orbit coupling in few layer graphene.

In Chapter 4, I presented electrical transport measurements in two categories of novel layered ma-
terials. Metal Organic Frameworks (MOFs) are porous materials with extended tunability of lattice
size and structure. We performed electrical transport measurements, specifically Hall effect measure-
ments, of these MOFs. Our results on single crystal MOFs revealed metalic conductivity down to
0.3 K, which contrasts with apparent activated conductivity for polycrystalline films. Notably, single
rods shaped MOFs exhibit conductivities up to 150 S/cm, which persist even after prolonged expo-
sure to the ambient environment. In addition, we develop a growth method that generates single-
crystal plates with lateral dimensions exceeding 10 wm, allowing the characterization of 2D basal-plane
electrical properties of a representative 2D tMOF, Ni-CAT-1 (Ni,(HHTP),; HHTP, 2,3,6,7,10,11-
hexahydroxytriphenylene). High quality crystals exhibit a measurable Hall effect and an electrical con-

ductivity of up to 2 S/cm, two orders of magnitude higher than pressed-pellets. These single crystal
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studies confirm that 2D MOFs hold promise as molecularly tunable platforms for fundamental sci-
ence and applications where porosity and conductivity are critical. In the second part of this chapter,
we introduce the newest graphene family member, graphullerene. Graphullerene is a few-layer su-
peratomic cousin of graphene, made of Cyo superatoms placed in an ion honeycomb lattice. This
material is a semiconductor with high thermal conductivity and interesting optical properties. Future
work on this material could involve investigating ionic liquid gating to tune the charge density and
explore the possibility of superconductivity. Also, graphullerene has unique optical properties which
we can combine with other 2D materials such as MoS, in order to study exciton formation in hybrid
2D heterostructures.

In Chapter s, our report of a vdW metal with an intrinsic heavy fermion ground state provides a
unique platform to probe its electron correlations at microscopic length scales and systematically ex-
plore its Doniach phase diagram. In fact, our results already hint at a magnetic field-induced quantum
critical point, which in the future could be accessed using new tuning parameters enabled by the exfo-
liatable nature of CeSil, such as physical dimension, strain, symmetry breaking and heterostructuring.
Combining these tuning parameters with synthetic modifications of the material could afford control
over its Fermi energy, charting a path towards programmable effective electron mass. or the creation
of a Kondo insulator state. Furthermore, suppression of magnetic order may lead to the emergence
of superconductivity in correlated systems. In the future, one way to extend this study would be to
lower the temperature with higher magnetic field of monolayer and bilayer CeSil to explore the true
2D limit of a heavy fermion system. One could also perform a quantum capacitance measurement
by creating a graphene/CeSil hetero-structure to probe the thermodynamic properties at microscope

scales.
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Fabrication and characterization of

Electrochemcial Cell

Samples were fabricated in a way to that described in appendixA. In brief, mechanical exfoliation of
Kish graphite (Covalent Materials Corp.) and molybdenum dichalcogenides, MoX2 (X =S, Se) (HQ
Graphene), onto p-doped silicon with 285 nm SiO2 furnished crystals of the desired thickness, which

were identified by optical contrast. Hexagonal boron nitride (h-BN) flakes of thickness 15-30 nm
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were similarly exfoliated and used to pick up graphene and/or MoX2 layers in the designated order.
Finally, release of these stacks onto a second flake of h-BN resulted in h-BN-encapsulated heterostruc-
tures that were subjected to annealing in high vacuum for 30 min at 350 °C. For the devices fabricated
onssilicon nitride membranes, thinner h-BN flakes (<5 nm) were used. Standard electron-beam lithog-
raphy followed by evaporation of Cr/Pt (1 nm/9 nm) electrodes was used to define on-chip counter
and pseudoreference electrodes. Reactive ion etching (RIE) using a mixture of CHF3, Ar, and O2
was subsequently used to shape the heterostructure into a Hall bar. Another round of lithography
was used to delineate an etch mask that overlaps with the protruding legs of the Hall bar. Immedi-
ately following another RIE step, the same etch mask was used as the metal deposition mask with
Cr/Pd/Au (s nm/ 15 nm/70 nm) contacts. This resulted in a one-dimensional edge-contact to the

active layers and low contact resistances.

Figure A.1: Schematic illustration of stacking hBN/Gr/MoS,/hBN to fabricate electrochemcial cell. Dry transfer method
has been used to make stack.

In an argon-filled glove box, 3.7 ml of anhydrous acetonitrile (dried with 3 A molecular sieves;
Sigma-Aldrich) was added to 0.3 g of polyethylene oxide (PEO; Sigma-Aldrich) and so mg of lithium
bis(trifluoromethanesulfonyl)imide (LiTFSI). After stirring overnight, a ro—15 pl droplet of this elec-

trolyte solution was cast onto the Si chip possessing the electrically contacted heterostructure stack,
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such that the droplet encompassed both the stack and the counter/reference electrodes. Rapid evap-
oration of the acetonitrile solvent yielded a solid polymer electrolyte for electrochemical studies. Ad-
ditional extraneous solvent was removed by vacuum-drying the electrolyte overnight. Immediately
before measurements the measurement device was isolated from ambient moisture and oxygen using
a glass coverslip affixed to the chip carrier with vacuum grease. The device was then removed from the

glove box and transferred promptly to the cryostat and vacuum-sealed.
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Diftusion study Micro-electrochemical cell

fabrication

Graphite (Graphene supermarket) and hBN were mechanically exfoliated onto SiO2/Si substrates and
flakes of desired thicknesses were identified by optical contrast to obtain 10-30 crystals of nm hBN
and four-layer graphene. hBN/graphene/hBN heterostructures were fabricated viaa dry-transfer method,

wherein a flake of hBN was used to pick up graphene, and subsequently released on top of another
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hBN flake. The stack was annealed at 350 °C in high vacuum to remove surface residue and ensure
good contact between flakes. electron-beam lithography followed by reactive ion etching was used
to form a Hall bar shape in the heterostructure. Contacts to the Hall bar were deposited by thermal
evaporation of Ti/AL (5/80o nm) or Ti (8o nm). Ti/Al (s nm/100 nm) counter and reference elec-
trodes were also deposited. An ionic liquid electrolyte was prepared in an argon glove box with O,
and H,0 < 0.1 ppm by mixing 0.6 g of anhydrous AICI, (99.99%, Sigma-Aldrich) with 0.4 g 1-ethyl-
3-methylimidazolium chloride (98% Sigma-Aldrich). An exothermic reaction between these solids
produced a pale-yellow liquid at room temperature. After stirring overnight, a ro—20 pL droplet of
this electrolyte was dropcast on top of the device, ensuring that the counter electrode (CE) , reference
electrode (RE) , and Hall bar workign electrode (WE) were covered by the droplet

Electronic transport measurements were performed in a Quantum Design Physical Property Mea-
surement System (PPMS). To intercalate ions into the heterostructure, a potential was applied be-
tween the Pt CE and heterostructure WE at a rate of 2 mV/s (Keithley 2400) at 300 K. A voltmeter
(Agilent 34401A Digital Multimeter) with a high internal impedance of >10 G was used to measure
the potential at the RE. Simultaneously, the resistance of the device was measured by applying an AC
current (Ids) of 100-500 nA using alock-in amplifier (Stanford Research SR830). Longitudinal (7,.)
and transverse (V) voltages were measured throughout using a lock-in amplifier, and longitutinal
(Ryx) and transverse (R,,) resistances were determined from the relationship R = V/L4. The Hall
carrier density, 7y, was then calculated by ng = (1,4 B)/(V,, €) , where B is the applied magnetic field
and e is the elementary charge. At the final applied potential (typically 2.5 V), the system was rapidly

cooled to 200 K (10 K min™) to conduct additional transport measurements.
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CeSil Device Fabrication Complexity

Here, we discuss the sensitivity of CeSil crystal in device fabrication. CeSil is a highly sensitive ma-
terial. Air and water could degrade even bulk crystal in less than a minute exposure into air. The
exfolaition performs inside Argon glovebox with O, and H,O < 0.1 ppm . We need to follow few
steps to fabricate a reliable few layer device. First, we have to be sure the substrate that we will use for
exfoliation should bake at least for more than 24 hr on hot plate 300 C. Presence of small amount of

water on substrate surface speed up the flake degradation even in inert environment.The scotch tape
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Minutes after exfoliation ~3hrs after exfoliation ~5 days after exfoliation

Figure C.1: the left picture shows the final fabricated device. the right picture depicts the electrolyte placed on top of the
stack.

is used to exfoliate and thin down the bulk crystal. the exfoliated flakes are deposited on the Si/SiO2
substrates. Fig C.1 shows the degradation of monolayer exfoliated on Si/SiO*. The flake color changes
from light red to light blue. Interestingly, the degradation stops at bottom layer and the top layers are
protected from degradation. few layers flake are usually very stable inside glovebox for even more than
aweek. the fabrication is done as the way mentioned in the main text via high resolution stencil mask
technique. The final device needs to cover with hBN before loading inot cryostat. Cold PDMS dry
transfer technique is used to pick up desired hBN. we pickup hBN at —105° C with PDMS. The hBN
is placed at fabricated device and release slowly at 0 C. hBN solely can not make enough protection to
save the device. we use thin cover glass slip to protect mounted device in a chip carrier. Grease is used
to sealed the glass slide. we minimize the loading process to cryostat. after loading into the cryostat,
we pump out the chamber area to high vacuum as fast as possible. Even with fast loading process and
all protections, some device dies after few minutes loaded inside the cryostat. Figures C2, C3 present

few devices with and without hBN before loading and after unloading from cryostat.
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Before loading After loading

Figure C.2: The left picture shows the final fabricated device before loading. the right picture shows the device after
unloading while it has still covered with glass slide.the degradation changes the flakes color. It turns them to green from
purple.

I0I



Figure C.3: The top left picture shows the final fabricated device before loading. the top right micrograph depicts the
device after covered with 40 nm hBN. the bottom picture shows the device after unloading while it has still covered with
glass slide. we can see clearly the device degraded.
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