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ABSTRACT
Optical studies of intercalated and strongly doped 2D materials
Yinsheng Guo
This thesis describes optical microscopical and spectroscopical studies of 2D materials,
including graphite/graphene and multilayer/single layer MoS2, under strong charge
transfer doping. Under this conceptually unifying umbrella lie many aspects of materials
behaviors unique to each of the systems. The strong chemical doping results from
intercalation and surface adsorption, and changes the electronic properties of the host 2D
materials drastically. Associated with the significant electronic change, aspects such as
mass transport, surface reaction, and phase transformation are covered in the following
chapters.
The first chapter introduces representative members of the 2D materials family, graphene
and molybdenum disulphide (MoS2). It briefly reviews the history, discovery and unique
properties of each materials class. The other part of the introduction focuses on the main
methods utilized in the study of these materials. A concise survey of Raman spectroscopy
and optical reflectance contrast spectroscopy will be presented.
The second chapter investigates the intercalation process of Li into bulk graphite. This is
a revisit of an extensively studied subject, with a new set of experiments and theories.
Here we show that the daunting technical difficulties of disentangling complex
electrochemical systems can be cleanly addressed with optical methods with well defined
samples. Measuring and understanding the intrinsic transport of Li in graphite electrodes
has been a difficult task. The challenge is well recognized to stem from a multitude of

simultaneous electrochemical processes as well as systematic heterogeneities in the
sample. We distinguish the Li intercalation process in graphite from all other processes,
combining optical reflectance microscopy and Raman spectroscopy. The heterogeneity
problem is circumvented by using lithography to tailor a single crystal into a defined
geometry. We apply two levels of theoretical models to interpret the intrinsic information
revealed in our data. Concentration dependent diffusion coefficients are measured, in
agreement with theoretical results. The effects of sample geometry and electrode reaction
kinetics on the overall intercalation are elucidated.
The third chapter presents the study of lithiation on single and few layer graphene.
Raman spectroscopy reveals a high doping level similar in strength to that of the bulk
intercalated compound. The optical reflectance imaging, however, shows a different
observation from the bulk case. We directly visualize the surface film formation and
associated strong doping. The lithiation in single and few layer graphene progresses
differently from the bulk graphite, since certain stages of the intercalation compound
cannot be sustained by a single or few layer sample. The realization of strong charge
transfer doping in lithiated single and few layer graphene could lead to discoveries of
interesting physics. The direct visualization of surface film formation could have
important implications in the design of electrochemical energy storage systems.
The fourth chapter explores the structural effect of strong charge transfer doping in bulk
and multilayer MoS2 with optical methods. MoS2, as a representative material of the
transition metal dichalcogenide family, possesses different structural polymorphs. Strong
charge transfer doping induces a structural phase change, which goes from the usual
thermodynamically stable semiconducting 2H phase into the metallic 1T/1T’ phase. The

metallic 1T/1T’ structure can remain a metastable phase without the stabilization of
intercalants. We optically induce the 1T/1T’ to 2H phase change and measure the
temperature dependent kinetics of the structural phase transformation with in situ Raman
spectroscopy. We demonstrate a photolithography technique, which efficiently patterns
in-plane coherent heterojunctions between 1T/1T’ and 2H MoS2.
The fifth and final chapter describes the study of the structural change in single layer
MoS2. More spectroscopic methods are employed for characterization, such as
photoluminescence spectroscopy and second harmonic generation. The results indicate
that the structural change occurs in single layer MoS2 after reaction with n-butyl lithium.
The structural change can be reversed by thermal and laser annealing, similar to the case
of bulk and multilayer MoS2. The annealed MoS2 exhibits reduced crystallinity. Future
directions to further this work are outlined in the last section.
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Chapter 1. Introduction
1.1 Introduction to 2D materials
1.1.1 Introduction to graphene
The successful isolation and discovery of graphene1, a single atomic layer of graphite,
has led scientific research into a wonderland of 2D materials. Graphene, serving as the
archetypical member of the 2D materials family, has been extensively studied over the
past years. Amazing electronic, optical, mechanical properties have been demonstrated.
Graphene is a single atom layer of carbon atoms bonded in a hexagonal structure. Its unit
cell contains two carbon atoms, sp2 hybridized and bonded with a bond length of
0.142nm. In the reciprocal space, graphene has a hexagonal Brillouin zone. Tight binding
calculation for graphite band structure was done in the 1940s.2 This method could serve
as a starting point for understanding the electronic structure of graphene.3 Assuming an
on-site energy of 0 and next nearest hopping energy of 2.7 eV, the electronic energy
dispersion of graphene can be obtained. At the K point of the Brillouin zone, the conical
conduction band and valence band come in contact, making graphene a gapless
semimetal. The linear dispersion relation near the K point results in the characteristic
massless Dirac fermion4 for low energy excitations in graphene. This unique dispersion
leads to many interesting physics.5
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Figure 0.1 Lattice and electronic structure of graphene. (Adapted from ref. 3)
Beyond the fundamental scientific interests, the unusual properties of graphene hold
promise for many exciting applications.6 Graphene exhibits exceptional electronic
properties such as ultrahigh carrier mobilities, room temperature ballistic transport over
microns. The carbon-carbon in-plane bonding affords the highest mechanical strength
among measured materials. The excellent mechanical strength and electrical properties
have allowed the development of graphene nanomechanical resonators.7 The light-matter
interaction can be controlled by gating graphene in the context of plasmonic
applications8,9, and modulation of photonic crystal cavities10. In many of the
developments, graphene has the advantage of being easily accessible by electrical,
mechanical, optical means, and extremely sensitive11 to external perturbations thanks to
its unique electronic structure and atomic thickness. Controling the Fermi level and
electronic properties of graphene is often times of central importance in the development
of graphene applications.
1.1.2 Introduction to MoS2 and transition metal dichalcogenides
Transition metal dichalcogenides (TMDs) is a class of layered van der Waals materials
different from graphene. In the natural occurring form, most of the TMDs possess a
2

hexagonal structure similar to the graphene lattice, with a covalently bonded trilayer of
one atomic layer of metal sandwiched in between two layers of chalcogenides. The
different chemical nature of metal and chalcogenide atoms makes the sublattices
inequivalent, producing a band gap. The semiconducting nature of TMDs has been
explored for applications such as photocatalysis. MoS2 is a representative member of the
TMDs family.
In its bulk form, MoS2 is an indirect gap semiconductor. When it is thinned down to the
atomic level, MoS2 becomes a direct gap semiconductor.12 This discovery has excited
many explorations to utilize this direct gap in the 2D limit, such as field effect transistors,
photovoltaics, and photodetectors. The broken inversion symmetry and spin-orbit
coupling splits the valence band into two sub bands with lifted spin degeneracy. With
time-reversal symmetry, the spin and valley are coupled. This has led to the development
of valleytronics.13
Polymorphism is another important feature of the TMD materials family. In MoS2, the
thermodynamically stable phase is termed 2H phase, since it exhibits hexagonal
symmetry and its bulk crystal unit cell contains two covalently bonded sheets. In the 2H
phase the Molybdenum atom is coordinated by six neighboring sulfur atoms in the
trigonal prismatic manner. A 1T phase can be induced if the electron density reaches a
high enough value in the 2H phase. The name 1T comes from that the bulk crystal is
triclinic in its symmetry and the unit cell contains one covalently bonded sheet.
Microscopically, the molybdenum atom is coordinated by six neighboring sulfur atoms in
an octahedral geometry in the 1T phase. There is an often seen variant of 1T phase, in
which the octahedrons are distorted, called 1T’ phase. 1T/1T’ phases are commonly
3

induced by strong charge transfer doping mechanisms, Li intercalation being one
archetypical example.
1.2 Chemically controlling the electronic properties of 2D materials
1.2.1 Intercalation
Layered materials have long been a topic of extensive research. They consist of
covalently bonded 2D sheets held together by relatively weak van der Waals interactions.
The strongly anisotropic nature of the structure renders interesting properties.
Intercalation introduces foreign species into the interlayer galleries, often with strong
interactions between the host layered lattice and the guest ions or molecules. The
intercalatants often exhibit ordering either along the basal plane or along the vertical axis.
The strong interaction combined with the ordering of intercalants significantly modulates
the properties and behaviors of the intercalated system. Many interesting and exotic
properties can be endowed. For instance, alkali metal and alkali earth metal intercalated
graphite14 and MoS215 exhibits superconductivity. Magnetism can be induced with
intercalants such as Mn ions.14
1.2.2 Surface adsorption
For the recently realized 2D materials at the single atomic layer limit, intercalation is no
longer conceptually or practically feasible. Lacking interlayer interactions, the guest
species cannot be stabilized on the surface of the single layer as in the van der Waals
gallery of multilayered counterpart. Thus surface adsorption is the major form of
interaction. Our group has studied the strong charge transfer doping between the
adsorbed molecules and graphene, as well as the interactions among adsorbed species. It
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has been shown that strong electron acceptors such as halogens16 and electron donors
such as alkali metals17 can intercalate few layer graphene, in a way different than that of
the bulk, and altering the electronic properties drastically. When the layer number does
not match the structural requirements of an intercalation compound, surface adsorption
assumes the key role in the chemical doping.18,19

1.3 Spectroscopic methods in the study of 2D materials

1.3.1 Raman spectroscopy

Raman spectroscopy has long been an indispensible tool in characterizing the structural
and electronic properties of nanomaterials.20,21 Raman scattering is an inelastic scattering
process in which there are energy differences between the incident and scattered photons.
The energy differences correspond to characteristic elementary excitations in the sample
under study, such as various vibrational, rotational, and electronic modes. Thus Raman
spectroscopy offers a wealth of information regarding the crystal structures and electronic
properties of the probed materials.
The study of carbon materials has benefited immensely from Raman spectroscopy. Soon
after the discovery of graphene, its Raman modes were carefully studied and utilized as a
non-intrusive method of characterization.22 Many properties are available through
graphene Raman spectroscopy,23 such as number of layers, charge carrier density, strain,
and twisting angles, to name a few.

5

One important aspect of graphene Raman spectroscopy is that the resonant condition is
usually met with most common experiments. The double cone electronic structure near K
and K’ point around the Fermi level makes graphene a gapless semimetal, allowing
optical transitions across a wide range including infrared, visible and ultraviolet regions.
Thus graphene Raman spectroscopy is usually resonantly enhanced, linking the electronic
properties closely with the Raman modes.
The phonon dispersion of graphitic materials is well studied. It has been both carefully
measured and theoretically calculated.24 For single layer graphene, there are six phonon
modes, three acoustical and three optical.

Figure 0.2 Graphene phonon dispersion. (Adapted from ref. 23)
First order Raman scattering probes the phonon modes near the gamma point. The
usually observed graphene G mode is probably one of the most well known first order
modes in graphene. G mode comes from an optical phonon mode, usually located at
about 1580cm-1. In a chemical picture, this stems from the stretching of carbon-carbon
double bond. This C=C double bond vibration modulates the in-plane distance between
carbon atoms, which significantly controls the electronic structure of the crystal.
6

Therefore the graphene G mode is sensitively coupled with the electronic properties of
the graphene sheet. The energy and the lifetime of G phonon sensitively depend upon the
Fermi level. This dependence has been shown in the electrostatic and electrochemical
gating studies. Once the Fermi level is moved away from the charge neutrality point, G
mode’s coupling to low energy electron-hole pairs is reduced, resulting in the
renormalization of G mode energy and an increase in its lifetime. Thus under moderate
doping levels with either electrons and holes, the graphene G peak upshifts and shows a
decreased linewidth.
The 2D mode, also known as G’ mode, is also a well known feature in graphitic
materials. It is named 2D mode because it is the overtone of a mode called D mode at
about 1350cm-1. This second order Raman mode results from a double resonant process,
and is very sensitive to the tiny changes in graphene electronic structure. Perhaps one of
the most known behavior is its lineshape accurately reflects the number of graphene
layers. With a single layer graphene, the 2D mode can be described by a symmetrical
Lorentzian function. Starting from bilayer graphene, more components appear under the
2D peak, which correspond to the electronic structure change at K and K’ point due to the
added layers. Interlayer coupling sensitively changes the lineshape of 2D peak. This is
extensively exploited in the study of graphene, such as strained graphene25 and twisted
bilayer graphene systems26.
The D mode at about 1350cm-1 is usually silent in pristine graphene. This mode
corresponds to the in-plane transverse optical (iTO) phonon at the K point of the
Brillouin zone. First order Raman scattering only probes the phonons close to gamma
point, due to the constraint of momentum conservation. Thus D mode is silent unless
7

some mechanism can provide an extra momentum of q~=K. This extra momentum is
usually provided by the phonon scattering process at the imperfections of crystal lattice.
Lattice defects and boundaries in graphene can easily assume this role to provide the
necessary momentum. Therefore the activation of this 1350cm-1 mode usually
accompanies defects or edges of graphene. It is exactly for this association that the name
D (for defect) is assigned to it. This mode is particularly informative in characterizing the
quality of graphene and the study of functionalized graphene27.

Figure 0.3 Raman scattering processes in graphene. (Adapted from ref. 23)
The value of Raman spectroscopy extends well beyond carbon materials. For instance, a
great amount of detailed information has been obtained from Raman scattering process in
the transition metal dichalcogenides (TMDs).28 MoS2 is a representative member of the
TMDs family. MoS2 is an indirect gap semiconductor in its bulk form, and a direct gap
semiconductor in its single layer.
Non resonant Raman spectroscopy of MoS2 exhibits two prominent modes, the E mode
and the A mode. Interestingly, the separation of the two modes depends on the number of
layers.28 Raman spectroscopy is very sensitive to the structural changes and differences.
8

It has been shown that different coordination geometries of MoS2 produce drastically
different Raman spectra.29–31

1.3.2 Reflectance and reflectance contrast spectroscopy

Optical reflectance is perhaps one of the most widely used methods to generate image
contrast in optical microscopy, due to its simplicity. On a commonly used Si substrate
with ~290nm native oxides, the interference effect enhances the reflectance contrast of
atomically thin graphene and enables its direct visualization.32
Beyond imaging, the spectral information in the reflectance has proved invaluable in the
study of thin film materials. The differential reflectance spectroscopy, or reflectance
contrast spectroscopy, was developed early in the 1970s and has been widely used.33 It
has been shown that for a film whose thickness is much less than the wavelength, its
reflectance contrast against the transparent substrate can be directly linked to the
absorbance by the following equation,

where ns is the refractive index of the substrate.
This relationship has been applied to study molecular monolayers34 as well as early 2D
systems such as quantum wells35,36. In the case of graphene, reflectance contrast has been
measured for photon energies between 0.2 eV to 5.3 eV.37 The pristine, as exfoliated
graphene shows environmental doping, with a carrier concentration on the order of
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1011/cm2. The associated Fermi level shift produces an absorption edge in the infrared
range38. As the graphene is gated, the much higher dopant concentration shifts the
absorption edge towards higher energy.39 In the UV range, the spectral features of the
graphene saddle point exciton has been measured by the reflectance contrast
spectroscopy, yielding information on the many body interactions in graphene.40,41 Thus
the optical reflectance contrast spectroscopy proves a valuable tool in probing the
electronic structure and properties of 2D materials.
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Chapter 2 Li intercalation in bulk graphite: direct observation of
intercalation kinetics
2.1 Introduction
Significance of Li-graphite intercalation process
Lithium intercalation into graphite is a critical process in energy technology.1
Experimental studies of Li intercalation kinetics have proved challenging due to
structural complexity and heterogeneity.2,3 To resolve these issues, here we report direct,
time-resolved and spatially-resolved optical measurement of Li intercalation. We use a
single crystal graphite electrode with lithographically defined disk geometry to facilitate
quantitative analysis. A combination of Raman spectroscopy and optical reflectance
microscopy allows us to identify sequential intercalation structural phases as a function of
time. The optical measurements directly visualize moving phase boundaries, and
distinguish the intrinsic intercalation process from side reactions. This all optical imaging
kinetic measurement yields new quantitative insight into the microscopic intercalation
process.
Review of conventional electrochemical studies
Graphite intercalation compounds (GICs) are stoichiometric, thermodynamically stable
materials.1

In these compounds in-plane electrical conductivity is significantly

increased by electron or hole doping from species intercalated between graphene layers,
and new phenomena such as superconductivity can emerge.4 Lithium GICs show a rich
phase diagram and are widely used as the anode material in batteries and other
electrochemical energy storage systems. Understanding Li diffusion and intercalation
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dynamics is a critical problem, which recently has been studied principally using
electrochemical methods: 2,3,5–8 potentiostatic intermittent titration, galvanostatic
intermittent titration, electrochemical impedance spectroscopy, and slow scan rate cyclic
voltammetry. Additional insight on elementary atomic hopping steps of Li transport is
obtained from nuclear magnetic resonance.9
Challenges
While these methods yield much valuable insight, it is widely recognized that electrical
measurements alone cannot specify a unique microscopic understanding of the complex
structure and kinetics involved.2,6 The sequential formation of different thermodynamic
phases is coupled with both ionic transport in electrolyte solution and the interfacial
charge transfer reaction, as well as chemical side reactions between electrode and
electrolyte. These coupled processes all contribute to the observed current-voltage signal.
Moreover, common graphite electrodes are quite inhomogeneous, consisting of
heterogeneous graphite particles or domains connected by various binders. This greatly
complicates data interpretation. As an example of the resulting net uncertainty,
previously reported values of the Li diffusion coefficient between graphene layers vary
by about 10 orders of magnitude, from 10-6 to 10-16 cm2/s.7,10
In this chapter we report a direct measurement of Li intercalation kinetics into bulk
graphite based on optical reflectance imaging. Our results demonstrate that optical based
measurement provides direct visualization of the intercalation process with spatial
resolution. It clearly distinguishes the intrinsic intercalation reaction against side
reactions. Using samples with lithographically defined geometry, we derive a physically-
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motivated analytical diffusion model for a disk-shaped graphite single crystal. Intrinsic
diffusion coefficients of Li at different concentrations have been extracted from our
optical data and analytical model.

Li ions initially diffuse between graphene layers from the graphite crystal edge; at very
low Li concentration, dilute Stage 1 forms showing random isolated Li species between
all graphene layers. This is a solid solution of Li in graphite. As Li concentration
increases, regions of fixed local structure and stoichiometry (phases or stages) form. As
shown in Figure 1, the stage number n refers to the number n of graphene layers (without
intercalated Li) existing between two complete, crystalline intercalated Li monolayers.
The equilibrium GIC undergoes diffusion-driven first order phase transitions through a
sequence of stage 4, stage 3, stage 2 and finally stage 1 as revealed in the phase
diagram11,12. In stage 1 (stoichiometric LiC6) there is an intercalated Li crystalline
monolayer of between every graphene sheet.

The electrical and optical properties of

GICs are strongly dependent on the in plane order and stage number.
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Figure 2.1 Schematics of different stages of graphite intercalation compound (top) and a
simplified phase diagram of the Li-graphite intercalation system under experimental
conditions (bottom).

2.2 Experimental methods
Sample preparation and device fabrication
Bulk kish graphite samples were mechanically exfoliated onto a Si substrate with 285nm
thermal oxide, and selected by visual inspection through an optical microscope.13 The
thickness of graphite disk was larger than 100nm, the optical skin depth in graphite,14
which was confirmed by the absence of Si modes in measured Raman spectra. The bulk
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graphite nature of selected samples was also confirmed by the sample Raman modes, in
particular the lineshape of 2D mode.
A ~100 nm thick chromium mask was defined by standard electron-beam (e-beam)
lithography and deposited by e-beam evaporation. Reactive ion etching with O2 plasma
was carried out to shape the underlying graphite sample, followed by the removal of
chromium mask with chrome etchant. In this study, we used disk shaped graphite crystals
whose diameter is 50 m. Ti contacts was defined by a second round of e-beam
lithography and deposited by e-beam evaporation. Ti was chosen as the metal contact to
utilize its dense native oxide layer to passivate itself.15 After lift-off in acetone bath, the
device was wire bonded to a chip carrier. At the side of the device, a blank Si substrate
with e-beam evaporated Ti was also wire bonded to the same chip carrier. This served as
a contact pad for attaching Li counter/reference electrode.
Electrolyte preparation and electrochemical cell assembly
Anhydrous LiClO4, Polyethylene oxides PEO, and anhydrous acetonitrile were purchased
from Sigma Aldrich. LiClO4 and PEO were mixed to achieve a molar ratio of about 36:1
[CH2-CH2-O]/Li+ and dissolved in 10mL acetonitrile.16 A typical amount of 5 l was
applied to the device area under the monitoring through a stereo microscope. After the
acetonitrile evaporated and the polymer electrolyte film dried, a freshly-cut Li strip was
brought into contact with the polymer electrolyte. Bulk Li metal was used as counter and
reference electrode in our study. The Li strip was attached to the Titanium covered blank
Si substrate on the side, wire bonded to the chip carrier prior to the electrochemical cell
assembly. The assembled device was transferred into an optical cryostat and sealed. The
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whole process of electrolyte preparation and device assembly was performed in the glove
box. H2O and O2 concentration in the glove box was maintained below 1ppm at all times.
The electrolyte and Li electrode were not in contact with ambient atmosphere in any step.
The assembled device is illustrated in Figure 2.2A.
Instrumentation and Optical measurements
After assembly the optical cryostat was taken out of the glove box and connected to a
turbo pump. The pressure inside the sample chamber was at the level of 10-5 torr. The
cryostat was also electrically connected to a temperature controller. The temperature was
maintained at 338 K. The optical cryostat was mounted on a home built confocal micro
Raman setup using the 514nm line of an Argon ion laser. For optical microscopy a
quartz tungsten halogen lamp was used for illumination. A SPOT imaging camera was
controlled by a home-written LabVIEW program and recorded the micrograph
continually at fixed time intervals. In situ Raman spectroscopy was performed with a
spectrometer equipped with an 1800 grooves/mm grating, and an EMCCD. A PARSTAT
2263 potentiostat and Yokogawa GS 200 voltage and current source were used as DC
voltage source in the experiments. The experimental apparatus is illustrated in Figure
2.2B.
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Figure 2.2 Diagrams of experimental device and apparatus

Image analysis
Having recorded sequential images during the experiment, each micrograph was
registered by a translation operation to account for stage drifting, using e-beam
lithography alignment marks as a reference. The processed image was then segmented
with a color based K-means clustering algorithm17. Segmentation in Lab color space and
RGB color space were performed. RGB color space was used as it gave a cleaner
segmentation under our experimental conditions. The total number of pixels contained in
each segment was recorded as a direct measurement of the area of certain stage n. The
data was then used for model fitting. The image analysis was carried out in MatLAB and
python.
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2.3 Results and Discussion

Figure 2.3 Raman spectra of Li-graphite intercalation system in different stages
The spectra are vertically offset for a clearer display. The peak around 1580cm-1 is
graphite G peak. The peak around 2700cm-1 is graphite 2D peak. The peaks below G
peak are from PEO and P(EO)-Li complexes.18
Raman spectroscopy definitively assigns local stage number. These phase assignments
are confirmed by Raman spectra in Figure 2.3. The graphene G peak near 1580 cm-1
shows electronic resonance intensity enhancement and shifts to higher frequency with the
concentration of electrons donated from Li. It is diagnostic for electronic structure,
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clearly evolving from one phase to the next. For n=3 and higher stages, the G peak splits
into two peaks as there are two physically inequivalent graphene layers: highly doped
graphene in direct contact with intercalated Li , and interior graphene with little doping,
similar to pristine graphite.

Similar two-peak Raman spectra have been recently

observed in few layer graphenes with adsorbed NO2, which is a strong electron
acceptor.19 For stage 2 GIC, in which all graphene layers are equivalent, there is only one
G peak with weaker intensity.

It is softened to a lower frequency than the direct contact

G peak in stage 3, indicating a higher doping level in stage 2, explained by an in plane
lattice expansion accompanying such higher doping1. For stage 1, the G mode is absent,
indistinguishable from the background. This vanishing behavior, and the weak intensity
of the G mode in stage 2, in part occur because of a loss of electronic resonance intensity
enhancement due to bleaching of the graphene interband visible optical absorption that
accompanies a large Fermi level shift on the order of 1 eV. Recent studies of few layer
graphenes with adsorbed potassium, a similar strong electron donor as Li, show
essentially a complete loss of the interband optical absorption.20 Note that several
theoretical calculations have suggested that in stage 1 LiC6 charge transfer from Li atom
to graphene approaches 100%.4,21
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Figure 2.4 Sequential optical images of graphite disc sample during the whole process of
Li intercalation.
This Li intercalation process is represented by dilute stage 1(Figure 2.4A), stage 3(Figure
2.4B), formation of stage 2 and stage 1(Figure 2.4C), co-existence of stage 3, 2, and
1(Figure 2.4D), co-existence of stage 2 and stage 1(Figure 2.4E), stage 1(Figure 2.4F).
Colorations around the edge of graphite and Ti was observed and attributed to side
reactions with polymer electrolyte. The entire intercalation process was reversible when
voltage was reduced to zero.
Optical reflectance microscopy reveals and measures intercalation kinetics. Figure 2.4
shows sequential optical images observed during Li intercalation in our sample device
containing a 50 m graphite disk. The images are also compiled into a time lapse movie.
Different stages of GIC exhibit distinct colors. These color changes during intercalation
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result from the increasing density of delocalized Drude-like free electrons donated by
intercalated Li to the graphene plane. With increasing Li concentration, the Drude
plasma edge shifts into the visible region from the infrared region,14,22–24 resulting in the
distinct reflective color change observed. Stage 3 is green, stage 2 is red, and stage 1 is
golden in color.
Different phase change mechanisms are observed. We can distinguish between different
kinetic mechanisms directly from the time evolution of optical images presented in
Figure 2.4. If Li diffusion from the edge to the center is fast with respect to Li injection
from electrolyte solution at the edge, then the concentration of Li will be the same across
the entire disk interior. Nucleation of higher concentration phases would occur
homogeneously across the disk. This behavior is observed for the initial transformation
from dilute stage 1 to stage 3, with possibly stage 4 as an unobserved intermediate. In
dilute stage 1, as concentration increases, the graphite domain gradually darkens as a
whole. This darkening can be explained by the reduction of electron free carrier lifetime
in the presence of randomly distributed Li, since these randomly located species
introduce a major scattering channel to the free carriers within the graphene plane. As the
Li concentration rises, the green colored stage 3 phase homogeneously nucleates across
the disk.
Unlike the abovementioned stages with dilute Li intercalants, however, the red colored
stage 2 phase subsequently nucleates at the boundary of the disk (Figure 2.4C). This
indicates that diffusion of Li becomes far slower than the initial diffusion in dilute stage
1. The slow Li diffusion involves movements from the edge through stoichiometric stage
2, to the stage 3/stage 2 boundary moving towards the center. Li concentration builds up
25

at the edge following injection, and nucleates stage 2 before diffusion to the disk center
occurs. Furthermore, nucleation of golden stage 1 occurs almost immediately at the edge
after stage 2 begins to form. The system is out of equilibrium, as evidenced by the fact
that three different phases (stage 3, 2, and 1) are observed simultaneously. The phase
diagram indicates that only two phases (2 and 1 for x>0.5 in LixC6) will simultaneously
exist at equilibrium.11 As the phase boundaries propagate towards the disk center, green
phase 3 first disappears, followed by the disappearance of stage 2, leaving only stage 1.
Diffusion is fast enough to produce well-formed boundaries between phases, but not fast
enough to distribute Li across the disk in the correct balance of phases, for an injection
rate corresponding to the initial 5V step.

Figure 2.5 Direct optical measurement of Li intercalation kinetics.
Both the total content of Li within the graphite disc (Figure 2.5A) and the area of the
distinct stages (Figure 2.5B) are extracted from optical images by image segmentation.
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After stage 3 forms, the total Li content in the graphene disk can be obtained directly
from the optical images. We know the stoichiometry of each of the stages 3, 2, and 1.
The Li content in each phase is the geometrical area multiplied by the Li density of the
phase. The sum from all phases present yields the total disk Li content, free from any
other complicating simultaneous electrochemical processes. Indeed we observed blue
film formation around the electrodes resulting from chemical reduction of the polymer
electrolyte. The total Li content curve is shown in Figure 2.5A. The evolution of stage 1,
stage 2 and stage 3 are presented in Figure 2.5B.
The injection rate of Li along the disk circumference is the slope of the total Li content
curve. The injection rate slows down as intercalation proceeds. The dotted line indicates
the presence of dilute stage one and stage 3. The first data point corresponds to the first
image after phase boundaries between stage 3 and stage 2 appear. Comparing with the
early fast injection in dilute stage 1, Li content increases more slowly when it is more
concentrated. The slope of this Li-content-versus-time curve decreases generally.
Eventually the injection rate approaches zero as stage 1 forms completely. This slowingdown injection rate serves as a consistency check and supports the idea that Li transport
within the graphite electrode is the rate limiting step.
While the initial formation of dilute stage 1 involves principally simple diffusion from
the edge, the formation of the more concentrated phases is a complex problem of solid
state chemical kinetics.

There is no general kinetic theory of phase boundary motion.

Kinetic models involve a hierarchy of approximations and depend strongly on sample
geometry.3,25,26 It is often assumed that simple diffusion within each phase is ratelimiting, as originally discussed by Wagner.27 This theoretical framework of diffusion is
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the foundation of many electrochemical techniques. Some models explicitly consider the
concentration discontinuity, incorporating two phases showing different diffusion
constants.28 Yet sharp boundaries are not a necessary component in modeling diffusion
across a large region of fixed stoichiometry. Diffusion models with continuous and
discontinuous concentration profiles have been compared in detail by Levi and Aurbach.3
They studied the pseudo-Cottrellian diffusion model versus moving boundary model for a
description of phase transition. Both models gave close and consistent values of diffusion
constant D, and the pseudo-Cottrellian model was better in describing and interpreting
the behavior of D.

2.4 Theory based on diffusion
Diffusion equation, boundary conditions and initial conditions
The 2-dimensional (2D) diffusion equation for concentration f(t,r) on a circular disk is

(1)
where t is time and r is a position vector measured from the center of the disk.
To model diffusion from the edge to the center of the disk, we take an initial
concentration C2 on the circumference and C1 in the interior.

Solution to the diffusion equation
The analytical solution is
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(2)
Here Jn is the Bessel function of the first kind of order n. Xn is the nth zero point of J0,
and R is the outer radius of the disk. Here, D, the diffusion coefficient, is the only
unknown parameter to be determined from experiment.
Truncation of the solution
In f(t,r) the weighting factors, exp(-Xn2Dt/R2), decay exponentially with time. These
factors each contain a different Xn2, the n-th zero point of J0. The Xn2 factor makes higher
order terms decay orders of magnitude faster than lower order terms. We list the first five
Xn in the table below.
The first five zero points of J0(x)
n-th zero point

1

2

3

4

5

Xn

2.40

5.52

8.65

11.79

14.93

Because of the increasing magnitude of Xn with n, higher n terms decay faster than the
n=1 term. To understand the relative importance of the terms, we simulated f(t,r) with
parameters D=1×10-9 cm2/s-1, R=25×10-4cm, Cstage2=3.1815×1014/cm2,
Cstage1=6.363×1014/cm2 that roughly correspond to the conversion of stage 2 to stage 1 in
our experiment.
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Figure 2.6 Time dependence of the first five terms in the solution

In Figure 2.6 above, we see that only the n=1 term is important at later times as Li
proceeds towards the center of the disk; each higher order term drops to zero faster than
its preceding term respectively.
As shown above, this solution can be truncated to the first term and remain a good
description of the longer time scale behavior of our system. The n=1 truncated solution is

(3)
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Transformation of the truncated solution
Consider the propagation of a front with concentration C* from edge to center. C* might
be considered the concentration that triggers the local nucleation of a lower n stage as
concentration rises. C2 would then represent the Li concentration in the lower n stage
propagating in from the circumference, and C1 would be the Li concentration of the
higher n stage in the disk center. Substituting f (t,r) with C* and manipulating the
equation yields an explicit equation between time and phase front radius r :

(4)

In this relationship C*, C1 and C2 only appear in the constant additive term. The rate of
motion of r towards the center does not depend upon C*, but does depend upon the
unknown D. Thus the motion of the concentration front is independent of the absolute
concentration level in our model, an intrinsic property of this circular system governed by
diffusion. While this equation does not include attractive interactions between Li, and
does not capture the rapid variation in concentration at the moving phase boundary near
the center of the disk, it does capture the slow, rate limiting diffusion across the (microns
wide) the phase boundary away from the disk center. Therefore we use this equation of
motion for phase boundary progression at which an intermediate concentration levels C*
exists.
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Point calculation of the diffusion coefficient
The n=1 truncated solution captures the circular system’s long term evolution. In this
equation, D is the only unknown parameter; r and t are experimental variables. At a
sample point of fixed position r, the concentration f(t;r) is a function of t, governed by
parameter D. We can monitor the time interval for stage n to reach completion. The time
required for certain stage to finish gives us a measure of the diffusion coefficient D. We
can calculate the diffusion coefficient responsible for such kinetics based on the
completion time. We select one dilute case and one concentrated case to demonstrate this
method.

Boundary condition

Completion Time (s)

Calculated D (cm2/s)

Stage 2 - Stage 1

5114

1.41×10-9

Stage 3 - empty

731

1.10×10-8

Note: cutoff=10-3, R=25 m, 1 term, Dstep=1.01

It should be noted that this method takes only one data point, the completion time, into
calculation. The determination of completion time is limited by experimental time
resolution (~120 s between images), in addition to being subjective. Thus this calculation
should be considered as an estimate.
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Extracting diffusion coefficients by fitting
In Figure 2.7 we show the motion of the stage 3/stage 2 front, and the stage 2/stage 1
front, along with best fits to equation 4. Here time begins when stage 2 at the
circumference begins to move into the stage 3 green disk.

Figure 2.7 Fitting the phase boundary movements with diffusion model.
Figure 2.7 shows the fitting of stage 3/stage 2, and the stage 2/stage 1, interface
propagation data. The former fit yields D= 1.1x10-9 cm2/s; this applies to Li diffusion in
stage 2 from the circumference to the moving front. The stage 2/stage 1 fit yields D=
4.6x10-10 cm2/s, for Li diffusion in stage 1. These are the effective, phenomenological
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diffusion coefficients of Li in graphite in the concentrated regime, within the limits of our
simplified analysis. The diffusion coefficient D strongly decreases with increasing
concentration of Li ions in graphite.
In dilute stage 1, a lower limit for D is 1.1x10-8cm2/s, based upon the observation that
stage 3 nucleates homogeneously across the disk (see supporting information for details).
Concentration dependence of Li diffusion
Our direct measurement in stage 2, D= 1.1x10-9 cm2/s, is lower than an estimate ~5x10-8
cm2/s from ab initio kinetic Monte Carlo simulations.6,7 It is also lower than the ~ 1x10-8
cm2/s value derived from modeling electrical measurements in graphite powders.29 The
concentration dependence of D shows the same trend as recent detailed first principle
studies of Li diffusion in graphite.6,30,31 Briefly, Li-Li interacts repulsively in plane. This
repulsive interaction favors Li hopping into a vacant site away from other occupied sites.
At high Li concentration, such sites become scarce. Thus the Li-Li repulsion inhibits Li
diffusion at high concentration.
Geometry effect on the measurement based on diffusion model
Our direct experimental observation and quantitative data treatment depend upon a
known disk size and geometry. In general, the time dependent factor in the solution of
diffusion equation,

, dominates the evolution of observable bulk electrical

properties such as voltage or current, where g is a geometry-dependent factor carrying a
unit of cm-2. While D is an intrinsic property of the Li GIC, g depends strongly on
sample size, shape, and internal structure.
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The diffusion equation
is now subjected to a rectangular boundary condition
.
The initial condition is

.

The solution of the rectangular case is

where

Consider a rectangular graphite sample of 100 um2 area. The geometrical factor varies by
about two orders of magnitude, as is shown in Figure 2.8.
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Here k and l are non-negative integers, taking a value of
zero in the first order term. Factors a and b are the length and width of the rectangle,
which we assume ab=100 m2

Figure 2.8 Effect of geometrical factor in the diffusion model
Using parameters pertinent to Li GIC, g can vary by up to two orders of magnitude with
rectangular aspect ratio, for a given GIC single crystal composition, area, and mass.
That is to say, for a given D the time dependent factor can decay quickly or slowly
depending upon crystallite size and shape, and diffusion between crystallites. This
ambiguity severely limits data analysis in polycrystalline electrodes with a heterogeneous
distribution of particle geometries, leading to widely varying estimates for D. In such
samples phase nucleation, as a function of increasing Li concentration, is also wildly
heterogeneous, as optically observed in a previous study by Migge et al.32
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These considerations highlight the necessity of well defined sample such as single crystal
graphite disk used here, and the advantage of optical-based measurement. For this reason,
some previous studies indeed employed single particle graphite electrode as we have,33 or
optical observation of the intercalated highly oriented pyrolytic graphite.32,34 However,
these previous studies are still electrochemical in nature. While they include optical
observation, their quantitative conclusions are still based on electrochemical currentvoltage measurements.
2.5 Conclusion
In summary, we have employed an all optical method to measure Li intercalation kinetics
into a graphite single crystal in situ, free of complication from electrochemical side
reactions. We derive a new, physically motivated analytical diffusion model, and
measure Li diffusion coefficients D in graphite in different concentration: 4.6x10-10 cm2/s
in stage 1, 1.1x10-9 cm2/s in stage 2, and above 1.1x10-8cm2/s on average when Li is
dilute. While the diffusion coefficient decreases with Li concentration in agreement with
theory and previous estimates, our absolute values are somewhat lower than earlier
reports. Our method offers direct visualization and a clean measurement of microscopic
intercalation kinetics. We expect this method to provide new insight in studies of other
2D materials and in design of energy storage applications.
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Chapter 3 The interaction of Li with few-layer
and single-layer graphene

3.1 Introduction

Highly tunable electronic properties of the single atomic sheet
Being atomically thin, all atoms in single layer and bilayer graphene are surface atoms.
Few layer graphene also has an extremely high surface to volume ratio. This makes
graphene systems very sensitive to the environment and enables a variety of ways to
control the electronic properties.
Electrostatic gating
Electrostatic gating was first demonstrated to be effective in tuning the carrier density of
graphene.1,2 With vanishing density of states near the Dirac point, the change in carrier
density efficiently translates into Fermi level shift, according to equation
, where

is the Fermi velocity and n is carrier density. Transport

and Hall measurements can accurately measure both carrier density and mobility.
The shift of graphene Fermi level also manifests itself in the renormalization of electronphonon coupling.1,2 Raman spectroscopy probes the inelastic light scattering mediated by
phonons and provides rich information on the structure and dynamics of graphene.3,4 The
position and linewidth of the G band sensitively depend upon the Fermi level in single
layer graphene. The G band characteristics as a function of Fermi energy have been
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calibrated with transport measurement. This enables Raman spectroscopy to serve as a
clean and non intrusive optical probe of Fermi level of graphene.
The optical conductivity of graphene is also determined by its electronic properties.5,6
The linear dispersion and double cone electronic structure around K point result in a
universal optical conductivity of

. Once the graphene is doped by either electrons

or holes, the Fermi level moves away from the Dirac point. Intraband transitions start to
be allowed and low energy interband transitions become blocked. The intraband
transitions and dynamics can be probed by time domain THz spectroscopy.7 Any
interband transition with energy lower than 2|EF| will be bleached and any interband
transition with energy higher than 2|EF| will be allowed. This indicates there is an
absorption edge at 2|EF|, which is observed in the infrared optical conductivity
measurements.5
Electrochemical gating
The approach of tuning graphene electronic properties by electrostatic gating has been
fruitful, but it has severe limitations in that the maximum charge carriers available via
electrostatic gating is only modest. The strength of electric field is limited by the
dielectric constant and breakdown voltage of gating medium. Electrochemical double
layer gating enables larger range tuning beyond the electrostatic regime. Electrochemical
gating works through the Debye layer formed at the electrolyte-electrode interface upon
applying a moderate voltage. Mobile ions move to the interface to screen the electric
field. Roughly speaking, the Debye screening occurs on a length scale of 1nm, and a
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reasonable voltage drop is on the order of 1 V. This yields an electric field on the order of
109V/m, much stronger than the usual electric field in electrostatic gating.
Transport measurements have shed light on the effects of high level doping achieved with
the electrolyte gate.8 Raman spectroscopy provides information on the carrier densities.9
In IR optical conductivity measurements, the absorption edge is further moved towards
higher photon energies, into the near infrared range.
Intercalation
The pursuit of higher charge carrier densities does not stop with electrochemical doping.
In the graphene electronic structure, the linear dispersion no longer applies when the
Fermi level shifts sufficiently far from the Dirac point. The conduction band curves and
forms a saddle point at the M point. This saddle point provides a Van Hove singularity in
the graphene density of states. If this singularity can be reached, the tuning of different
interactions within the graphene electronic system could enable new physics to emerge,
such as superconductivity.10–12 The highly doped graphene could also be interesting in a
chemistry context, such as acting as an extreme nucleophilic sheet for functionalization,
and/or serving in electrochemical energy storage systems.
Electrochemical doping fails to reach this regime. Such high levels of charge carrier
density can be stabilized by much shorter range chemical interactions with atomic and
molecular species. Chemical adsorption and intercalation represent a class of doping
methods capable to reach charge densities higher than electrochemical doping. Strong
dopant-dopant and dopant-graphene interaction exists in this regime, significantly
modulating the electronic structure of graphene.13–15
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When Fermi level shift is high enough compared with the Raman excitation photon
energy, Raman scattering from graphene exhibits new behaviors different from that in the
modest doping regime. In short, inelastic scattering pathways are gradually turned off as
doping gets stronger. In the process, quantum interference between the pathways can be
observed with the Raman band intensity change.16 Later in this chapter we show that a
large Fermi level shift can be probed with higher incident photon energy and effective
lithiation.
Optical absorption and reflectance of graphene at high doping densities also shows
characteristic changes.
Electrochemical intercalation drives the charge transfer reaction by applying an external
voltage, and allows for in situ measurements. This chapter describes the optical study of
single and few layer graphene in the presence of strongly interacting Li.

3.2 Experimental methods

Sample exfoliation
Graphene samples were exfoliated onto Silicon substrates with 285nm thermal oxide
layer on top. Sample flakes were identified and located under an optical microscope.
Sample thickness is characterized and confirmed with Raman spectroscopy and optical
reflectance contrast spectroscopy.
Device fabrication
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Ti contacts were defined by electron beam lithography in a layer of PMMA resist. After
developing in a developer solution of MIBK/IPA (volume ratio 1:3), Ti was evaporated
in an e-beam evaporator. After lift-off in acetone, the device was wire bonded to the chip
carrier.
Electrolyte preparation and electrochemical cell assembly were carried out in the same
procedure as in Chapter 2. During the process, O2 and H2O level were kept below 1ppm
inside the Ar filled glove box. After the assembly, the device was transferred into the
optical cryostat for experiments. During the experiments, the optical cryostat was under a
dynamic vacuum of about 10-5 torr. The experimental temperature was kept at either
310K or 338K for different samples.
Optical measurements
The confocal micro Raman spectroscopy was carried out in the same procedure as was
done in Chapter 2.
The optical reflectance contrast spectroscopy was performed using the same apparatus,
using a different optical path. Briefly, a 100 m pinhole was place after the quartz
tungsten halogen lamp to serve as a point source of white light. The light from the
pinhole was collimated by a lens by positioning the pinhole at its focal point. The
collimated white light beam was then coupled into the microscope by the reflection of a
beam splitter under the objective. Signals reflected off sample and substrate was collected
by the same objective, transmitted through the beam splitter and coupled into a
spectrometer to be dispersed on the EMCCD.
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3.3 Results and Discussion

Many experimental aspects are common to electrochemical gating and electrochemical
intercalation. In both cases the external electric field is applied through the electrolyte,
Debye layer forms at the graphene/electrolyte interface, and both cases share optical and
electrical characterization methods.
Despite the apparent similarities, key differences exist between the electrochemical
gating and electrochemical intercalation.
The underlying physics and chemistry is different: electrochemical gating generates the
doping charge density by the sharp electric potential drop at the electrode-electrolyte
interface, produced by the Debye layer in action to screen the external bias;
electrochemical intercalation generates a higher doping charge density by the strong,
short range interaction between the intercalants and the host lattice. The two mechanisms
have respective real world examples and analogs. Electrochemical gating shares the same
physics as charging up capacitors and supercapacitors. Electrochemical intercalation is
the essential chemistry of charging secondary batteries.
One consequence of the high doping density from electrochemical intercalation is that the
reactivity of the graphene sample is heightened significantly. Therefore a strictly water
and oxygen free operating environment is necessary for the intercalation to proceed.
After normal device fabrication is completed under ambient conditions, we prepare the
electrolyte and assemble the electrochemical cell in a dry box.
The time scales associated with the two different processes are drastically different. In
electrochemical gating, the time constant of the response is governed by the ionic
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transport through the electrolyte. The ionic mobility in the electrolyte phase is the key
parameter. The ionic transport through a loosely bound, usually disordered polymer mesh
is often more facile than that through a solid and crystalline lattice. Indeed, the rate
limiting process during electrochemical intercalation is usually ion transport within the
electrode, or the charge transfer reaction at the electrode surface. While the
electrochemical gating can be established within seconds, the electrochemical
intercalation usually takes on the order of hours to complete at room temperature.
This difference in the time scales of electrolyte gating and ionic intercalation can be
easily probed by Electrochemical Impedance Spectroscopy, as shown in Figure 3.1. At
high frequency, the interfacial capacitance and ionic transport resistance within the
electrolyte dominates the system’s response to the external perturbation. These processes
are namely the formation and dissipation of Debye layer at the electrode-electrolyte
interface. At low frequency, the impedance grows much larger than that of high
frequency, and shows a Warburg like behavior, suggesting that a much slower diffusional
component controls the charge transport through the system. These processes correspond
to the slower reaction and mass transport within the electrode, that is, intercalation. It
should be noted that the real response from the system is more complicated than our
fitting equivalent circuit, evidenced by the high frequency regime mismatch.
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Figure 3.1 Electrochemical impedance spectroscopy of a representative graphene
electrochemical cell
The electrochemical impedance spectrum was measured at the open circuit voltage before
lithiation experiments. Frequencies probed range from 0.1 Hz to 100 kHz. The resistance
for electrolyte transport was measured to be ~1.4×104 Ohm, whereas the resistance
associated with charge transfer reaction at the electrode was measured to be ~1.1×107
Ohm. This was used to probe the dominant processes at different time scales.
In our transport measurements, we observed electrochemical gating on short time scales
and reversible adsorption on longer time scales, with no apparent damage to the graphene
sample channel. We have measured two opposite temperature dependent conductance
under the two time scales, and the effects of electrochemically applied voltage are fully
reversible.
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Figure 3.2 Electrical transport measurement of a single layer graphene device under
lithiation voltage
Figure 3.2A shows the real time recording of channel resistance change upon applying
gating voltages. Figure 3.2B shows the temperature dependence of graphene resistance
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cooled down after 1 minute under 2V, the carrier concentration is 5.6×1013 cm-2 from the
Hall measurement. Figure 3.2C shows the temperature dependence of graphene resistance
cooled down after 40 minutes under 3V, the carrier concentration is 8.7×1013 cm-2 from
the Hall measurement. Figure 3.2D shows the temperature dependence of graphene
resistance cooled down after 1 minute under 3V, the carrier concentration is 8×1013 cm-2
from the Hall measurement. Figure 3.2E shows the temperature dependence of graphene
resistance cooled down after 10 minute under 4V, the carrier concentration is 8×1013 cm-2
from the Hall measurement. Figure 3.2F shows the temperature dependence of graphene
resistance cooled down after 1 minute under 5V, the carrier concentration is 9.9×1013 cm2

from the Hall measurement.

As is shown in Figure 3.2, our electrical measurement probes the system’s response using
transverse conductance. The channel conductance responds almost instantly to the
applied external voltage. As a higher voltage is applied, the channel is more doped and
the conductance is further lowered. However, under the same external voltage and at a
much long time scale, the channel conductance rises. We can freeze the system by
bringing the sample down to low temperature at any time point while applying the
electrical bias. When the system is frozen immediately after applying the external
voltage, graphene resistance decreases as the temperature decreases, well in agreement
with previous work8. When the system is frozen after a waiting period, however, we
observed an opposite temperature dependence. The resistance increases as the
temperature decreases. Hall measurements were employed to measure the carrier
concentration, yielding consistent values in both short and long waiting times.
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The behaviors in these two regimes can be reversibly switched many times with the same
sample, yielding reproducible values of carrier concentrations. The reversibility
combined with the measured carrier concentration indicate that in short time scale, Debye
layer forms and gates the graphene without significantly increase the scattering rate,
whereas in long time scale, Li ions could chemisorb on the graphene basal plane, opening
a major scattering channel.

We next characterize the graphene-Li system with optical methods. Figure 3.3 shows the
optical image of a representative graphene sample containing 1L to 4L few layer
graphene as well as bulk graphite. Figure 3.4 shows the wide field optical reflectance
images of this sample during lithiation. The most visible phenomenon is the coloration
developing on the basal plane of single and few layer graphene, as well as the reflective
color change in bulk graphite.

Figure 3.3 Sample map of a working electrode containing 1L to 4L graphene and bulk
graphite
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Figure 3.4 Optical imaging of the lithiation and intercalation process

The development of coloration occurs on a similar time scale of Li intercalation, as
evidenced by the bulk graphite sample in the corner of the image. We only observed the
coloration development when the external voltage is high enough to initiate lithiation or
intercalation.
We determined that the appearance of this coloration is extrinsic to the lithiated graphene
in its nature, based on several observations. 1) The coloration on the basal plane of single
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and few layer graphene cannot be fully reversed upon delithiation, whereas in graphite,
the intrinsic reflective color changes reversibly as a function of local GIC stoichiometry.
This irreversibility is demonstrated in Figure 3.5. 2) We also experimented with washing
off polymer electrolyte coating, the coloration remains after water wash, as shown in
Figure 3.6. The lithiated graphene, like its bulk counterpart, is expected to be
significantly active chemically. It’s unreasonable for the lithiation to survive water wash.
Thus this persistence of the coloration indicates it is not an intrinsic property of the
lithiated graphene. 3) In addition, we have observed the similar coloration developing
around the edge of metal contacts and around graphite electrodes, as shown in Figure 3.7.
The existence of coloration without graphene basal plane confirms that it is not intrinsic
to lithiated graphene.
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Figure 3.5 Optical imaging of the delithiation and deintercalation process

Figure 3.6 Optical images showing the persistence of coloration on graphene after water
wash.
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Figure 3.7 Optical images showing coloration development around metal electrodes as
well as on bilayer graphene
In situ Raman spectroscopy reveals that the graphene basal plane under such coloration is
intact, as shown in Figure 3.8 and Figure 3.10. No D peak is present from the lithiation
process. The coloration is associated with a significantly increase luminescence
background.
With the above observations, we conclude that this coloration on the graphene basal
plane comes from side reactions in the polymer electrolyte layer. Our observation is
closely associated with the ‘solid electrolyte interface’ (SEI) formation, an extensively
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studied process in the battery materials research community.17,18 In the first round of
charging the graphite electrode in the Li-ion battery, an irreversible loss in the capacity is
often observed and attributed to the SEI formation. This behavior is well in agreement
with the observed occurrence and irreversibility of graphene basal plane coloration. As
the high doping level pushes the Fermi level high above the usual charge neutrality point,
the graphene host’s reactivity is significantly enhanced. The reaction with the otherwise
stable electrolyte is made possible. In our system, the poly ethylene oxide chain could be
vulnerable at the terminal hydroxyl group, and/or the C-O bond within the backbone.
Indeed, in situ ATR-IR studies have shed light on the possible mechanisms of SEI
formation.19
One interesting observation is that the coloration is only observed on the basal plane of
single and few layer graphene, but not bulk graphite. However, the SEI formation is
known to occur on graphite electrodes. Indeed, Raman scattering at the late stage of
lithiation shows broad and strong background luminescence from both single and few
layer graphene as well as bulk graphite. In addition, we have also observed coloration
around the edge of metal contacts and bulk graphite electrode, but not on the surface.
Therefore, we tentatively conclude that the apparent visibility of the coloration results
from the optical interference within the thin film stacks of graphene/Silicon oxides/Si, or
Silicon oxides/Si in the case of coloration on the substrate. These results constitute the
first direct visualization of SEI formation on the graphene basal plane.
Besides its lateral expansion, the colored region on the graphene basal plane gradually
changes its reflective color, during the course of electrochemical lithiation. As will be
discussed later, we expect the graphene under the as-developed colored region to be
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lithiated. The further reflectance change suggests that the interference condition was
changed by the reaction product build-up, thus the local coloration evolution could probe
its vertical development. Rich kinetic information could be potentially revealed by
combining the reflectance change associated with vertical product build-up and the lateral
expansion.
The photochemical reactivity of the coloration layer/graphene stack is an interesting
aspect to note. It can be controlled by the external voltage. The coloration develops when
the graphene is subjected to a significant negative bias. The laser for Raman excitation
can create visible spots on the same time scale of spectra collection (30~120s). No
graphene D peak can be detected during and after the creation of spots. The spots created
by laser under negative bias can be seen in Figure 3.5 and Figure 3.7. When the graphene
stack is subjected to a positive bias, the same laser can create dark spots distinctly
different from that created under negative bias. Significant graphene D peak grows
during this process. The spots created by laser under positive bias can be seen in Figure
3.6.
The intrinsic optical change of graphene can be briefly captured in the reflectance
imaging before coloration sets in. For thicker graphene samples, we observed the
characteristic reflectance of intrinsic lithium intercalated graphite. For thinner graphene
samples, we observed an induced transparency. The characteristic reflectance change of
thick graphene and bulk graphite during intercalation has been well explained by the
Drude model. The same model can be applied in the case of thin graphene to explain the
apparent induced transparency.
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In summary, we have directly visualized the SEI formation on the basal plane of lithiated
graphene. Our experimentation potentially allows time and spatially resolved kinetics
study, which could prove valuable in understanding its kinetics and contribute to better
designs of similar electrochemical energy storage systems.

We now turn to the intrinsic properties of lithiated graphene. Intrinsic properties of
graphene can be probed cleanly by Raman spectroscopy since the phonon modes of
graphene are chemically distinct and spectrally resolved. Although the optical reflectance
imaging offers direct visualization, it is very difficult to distinguish individual layers of
the vertical thin film stack.

Figure 3.8 Raman spectra of a bilayer graphene sample during lithiation.
We observed strong graphene Raman quenching associated with coloration. It is best
illustrated by Figure 3.8 and Figure 3.10. For the Raman spectrum from the uncolored
center region, the graphene Raman is clearly visible with a flat baseline and decent signal
to noise ratio. The G band position is upshifted and its width is narrowed. This is typical
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of electrochemically gated graphene. For the Raman spectrum from the colored region,
we observed a drastic change of graphene Raman modes. The G band and 2D band are
greatly quenched and downshifted. The Silicon second order modes at ~900cm-1 is still
visible and maintains the same signal strength as the uncolored center region. The Silicon
modes serve nicely as an internal standard, since it is captured from the same sample
location as graphene and in the same spectrum with the graphene G mode.
The evolution of graphene Raman modes as the Fermi level shifts away from charge
neutrality point have been explained by Feng Wang et al.16 Briefly, as 2|EF| approaches
the photon energy, inelastic scattering pathways are being blocked. The intensity
evolution is determined by the interference results of all possible probability amplitudes
of the scattering pathways. 2D band is first monotonically quenched with increasing
2|EF|. G band shows a peaked intensity enhancement before quenching, attributed to a
phase difference of  across all possible pathways. At around 2|EF|, a hot luminescence of
electronic origin also shows up. These behaviors are summarized from their data in
Figure 3.9.
In our experiments, we also observed strong quenching behavior of the 2D and G bands.
Different from the 785nm, or 1.58eV laser used in their experiment, we have used the
more energetic 514.5nm line from an Argon ion laser, with photon energy of 2.41eV. The
near quenching of graphene G and 2D modes under 2.41eV excitation indicates that the
Fermi level shift is about 1.2eV, an extremely large value. In addition to the Raman
quenching, significantly increased luminescence was observed associated with lithiation.
Both hot luminescence from highly doped graphene and the photoluminescence from
polymer coloration could contribute to the observed strong background. We cannot
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definitively determine the contribution from each process based on the Raman spectrum
alone.

Figure 3.9 Evolution of graphene Raman spectroscopy under electrochemical gating,
from ref 16.
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Figure 3.10 Evolution of 1L to 4L graphene Raman spectra during lithiation.

3.4 Conclusion and outlook

We have elicited strong charge transfer interaction of Li ion with graphene
electrochemically. The doping effect is studied in situ with electrical transport
measurements, optical microscopy and Raman spectroscopy. The Raman spectroscopy
suggests a high Fermi level shift about or higher than 1.2 eV. Beside high doping level
induced in graphene, we have also observed coloration on the basal plane of single and
few layer graphene.
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To further the study of graphene under high doping densities, an improved experimental
design would be helpful. Better insulation of electrical contacts and the basal plane of
graphene from the electrolyte will be valuable. Better shielding of irrelevant metal
electrode surfaces enables more precise electrochemical control and measurements.
Protecting the graphene basal plane could limit the occurrence of coloration, and provide
a clearer optical access to the intrinsic change of few layer graphene samples. These
improvements have already been carried out by our collaborators.
A more rigorous quantification of the charge carrier density would be ideal. Transport
and quantum Hall measurement of intercalated few layer graphene can quantify the
extent of charge transfer doping and potentially uncover new physics under the extremely
high doping regime. Optically, UV-Raman could provide a tighter bound of the Fermi
level shift as well as reveal details of electron-phonon coupling under the high doping
regime. With a clear optical access to the intercalated sample, white light transmission or
reflection could potentially yield another measure of the carrier densities and dynamics.
The coloration is worth exploring in itself. We have observed the SEI formation on
graphene in real time in situ. It would be desirable to combine our kinetic observations
with qualitative information about the composition and mechanisms of the colored film.
This will prove valuable in understanding reactivity of the electrode-electrolyte interface,
and provide insight in the better design of electrochemical energy storage systems.
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Chapter 4 Li intercalation in bulk MoS2: in situ measurement of the
activation energy of MoS2 structural transformation

4.1 Introduction

MoS2 is a representative member of the transition metal dichalcogenide (TMD) family.
This family of materials consists of two-dimensional planar sheets that stack on each
other together using weak van der Waals interlayer interactions. MoS2 exhibits several
different polymorphs. The thermodynamically stable phase is denoted 2H MoS2, in which
a molybdenum atom is coordinated by six sulfur atoms in a trigonal prismatic geometry.
1T/1T’ MoS2 differs from 2H MoS2 in that the coordination of Mo by S atoms is
octahedral. The coordination symmetry manifests itself in the electronic structures and
properties of the two polymorphs; 2H MoS2 in bulk form is an indirect-gap
semiconductor, whereas the 1T/1T’ MoS2 is a metal.
While the octahedrally coordinated 1T/1T’ MoS2 occurs in nature, this octahedral
coordination is commonly induced by strong charge transfer doping in Li-intercalated
MoS2. Above certain high electron concentration resulting from Li charge transfer, the
2H phase is destablized. And a twisted octahedrally coordinated phase, 1T’ phase
becomes thermodynamically favorable in terms of free energy. The octahedral
coordination remains after deintercalation, yielding a metastable 1T/1T’ phase.1
Theoretical calculation has shed light on understanding the 2H to 1T/1T’ transformation
during Li intercalation into MoS2.2–4
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MoS2 has generated immense research interest and technological application in tribology,
hydrodesulfurization catalysis5, photocatalysis6, and recently electrocatalysis7–10. In 2H
MoS2, the edge site sulfur atoms have been shown to be responsible for the catalytic
activity, whereas the basal plane is inactive.11 In this regard, the metallic 1T/1T’ phase
has been shown to be catalytically active in the whole basal plane.12,13 Recently, in-plane
coherent heterostructure of MoS2 between the semiconducting 2H and the metallic
1T/1T’ phases has been observed with scanning transmission electron
microscopy(STEM).14 The 2H to 1T/1T’ transformation mechanism has been further
illucidated nicely in a recent STEM study.15 This heterostructure provides a unique one
dimensional interface within a two dimensional materials, opening up new possibilies in
basic research, molecular electronics, and nanoscale device applications. However,
scanning tunneling microscopy16 and Raman spectroscopy17 studies have shown that the
1T/1T’ phase is metastable under ambient conditions. The octahedral coordinated 1T/1T’
structure converts to trigonal prismatic coordinated 2H structure during aging, or thermal
annealing.
Understanding the thermodynamics and kinetics of this structural transformation is thus
critical in order to realize the application potential of the metastable 1T/1T’ MoS2. While
the structures and properties of the MoS2 polymorphs have been extensively studied
before, experimental studies of the 1T/1T’ to 2H structural transformation kinetics are
still lacking. Here we report a measurement of the activation energy of the structural
transformation from the 1T/1T’ phase to the 2H phase. We employ in situ Raman
spectroscopy to measure the reaction rate and monitor the local temperature. We also
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demonstrate local laser annealing can serve as a new photolithography method in
patterning the MoS2 heterostructure.

4.2 Experimental methods

Sample exfoliation and chemical intercalation
MoS2 samples were prepared by mechanical exfoliation of natural MoS2 flake(SPI) onto
a Si substrate with a 285nm thermal oxide layer. Prior to exfoliation, the Si substrate was
cleaned with piranha solution and washed with purified water.
Li intercalation was carried out inside an Ar filled glovebox, by immersing the MoS2
sample in 1.6M n-butyllithium hexane solution (Sigma-Aldrich) overnight.18 The O2 and
H2O level inside the glove box were kept below 1ppm at all times during the experiment.
After the reaction, the sample was washed by hexane and then transferred outside the
glovebox to be washed with water. Gentle washing with water deintercalates the Li in
between the van der Waals gaps and results in 1T/1T’MoS2.
Temperature dependent kinetics measurement by Raman spectroscopy
In situ Raman spectroscopy was performed on a home-built confocal micro-Raman setup.
Continuous wave laser excitation sources include 514 nm line from an Ar ion laser and
633 nm line from a He-Ne laser. For structural transformation kinetics measurements,
fixed laser powers were used. Spectra were automatically collected at fixed time
intervals. To measure local temperature, both anti-Stokes and Stokes lines were collected,
using a short pass filter and a long pass filter with edge at 633 nm respectively. Both anti70

Stokes and Stokes spectra were collected within the experiment using the same sample
spot, laser power and alignment conditions. Raman spectra with 633 nm excitation were
calibrated using Ne lines from a Ne pen lamp. Raman spectra with 514 nm excitation
were calibrated using the plasma lines from the laser cavity. The experimental apparatus
was controlled by home written LabVIEW codes. Data analysis was done with home
written Python codes.
For samples of Li intercalated MoS2, the Raman spectra were collected in a optical
cryostat under active pumping. Specifically, after intercalation reaction, the sample was
loaded into the optical cryostat, sealed in the glovebox, and mounted on the micro-Raman
setup. The cryostat was then pumped to a pressure about 1x10-5 torr by a turbo pump
before Raman measurement. For samples of thermally annealed MoS2, the thermal
annealing was carried out in a quartz tube furnace at 300 oC under continuous Ar flow
for 1 hour.
Photolithography with femtosecond pulsed laser
Pulsed laser was employed in the laser writing demonstration. A noncolinear optical
parametric amplified(NOPA) pulse train centered at ~780 nm was coupled into a
microscope, and focused by a 100x objective on the metastable 1T/1T’phase MoS2. The
pulse duration was ~100 femtoseconds, at a repetition rate of 1 MHz. The damage
threshold of MoS2 was established to be ~0.25 mW, corresponding to a very high average
power density of 250 GW/cm2. For writing experiments, the laser power was kept below
this threshold. Sample scanning was performed by an ESP300 xy stage.
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4.3 Results and Discussion

Raman characteristics of MoS2 polymorphs
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Figure 4.1 Raman characteristics of MoS2 polymorphs.
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Figure 4.1A shows resonant Raman of pristine 2H MoS2. The observed Raman modes
were assigned based on previous reports19,20.
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Figure 4.1B shows Li intercalated MoS2 Raman. The observed Raman modes were
assigned based on previous report21.
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Figure 4.1C shows metastable 1T/1T’MoS2 Raman after Li deintercalation. The
observed Raman modes were assigned based on previous reports17,22.
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Figure 4.1D shows restored resonant Raman feature of 2H MoS2 after thermal annealing.
We employed Raman spectroscopy to monitor the structural characteristics of MoS2
during our experiments. We benefited from resonance enhancement with 633 nm
excitation, since the photon energy (1.96 eV) matches the direct gap of 2H MoS2 at K
point (about 1.9 eV).
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Figure 4.1 displays the Raman spectra of pristine MoS2 (2H), Li intercalated MoS2 (1T),
deintercalated MoS2 (metastable 1T), and thermally annealed MoS2 (2H). Most of the
observed phonon modes were assigned to literature values. We note that in the 1T/1T’
MoS2 after deintercalation, three modes (156 cm-1, 225 cm-1, 330 cm-1) can be observed
through a zone-folding scheme that maps M point phonon modes onto gamma point.17
Our observation of these three modes indicates super lattice formation and agrees with
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previous reports. After thermal annealing, the resonant Raman features of 2H MoS2 were
largely restored. We note that the second order Raman modes became weaker, and the
linewidth of peaks were broadened comparing with the pristine state. The mode at 228
cm-1 appeared which corresponds to the longitudinal accoustic mode at M point.19 The
activation mechanism of this mode is similar to that of the D peak in graphene. The
above three observations suggest that the crystallinity of the thermally annealed sample is
reduced, resulting in smaller grain size. The STEM observation of single layer MoS2 inplane heterostructures14 supports this interpretation of crystal domain size reduction.

In situ measurement of the structural transformation kinetics
Despite extensive studies on the structure and properties of 1T/1T’ and 2H MoS2, the
kinetics of the 1T/1T’ to 2H structural transformation remain unexplored. Being a
metastable structure, a spontaneous reaction occurs to change the Mo coordination
geometry from octahedral to trigonal prismatic under ambient conditions. The distinct
Raman modes report the local content of these two phases. We measured the rate of this
reaction by monitoring the evolution of Raman spectra during the conversion process. A
He-Ne continuous wave laser was used to both heat the sample and elicit the phase
change, as well as to probe the kinetics.
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Figure 4.2 Evolution of Raman spectra during local laser annealing of MoS2.

Figure 4.2 shows the evolution of Raman spectra during local laser annealing of MoS2.
Figure 4.2A shows the evolution of the first 105 Raman spectra taken under an estimated
power density of about 250 kW/cm2. Horizontal section lines H1 and H2 are placed at
the start and the end of this time period. Vertical section lines V1, V2, and V3 are placed
on the peaks and baseline region of the Raman spectra, serving as kinetic traces. Figure
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4.2B shows the starting and ending Raman spectra along H1 and H2 sections lines,
respectively. The baseline level and the 2H modes intensity have significantly increased
through this annealing process. Figure 4.2C shows the kinetic traces along V1, V2, and
V3 section lines. Fitting to a first order reaction model yields consistent results of rate
constants.
Figure 4.2 shows the evolution of Raman spectra during early stages of one of the laser
annealing experiments. Comparing section Raman spectra along H1 and H2, we observed
a significant increase in both 2H modes Raman intensity and a broad background. Kinetic
information can be extracted by fitting both the 2H modes peak intensity and background
level to a first order reaction model. The key parameter, rate constant k is consistent
across fitting of different features.
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Figure 4.3 Evolution of Raman spectra during contiunous wave laser annealing.
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Figure 4.3 shows the evolution of Raman spectra during contiunous wave laser annealing
under a series of different power densities. Figure 4.3A shows Raman evolution under
~740 KW/cm2. Figure 4.3B shows Raman evolution under ~1000 KW/cm2. and Figure
4.3C shows Raman evolution under ~1200 KW/cm2. Note the different time scale on the
y axis. The difference in Raman peak evolution kinetics can be easily visualized.

In situ measurement of the local temperature

Figure 4.4 Anti-Stokes and Stokes Raman spectra of MoS2.
Cubic baseline was used to fit the background. Lorentzian lineshape was used to extract
Raman mode characteristics. Close to the filter edge, the peak lineshape was affected by
the spectral profile of the filter. At high energy, the anti-Stokes lines are too weak for the
fitting to perform well. Thus the peaks around 400 cm-1 were mainly studied as indicators
of local temperature.
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The local temperature determines the reaction rate. Excitation power density
experimentally controls the heat generated photothermally. The local temperature at the
laser focal spot is measured from the phonon populations reported by the ratio between
anti-stokes and stokes lines, according to equation 1. In Figure 4.4, we show typical
Raman spectra of anti-Stokes and Stokes lines during the laser annealing experiment.
Ef−Ei
Ianti−stokes ω0+ωR
4 −
IStokes =( ω0−ωR) e kT
Ideally, the anti-Stokes/Stokes ratio is determined by intrinsic properties of the materials
such as temperature and the energy levels of the phonon mode. In practice, extrinsic
factors also greatly influence the observed ratio between anti-Stokes and Stokes lines.
Such factors include, and are not limited to, the spectral response profile of the optical
elements, spectrometer, and the quantum efficiency of the detector. In order to correct for
these extrinsic factors, we calibrate our measurement by measuring the anti-Stokes and
Stokes ratio at room temperature, using a very low laser power.23
Temperature measured by the anti-Stokes to Stokes ratio needs to be corrected for the
temperature distribution on the sample, in addition to the aforementioned spectral
correction. If the temperature distribution on the sample is uniform, it is straightforward
to apply equation 1 to relate the anti-Stokes to Stokes ratio to local temperature. When
laser is used both to heat the sample and probe its temperature, the Gaussian profile of the
laser beam generates a peaked temperature distribution, centered at the focal spot. All
points probed by the laser contribute differently to the anti-Stokes lines and Stokes lines.
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This effect can be analytically corrected, as reported by Herman.24 We follow his analysis
and use Tpk=2Tpk,uniform to correct for the temperature measurement, where Tpk is the
actual sample temperature rise and Tpk,uniform is temperature rise that would be
determined assuming a spatially uniform intensity and temperature profile.

Activation energy of the 1T/1T’ to 2H structural transformation

Figure 4.5 Arrhenius plot of the 1T/1T’ to 2H MoS2 structural transformation.
The slope yields an energy barrier about (38±6) kJ/mol or about (400±60) meV.
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The activation energy of the 1T/1T’ to 2H structural transformation can be obtained from
the temperature dependence of kinetics. In Figure 4.5, we show the Arrhenius plot of this
transformation. The fitting yields activation energy of (38±6) kJ/mol, or about (400±60)
meV. This activation energy is relatively high compared with thermal energy at room
temperature, which explains the relative long life time of the 1T/1T’ structure and its
slow conversion during aging. The value of activation energy is small compared with a
similar phase change in exfoliated-restacked WS2,25 well in agreement with the observed
metastability of MoS2. The quantitative understanding of this moderate energy barrier is
of fundamental importance in the design and utilization of the metallic polymorphs of
MoS2 and other members of the TMD family.

Direct laser patterning of in-plane crystal structures
Optically induced 1T/1T’ to 2H phase change provides a photolithography method, in
addition to revealing the basic thermodynamics and kinetics of the structural
transformation. In plane coherent heterostructures in the crystal lattice itself could be
generated by this laser patterning method, making it a unique tool in the study of 2D
materials. In-plane heterostructure in a two-dimensional material provides a unique onedimensional interface with rich scientific and technological potential, as evidenced by
recently reported graphene-hexagnoal boron nitride.26 In-plane heterostructures in MoS2
between 1T/1T’ and 2H domains has also been reported.14 However, there has not been a
facile method to control the position and geometry of such heterostructures, hindering the
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the realization of application potentials. Laser annealing method nicely affords such
capability to generate phase boundaries on demand.
Pusled laser offers superior performance to continuous wave laser in efficiently eliciting
local phase transformation. In our laser writing demonstration, we employed a
noncolinear optical parametric amplified laser centered at 780nm, with 1 MHz reptition
rate and ~100 femtosecond pulse duration. The pulsed laser was focused by a 100x
objective at an average power of 150 uW on sample. The average power density was low
compared with our continuous wave laser annealing kinetics study, while the structural
change was completed much more efficiently than most continuous wave laser annealing.
We estimate the sample temperature under a single laser pulse as follows.
The duration of the laser pulse is ~100 femtoseconds. For this short time interval, we
ignore heat exchange between the illuminated volume and the rest of the materials as well
as the environment. For a coarse estimate, we assume all the absorbed photon energy is
deposited into the illuminated volume as heat. Therefore, to calcuate the sample
temperature rise, we use E=mCT, where E is the total energy absorbed from a single
pulse, m is the quantity of illuminated materials, C is the specific heat capacity, and T is
the temperature rise.

We measure a typical average power of the pulsed laser to be ~0.15mW. The repetition
rate of the pulsed laser is 1MHz. From the measured optical reflection spectrum of
1T/1T’ MoS2, we extract a reflection coefficient of 0.2 at the laser wavelength. The
transmission is ignored for bulk MoS2. Thus the energy delivered by a single pulse is
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E=(1-0.2) ×0.15mW/1×106Hz=1.2×10-7mJ.

The illuminated area is taken as 1um2. The laser penetration depth is assumed to be
~60nm, about ~100 layers of MoS2 sheets. The density of MoS2 is taken as 5.06 g/cm3.
The molar mass of MoS2 is 160.08 g/mol. Thus the quantity of MoS2 under illumination
is m=1um2×60nm×5.06g/cm3/160.08g/mol=1.9×10-15mol.

The specific heat capacity of MoS2 can be taken as 70 J/Kmol, using the heat capacity of
MoSe2 as a reference.27 Alternatively, if we use the Dulong-Petit law for high
temperature heat capacity of solids, we would have a value of 3R=24.9 J/Kmol. The
Dulong-Petit law would give a higher temperature rise. In the following estimate we use
the value of 70 J/Kmol.

The temperature rise can then be calculated as ΔT=E/(mC)=904K. With a room
temperature about 300K, the sample temperature is therefore estimated to be ~1200K.
The high instananeous power and temperature suggests that the local phase
transformation could be completed within a single pulse.
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Figure 4.6 Optical images of laser patterned MoS2.
Figure 4.6A, Figure 4.6B, and Figure 4.6C show step-by-step snap shots of writing a ‘+’
shaped 2H region in a 1T/1T’ flake. Figure 4.6D and Figure 4.6E demonstrate a MoS2
flake before(6D) and after(6E) conversion by the femtosecond pulse train. The right half
of the MoS2 flake in Figure 4.6E was converted to 2H phase. Figure 4.6F demonstrates
the feasibility of using pulsed laser induced phase conversion as a new form of
photolithography. The letter CU was written on the MoS2 flake at a resolution slightly
smaller than 1um.

Figure 4.6 demonstrates the capability of direct laser writing in generating in-plane
heterostructures of MoS2 polymorphs. Indeed we observed facile conversion from 1T/1T’
to 2H phase under the femtosecond pulse train, confirmed by Raman spectroscopy. This
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phase change can be readily visualized under white light illumination, as the optical
reflection spectra of 1T/1T’ phase and 2H phase are qualitatively different. Figure S4
shows the optical reflectance spectrum of pristine 2H MoS2 and lithiated 1T/1T’ MoS2.
The 2H phase shows excitonic features in the reflectance where the photon energy
matches the direct transitions at K point. The 1T/1T’ phase reflectance is largely flat and
featureless. The 1T/1T’ phase reflectance is lower than 2H phase across the optical range
of our measurement. These differences explain the visual contrast readily observed
during our photolithography demonstration with the femtosecond pulsed laser. The
reflectance value of 1T/1T’ phase is also used in estimating sample temperature rise
during a single pulse.
A 1T/1T’ to 2H heterojunction spanning a single MoS2 flake can be easily fabricated,
shown in Figure 4.6D and Figure 4.6E. Well defined geometry would be crucial in
studying the intrinsic behaviors of the 1T/1T’ to 2H heterojunction. More sophisticated
patterning can also be achieved, evidenced by Figure 4.6F. Combining pulsed laser
elicited phase change and laser ablation, we could envision an easy fabrication of
monolithic circuit, consisting of semiconducting and metallic elements with desired inter
connections, out of a single MoS2 flake/domain.
We note that under the high photon flux of a femtosecond pulse, the sample is under
highly non-equilibrium conditions. Thermal energy has been established to drive the
phase transformation under equilibrium or steady state conditions. We cannot rule out,
however, other processes’ contribution to drive the structural change when MoS2 is
significantly out of equilibrium. The effects of high photon flux and high levels of
electronic excitation will be investigated in further studies. It should also be noted that
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the TMD family exhibits a variety of polymorphs, and structural transformation upon
strong charge transfer doping is not limited to MoS2. We envision this laser annealing
lithography contribute to advancing applications of transition metal dichacogenides in
fields related to charge transport, charge separation, as well as nano- and molecular-scale
electronics.

4.4 Conclusion
In summary, we optically elicited the structural transformation from 1T/1T’ MoS2 to 2H
MoS2, and followed the kinetics with in situ micro Raman spectroscopy. The activation
energy measured based on the temperature dependence of kinetics is (38±6) kJ/mol or
about (400±60) meV. Quantitative knowledge of the energy barrier allows better
understanding and control of MoS2 polymorphs. We have demonstrated facile direct laser
writing to be a practical and promising method to control the local crystal structure and to
generate in-plane heterostructures in MoS2 on demand.
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Chapter 5 The interaction of Li with few-layer and single-layer MoS2

5.1 Introduction
Single layer MoS2 is a new form of direct gap semiconductor.1 In bulk MoS2, the band
gap is between the top of valence band at gamma point to the bottom of conduction band
between the gamma point and the K point, making it an indirect gap semiconductor.
When the interlayer coupling is removed by exfoliation down to the atomic thickness, the
indirect band edges move away from each other. This leaves the direct transition at K
point to be the smallest energy transition.
The direct gap single layer MoS2 has attracted much attention in hopes to invent novel
devices such as atomically thin field effect transistors2,3 and photovoltaic cells4. Several
issues need to be addressed before the realization of these ideas. The contacts between
external circuits and the active MoS2 channel needs to be optimized to reduce the
possible barriers for charge injection. Junctions between MoS2 and other semiconductors5
need to be investigated to achieve good understanding of the operation of these 2D
semiconductors. These issues are non-trivial and rich in good scientific problems.
Bulk MoS2 exhibits several different polymorphs. The single layer MoS2 is extracted
from the thermodynamically stable 2H phase, where the Mo atom is coordinated in a
trigonal prismatic geometry by S atoms. One of the other commonly observed MoS2
polymorph is 1T MoS2. In the 1T phase, Mo atom is coordinated by S atoms in an
octahedral geometry. 1T phase can be induced from the 2H phase by strong electron
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doping, commonly done with alkali metal and organometallic intercalation reactions. In
plane coherent heterostructures has been observed in MoS2 between 2H and 1T phase.
This kind of boundaries and junctions could be a promising candidate in solving some of
the aforementioned issues. The 1T phase MoS2 could be a natural and complementary
component in the development and applications of 2D materials. This chapter presents
the effort in understanding the structural change and properties of lithiated single and few
layer MoS2.
5.2 Experimental methods

Sample preparation
Exfoliated MoS2 samples were prepared with the scotch tape method similar to previous
chapters. The single and few layer flakes were identified and located under an optical
microscope. The thickness was determined and confirmed by Raman spectroscopy6, as
well as optical reflectance contrast spectroscopy and photoluminescence spectroscopy1.
Chemical Vapor Deposited (CVD) MoS2 samples were also used in this study, whose
large size facilitates lithography and spectroscopical characterizations. The preparation
and characterization of CVD MoS2 samples were previously reported.7
Lithiation mask fabrication
The standard E-beam lithography resist PMMA 950 was used as the material of lithiation
mask. The PMMA was spin coated on the substrate at 3000 rpm, and then baked on a hot
plate at 180 oC for 2 minutes. Its stability against n-butyllithium was tested by immersing
the PMMA thin film on an empty SiOx/Si substrate in n-butyl lithium solution overnight.
No change was observed, when inspected under the optical microscope after the control
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experiment. E-beam lithography was applied to open defined windows on the MoS2
sample to allow n-butyllithium access.
Lithiation was carried out in a similar manner as the chemical intercalation experiments.
All lithiation steps were carried out in a glove box whose oxygen and water content were
kept below 1ppm. Samples were immersed in the hexane solution of n-butyllithium
overnight to ensure completion. After the reaction samples were removed from the nbutyllithium solution and washed gently with hexane. Samples were transferred outside
the glove box and immersed in isopropanol to gently wash away ionic residuals. Samples
were then blown dried. We found that water is not compatible for washing single layer
MoS2, as almost all single layers were removed even by gentle washing.
Raman spectroscopy was performed with the home-built confocal micro Raman setup,
similar to previous chapters. Photoluminescence spectroscopy was measured on the same
setup with modifications of the optical path. 514.5nm line from the Ar ion laser was used
as the excitation source. The laser line was cleaned by a laser line filter to suppress the
plasma lines from the laser cavity. While the band pass filter works well for Raman
spectroscopy purposes, it transmits certain plasma lines sufficiently far away from the
center band.
Photoluminescence spectroscopy and reflectance contrast spectroscopy were carried out
in procedures described by previous chapters.
Optical second harmonic generation (SHG) experiment was performed following
previously published work.8 Briefly, a mode locked Ti:sapphire laser was used as optical
pump. The output was about 90 fs pulses at an 80 MHz repetition rate, centered at about
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810 nm. The pump beam was focused onto the sample with a 100x objective. The signal
was collected by the same objective and filtered to remove the reflected pump photons.
The SHG signal was dispersed by a spectrometer onto a thermoelectrically cooled CCD.

5.3 Results and discussion

Photoluminescence quenching

Figure 5.1 Photoluminescence spectra of 1L and 2L MoS2 before and after lithiation.

Figure 5.1 shows the photoluminescence spectra of single layer MoS2 before and after the
reaction with n-butyllithium. Before lithiation, Luminescence from photogenerated A and
B exciton is very strong. After lithiation, the luminescence is completely quenched,
leaving a flat baseline.
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Optical reflectance contrast bleaching

Figure 5.2 Optical reflectance contrast spectra of 2L and 3L MoS2 on quartz substrate.

Figure 5.3 Optical reflectance contrast spectra of 1L and 2L MoS2 on SiO2/Si substrate.

Figure 5.2 and Figure 5.3 shows the reflectance contrast spectra of a single layer, bilayer
and trilayer MoS2 samples before and after the reaction with n-butyllithium. Reflectance
contrast spectra of thin film samples taken on semi-infinite transparent substrate can be
directly converted into absorption. Thus from Figure 5.2, one can see that all excitonic
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features are quenched in MoS2. The band edge absorption corresponding to A and B
excitons are prominent before lithiation. These two features are totally bleached after
lithiation. The reflectance contrast spectra in Figure 5.3 were taken on a Si substrate with
285 nm SiO2 layers. The interference resulting from the thin film stacks made the
conversion between contrast and absorption a non-trivial task. However, changes in
excitonic feature can still be readily observed in 1L and 2L MoS2.
Raman quenching

Figure 5.4 Raman spectra of 1L and 2L MoS2 before and after lithiation.

Figure 5.4 shows the Raman scattering of a single layer and bilayer MoS2 sample before
and after the reaction with n-butyllithium, excited with 514.5 nm line from an Argon ion
laser. Before lithiation, the characteristic E and A modes of single layer MoS2 are
prominent. Higher energy combination modes are also observable. After lithiation, all
modes existing in the semiconducting MoS2 sheet are quenched, leaving only a flat
background. Silicon Raman mode at 520 cm-1 can serve as an internal standard to
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illustrate the strength of quenching. Similar quenching behavior has also been observed
with the 633 nm line from a He-Ne laser.

Figure 5.5 Raman spectra of lithiated 1L, 2L, and bulk MoS2.

Despite the strong quenching, Raman modes are still observable in the lithiated single
layer MoS2. Weak modes are observed using much longer integration time and avoiding
the much stronger Si mode. Figure 5.5 shows the Raman spectra of lithiated 1L, 2L, and
bulk MoS2. Figure 5.5A displays Raman spectra collected with the edge filter normal to
the collected light, which is the standard position for Raman spectroscopy. For 1L and 2L
MoS2, at around 374 cm-1 and 404 cm-1, weak modes are observed, whereas in bulk MoS2
no such modes are visible. At around 202 cm-1, bulk and 2L MoS2 displays a new mode,
corresponding to the intercalant mode according to previous report9. There is another
intercalant mode at about 153 cm-1, which is cut off by the edge filter. The interference
filter’s spectral edge position and optical density is angle dependent. By tilting the
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interference filter, we can expand the spectral range further down towards the low energy
region, at the cost of less optical density. Figure 5.5B shows the Raman spectra collected
with the interference filter tilted. The mode at 153 cm-1 was indeed observed, in
agreement to the literature and confirming its nature of intercalant vibration.
Intercalant modes
We observed new bands at 153 cm-1 and 202 cm-1 corresponding to the Li intercalant
modes in bulk and down to bilayer MoS2, but not in single layer MoS2. This suggests that
Li intercalation occurs in bulk and few layer MoS2 down to the bilayer limit. While single
layer MoS2 has shown a similar behavior in reflectance and Raman quenching, the Li
ions does not form an ordered structure as in the case of bulk and few layer samples. This
can be expected as the host lattice stabilization of the Li counter ions is greatly
diminished in the single layer limit.
E and A modes
In freshly prepared samples, we observed E and A modes at about 374 cm-1 and 404 cm-1,
in single and bilayer MoS2, but not in the bulk MoS2. It is possible that the strong
interactions between Li ion and MoS2 sheet need to be stabilized by the bulk of host
lattice. As MoS2 stack becomes nearly atomically thin, the ratio of surface layers to
interior layers becomes significant, lowering the stabilization. Bulk samples provide
better stabilization than samples as thin as bilayer and single layer MoS2. Thus we
tentatively attribute the appearance of residual E and A modes to the limited extent of
charge transfer doping in the few layer and single layer MoS2.
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Raman modes shifting
The residual E and A modes in single layer and bilayer MoS2 are shifted in their energy
compared with pristine MoS2. The E mode is at about 374 cm-1 and the A mode is at
about 404 cm-1. Interestingly, this shifting behavior is in stark contrast to the phonon
softening behavior of electrochemically gated MoS210. In that previous report, symmetry
of the E and A modes and the lattice explained the softening and broadening of A mode
and the insensitivity of E mode. Our observation of the opposite behavior suggests that
the symmetry of the lattice is no longer the same as that of the pristine lattice. The Raman
mode shifting behaviors are summarized in Table 5-1.
Table 5-1 1L MoS2 Raman modes position

Pristine

nBuLi

Down shift

Top gating

E2

384.45

374

10.45

0.6

A1

403.34

404.4

-1.06

4

unit: cm-1

We can elicit the structural change back to 2H phase by thermal annealing or laser
annealing, similar to the case in bulk and few layer MoS2. Figure 5.6 shows the Raman
spectra of thermally annealed single layer MoS2. The recovery of 2H phase Raman
modes indicates that the reaction of single layer MoS2 with n-butyllithium is not totally
destructive to the intralayer bonding. The 2H phase crystal structure is
thermodynamically stable and could be restored given enough energy, which is similar to
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the case in bulk and multilayer MoS2. However, we do note the difference in the
recovered Raman spectra between single layer and bulk MoS2. The Raman modes in
thermally annealed single layer MoS2 exhibit much larger line width than that of the bulk.
This suggests that the crystallinity of the restored 2H phase is more reduced, possibly in
terms of domain size and/or atomic vacancies.

Figure 5.6 Raman spectra of thermally annealed MoS2
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SHG of reacted sample

Figure 5.7 SHG of patterned CVD 1L MoS2 after lithiation

To probe the structural change in the reaction and annealing process, we carried out
second harmonic generation experiments on single layer MoS2 after lithiation and after
annealing. The continuous film of CVD MoS2 is covered by an e-beam lithography
defined mask. We tested the stability of PMMA and found it can withstand the nbutyllithium solution. We used PMMA as the mask on MoS2 and opened windows for nbutyllithium exposure. Figure 5.7 shows the results of second harmonic generation from
single layer MoS2 protected from and exposed to the lithiation reaction. The protected
region shows strong SHG signal, albeit with a visible variance across different sample
spots. The exposed region shows a much weaker but still discernible SHG signal with a
higher background.
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It has been shown that the 2H to 1T phase transition could nucleate from a so-called
alpha phase boundary, and grow with the propagation of beta and gamma phase
boundary, from a recent STEM study in a model system of Re doped MoS2.11 This
mechanism provides insights in understanding the polycrystallinity of chemically
converted 1T phase in MoS2. In an intercalated sample, Li-MoS2 behaves as a solid
solution. Upon reaching a critical Li concentration, the nucleation occurs randomly in the
MoS2 basal plane and crystallites grow thereafter. Initial nucleation density eventually
limits the crystalline domain size, as crystallite boundaries ultimately meet and stop
propagation. In this nucleation and growth process, 2H phase could be trapped in the
midst of 1T domains. In support of this picture, it is known experimentally that MoS2
might not be fully converted from 2H phase to 1T phase.12,13
Having lost the inversion symmetry, the 2H phase single layer MoS2 is bright in second
harmonic generation. The 1T phase, however, has inversion symmetry within a single
sheet, and thus is silent in second harmonic generation. In the 2H to 1T conversion
process, the second harmonic intensity decreases with the 2H phase content. At the end of
the reaction, only small 2H domains well separated by the 1T matrix remain SHG active.
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SHG of annealed sample

Figure 5.8 SHG of patterned CVD 1L MoS2 after lithiation and thermal annealing

To probe the process of 1T to 2H conversion, we annealed the sample and measured the
SHG signal. The annealing was carried out in a tube furnace at 180oC under continuous
Ar flow. The temperature is limited by the stability of the PMMA film, thus the annealing
is likely to be partial. Figure 5.8 shows the SHG results of protected and exposed region
after annealing. The region protected by PMMA shows a consistently strong SHG signal,
whereas the exposed region exhibit SHG signal lower than that before annealing. This
further decrease of SHG signal agrees with the expectation of the polycrystalline picture.
Second harmonic generation is a coherent process. For the 2H domains trapped in the 1T
phase, they are well separated by the majority 1T phase and remain SHG active. For the
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annealed 2H phase, however, many small 2H domains become in contact with each other
and the coherence condition is no longer valid, resulting in a further lowered SHG signal.

5.4 Conclusion and outlook

In summary, we have shown that single layer MoS2 can react with n-butyllithium,
resulting in a structural change. Unlike multi layer MoS2, single layer MoS2 does not
support intercalation. The structural change is likely to be induced by strong charge
transfer doping associated with surface reaction. The photoluminescence and optical
absorption change upon lithiation is consistence with the emergence of metallic
behaviors. Raman scattering from the lithiated single layer suggests a structural change
occurs upon lithiation, changing the symmetry of the 2D sheet. The 2H phase can be
restored with thermal and laser annealing. The annealed MoS2 exhibits reduced
crystallinity, probably from the enrichment of grain boundaries and atomic defect sites.
To further the understanding of the polymorphs of MoS2, especially in its single layers,
several directions are currently being pursued.
A rigorous and comprehensive optical study is underway in an effort to understand the
intrinsic properties of 1T phase. The materials’ interactions with Tera hertz, infrared, and
optical photons reveal different aspects of the electronic and structural properties.
The structural aspect of the phase transition is worth exploring. Electron microscopy can
directly probe the structural change during the 1T to 2H phase transition. The structural
studies so far deal with mainly the materials under equilibrium or steady state conditions.

114

Atomically resolved measurement at a time scale relevant to the transient structural
change would be the ideal study of such a phase transformation. This experiment has
been proposed.
Last but not least, the 1T/1T’ phase and its boundary with the 2H phase could be valuable
in device fabrication and applications. Both Ohmic contact and Schottky barrier between
the 1T/1T’ and 2H phase has been envisioned, which makes the characterization of the
real 1T/1T’-2H heterojunction desirable.
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