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Summary

This thesis presents research in frontiers of Raman spectroscopy: the
magneto-Raman scattering of monolayer graphene on graphite and electrical field

tuning of magneto-phonon resonance (MPR) in graphene transistor.

Part 1. Understanding the electron beam (e--beam) irradiation and metal
deposition effects on the lattice of graphene would be helpful for our research work
on MPR in graphene transistor. Electron beam writing and metal evaporation are
common techniques to fabricate graphene device. No clear consensus about the
influence of electron beam irradiation on graphene has been reached yet and metal
deposition effect on the lattice of graphene would be something new and interesting.
We have carried out a detailed Raman study on the influence of medium energy
electron irradiation on monolayer graphene. Raman D band can still be observed in
monolayer graphene after lithography process because most of the accelerated
electrons can penetrate the resist and interact with the graphene and substrate. We
have investigated the effects of metallic contact deposition, such as the widely
adopted titanium and gold on the lattice structure of graphene through Raman
measurements. These findings could be valuable for further development of processes

in the fabrication of graphene-based devices.

Part 2. Previously, the experimental observation of MPR had very different

degrees of success in samples with different qualities, and many theoretical issues




remain unsettled. High quality monolayer graphene has been identified on the surface
of graphite substrate and it shows a clear MPR which is induced by an intense mixing
of the G phonon and the Dirac fermion magnetoexcitons. In the most pronounced
MPR region at ~ 4.65T, three sub-modes (G,, G_ and G, modes) of the G band
are observed. These three special modes are attributed to: (i) the coupling between the
G phonon and the magneto-optical transitions, which is responsible for G, and G_
and can be well described by the two coupled mode model and (ii) the magnetic field
dependent oscillation of the G, band is newly explained by the G band of graphite
modified by the interaction with G, and G_. Comparing to previous reports, we
give a thorough experimental and theoretical discussion of MPR in graphene on
graphite sample. Our experimental and theoretical findings must be helpful for the
research communities to investigate new fundamental properties of graphene and

other two-dimensional (2D) systems.

Part 3. The doping level or filling factor of graphene is expected to drastically
affect the MPR behavior. To date, only a few related experimental works have been
reported and more investigations on this subject are needed. We have conducted
magneto-Raman measurements by sweeping relatively low magnetic fields in
mechanically exfoliated monolayer graphene under different situations: (1) fabricated
as field effect device and electrically tuned to fixed doping levels; (2) supported on
SiO,/Si substrate; (3) suspended. We have found that the MPR effect involving
LL;? transitions appears when the filling factor is near zero while it disappears

when the sample is highly doped due to Pauli blocking. Suspended monolayer
VI



graphene sample shows the clearest MPR oscillation among our studied samples,
indicating the importance of sample quality. This work offers a way to study the MPR

of materials through magneto-Raman with external electrical field.

VII
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Chapter 1 Introduction

Chapter 1 Introduction

1.1 Introduction to graphene
Graphene is a two-dimensional material which is made of hexagonally arranged
carbon atoms. It attracts much interest due to its fundamental physical properties and

potential applications [1].

Graphene is found to be a semimetal material which has a zero band-gap between
its conduction band and valence band around the six corners of the hexagonal
Brillouin zone due to its unique crystal structure. Graphene shows many new
fundamental properties like half-integer quantum hall effect, room temperature
quantum hall effect and ballistic transport based on its special electronic structure
[2-4]. There are still many interesting physical phenomena to be studied in graphene
as it provides the two-dimensional playground. Graphene is also a wonderful material
that possesses many excellent properties like good thermal conductivity, strong
intrinsic strength and high transparency [5-7]. Potential applications for grapghene are
expected based on these properties. Pioneer works gave tries to make graphene into
transparent electrodes, single molecule detector and high frequency transistors in
recent years [8-12]. New applications of graphene are popular topics in the research

field.

The Nobel Prize of Physics in 2010 was awarded to Professor Andre Geim and

Professor Konstantin Novoselov for their ground-breaking study on graphene. The
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award could be seen to acknowledge the promise of graphene to revolutionize the
electronics industry and the potential applications based on its outstanding properties

like light weight and strong intrinsic strength.

1.2 Electronic band structure of graphene

The electronic band structure of graphene could be derived from its crystal
structure. Graphene is made up by hexagonal arranged carbon atoms as shown in
Figure 1.1a. Each unit cell contains two carbon atoms. The lattice unit vectors can be
written as:

a; = %(32 +V39), ay= ;(32 —V39) (L.1)

Here, the nearest distance between carbon-carbon atoms is a~1.42 A
The reciprocal lattice of the graphene is shown in Figure 1.1b and the unit vectors
can be known as:
21 . ~ 2T ~
by = —(ky +V3k,), by =—(k,—3k,)) (1.2)
3a 3a
Highly symmetric points of the first Brillion zone (BZ) are also shown in Figure
1.1b. I" point is the zone centre. K and K’ points, which are not equivalent, are at the

corners of the BZ. M point locates in the middle of K and K’ points.
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Figure 1.1 (a) Lattice structure of graphene. (a; and a, are the lattice unit vectors) (b)
The reciprocal lattice of graphene (corresponding first Brillion zone). K and K’ are
Dirac points. 7"and M are another two high symmetry points (b; and b, are reciprocal
lattice unit vectors).

Each carbon atom contains six electrons on its electron orbitals. Two of the
electrons are on the 1s orbital and the other four are on 2s, 2p orbitals. Every carbon
atom in graphene is connected to three nearest ones to form the bonds. The 2s, 2py,
2py orbitals hybridize to form the sp? hybrid orbitals (6 and o* bonds) when forming
bonds. The 2p,orbital forms m and m* orbitals. Four valence electrons only occupy

o and m bands in electrical neutral graphene.

The electronic band structure of graphene can be theoretically calculated by
tight-binding method. Considering that the electrons in graphene are able to hop from
one carbon atom to the nearest and the next nearest ones, the Hamiltonian can be
written as [13]:

H=—t ) (alboy+Hc)—t' ) (afan+blbg+He)  (13)
o o
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Here, t is the nearest-neighbour hopping energy and ¢’ is the next nearest-neighbour

hopping energy.

Derived from tight-binding method, the energy bands have the form [13]:

E. (k) = +t/3 + f (k) — t'(k),

f(k) = 2 cos(V3kya) + 4 cos (? ky a) cos(; kya) (1.4)

Figure 1.2 Band structure of graphene calculated by tight-binding approach using
hoping energy t=2.7eV and t’=0.2t. Right side shows the zoom in image of band

dispersion around one of the Dirac points. (Adapted from Ref. [13]).

The calculated electronic band structure of graphene is shown in Figure 1.2. The
electronic band structures around K and K’ points show linear dispersion. It’s
experimentally demonstrated that the electrons and holes around the six corners of the
BZ behave as massless Dirac fermions [14]. Thus, the K and K’ points are also named

as Dirac points.
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1.3 Raman spectrum of graphene

Raman scattering is an inelastic scattering process of the incident laser light. It is
first reported by India scientist Raman, who was awarded the Nobel Prize in Physics

for his discovery in 1930.

Raman spectroscopy is proved to be a useful technique in graphene research field
to study its physical properties. For example, Raman study can be used to determine
the thickness of graphene layers [15, 16], to investigate the interaction of phonons and

electrons [17, 18], and to detect defects in graphene [19-21].

1,600 )
iTO /

1,400

%

= w
7= [N
S (=]
S S
T
|

} oTO
800 - -

Frequency (cm™)

600 |- LA -1

400 |- .

200 |- iTA 4

Figure 1.3 Phonon dispersion relationships in graphene. There are six phonon modes

(LO, iTO, oTO, LA, iTA and oTA modes) in graphene. (Adapted from Ref. [22]).

Phonon dispersion curve in graphene is basic and essential to understand the

Raman spectroscopy of graphene [21]. Based on the honeycomb crystal structure,
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where the unit cell contains two carbon atoms, graphene has six phonon modes. Three
of the modes are acoustic modes while the other three are optical modes. In-plane and
out-of-plane phonon modes are classified by the vibration direction parallel or
perpendicular to the crystal plane of graphene. Longitudinal or transverse phonon
modes are distinguished by the vibration direction (parallel or perpendicular to the
carbon-carbon direction). Therefore, the six modes (see Figure 1.3) can be assigned as

LO,ITO, oTO, LA, iTA, oTA phonon modes [22].

74
LLd

G'band
3 ﬂ
8 G band
=
=
(/)]
S D band
et
1200 1400 1600 2600 2800 3000

Raman shift(cm™)

Figure 1.4 Typical Raman spectrum of monolayer graphene which shows obvious D

band, excited by 2.33eV laser.

Raman spectrum of mechanically exfoliated monolayer graphene on SiO,/Si
substrate is shown in Figure 1.4 [23, 24]. Two fingerprint bands of graphene are G

band which locates around 1580 cm™ and G’ band locates around 2675 cm™. The
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excitation energy for the used laser is 2.33 eV. D band, locating around 1340 cm™,

will appear due to defects in graphene crystal structure [21].

The Raman scattering processes of G, D, and G’ bands are shown in Figure 1.5.
The G band is associated with the degenerated (iTO and LO) phonon modes around I”
point in the first Brillouin zone [21]. G band is a first order Raman scattering process
which means only one phonon was involved in the scattering process. On the other
hand, both D and G’ band are second order Raman scattering process [15, 25]. As
shown in Figure 1.5, scattering process of G’ band starts from the electron around K
point with wavevector k which absorbs a photon from the laser. Then, the excited
electron is scattered to a position which is at K’ point of the lattice structure by a
phonon (with wavevector q). Later, the electron is scattered back and recombines with
the hole at k state. This scattering process is called double resonance (DR) process
because two real electronic states are involved. D band scattering process is also a DR

process, in which one scattering process is due to defect while the other one is due to

phonon [25].

Figure 1.5 Schematics for Raman scattering processes of G, D and G’ bands in

monolayer graphene. (Adapted from Ref. [21]).
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1.4 Disorders in graphene

It is important to understand the defect effects in graphene because those defects
affect the sample quality and will affect the performances of graphene. Quality of the

graphene sample limits its use in both research study and device applications.

Energetic bombardments onto the lattice of graphene can generate defect like
vacancies [26]. Electron beam and hydrogen plasma are reported to be able to induce
defects in graphene [27, 28]. Raman D peak in graphene is sensitive to the existence
of defects in the lattice, thus, Raman spectrum can characterize the qualities of
graphene samples. As can be seen in Figure 1.6b, the Raman D peak can be observed
when the graphene device is exposed to hydrogen plasma. Intensity of Raman D peak
increases when the exposure time increases. However, conductance of the graphene
device decreases when the exposure time increases. It means that the defect scattering
in the graphene device affects the mobility of the carriers in the sample. Interestingly,
it is found that the intervalley scattering which is responsible for the D peak can set a
limit on the mobility in graphene [28]. Thus, it is possible to estimate the mobility of
graphene based on the Raman spectrum when the intervalley scattering dominates the

transport properties of graphene.
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Figure 1.6 (a) Conductance curves of graphene device under various hydrogen
exposures. (b) Raman spectrum of graphene device under different amounts of
hydrogen exposure. Curve in the same colour means the same hydrogen exposure.

Inset is the optical image of the graphene device. (Adapted from Ref. [28]).
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1.5 Phonons in graphene tuned by electric field

Typically, doping can affect the properties of samples by changing the electron
phonon coupling in the sample. The charge neutral point in graphene is commonly at
positive back gate voltages indicating the p-type doping of the sample when in
atmosphere. This p-type doping can be reduced when the sample is put into a high

vacuum environment.

Interestingly, the doping effect tuned by electric field in graphene can be monitored
by Raman spectroscopy. This enables Raman spectroscopy to investigate the doping
situation in graphene. The electrical tunable electron-phonon coupling effect in
graphene has been experimentally demonstrated [17, 18]. As shown in Figure 1.7a, G
band width changes with Fermi energy. The G band width shows a maximum at the
charge neutral point due to the large phonon decay. When the sample is highly doped,
the high Fermi level blocks the decaying of phonon into electron-hole pair. Similarly,
the energy of the G phonon shows a minimum at charge neutral point. The energy of
G phonon decreases when the interaction of the phonon and electron hole pairs
increase. When the doping level is high enough (Figure 1.7f), the interaction between
phonon and electron hole pairs will be blocked. lon gel which has a large capacitance
is demonstrated to be a proper material to tune the electron-phonon coupling in
graphene. Trends of G band width and frequency as a function of doping level were
found to be similar as the back gate method through this top gate method [17]. Thus,

the charge neutral point of one graphene sample can be monitored by Raman spectra.

10
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Figure 1.7 G band width and energy as a function of Fermi level of the graphene
shown in (a) and (d), insets are Feynman diagrams for the electron phonon coupling.
(b) broadening of G phonon due to decay into electron hole pairs (c) decay of G
phonon forbidden due to high Fermi level of the graphene. (e) G phonon energy
renormalization (forbidden) due to interaction with electron hole pairs. (f) G phonon

energy renormalization forbidden due to high Fermi level of the graphene. (Adapted

from Ref. [18]).
1.6 Phonons in graphene under magnetic field

Landau levels (LLs) will appear when the graphene is under a magnetic field which

is perpendicular to its lattice plane. Magneto-phonon resonance is an effect which

11
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occurs when the phonon energy of the material equals to the separation between
Landau levels. The physical nature of this MPR can be understood that the possibility
of phonon-electron interaction will sharply increase when MPR occurs [29]. Thus, the
energy and lifetime of the specific phonon could be dramatically affected when MPR
happens. MPR was predicted and experimentally observed in early 1960s by Firsov et
al.[29]. Many experiments were carried out on MPR effect of semiconductors since

its discovery [30-32].

Phonons in graphene would be affected through MPR effect. MPR in graphene is
theoretically predicted to occur when the LL transition energy equals to G band
phonon energy [33, 34]. Electronic excitation is often used to describe the transition
between LLs [35]. According to the selection rule, only electronic excitations (n+1)
—-norn - n+l can have strong MPR because that these excitations have the same
symmetry as that of the G band phonon (E, symmetry) [33-35]. Coupled modes
should be observed and would have anti-crossing dispersion [34]. As shown in Figure
1.8b, without MPR, the G phonon energy is stable and indicated by the horizontal
dashed line. The LL transitions can be Raman active and their energy evolves with
magnetic field. Without MPR, the energies of LL transitions as a function of magnetic
field are shown in dashed line which crosses the horizontal dashed line. However, due
to the MPR, the coupled Raman modes will show anti-crossing behaviour as indicated

by the solid lines.

12
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Energy in units of ®

Magnetic Field [T]

Figure 1.8 (a) Inter-band electronic transitions which can couple to G band phonon
have two different circular polarizations. (b) Calculated coupled modes dispersion of
G band phonon and electronic excitations with the evolution of magnetic field.

Energy( @) is in units of the G band phonon energy. (Adapted from Ref. [34]).

1.7 Recent studies on magneto-Raman scattering in graphene

MPR in both epitaxial grown graphene and graphene on graphite surface have been
experimentally observed recently [36, 37]. MPR effect was experimentally observed
on epitaxial grown multilayer graphene on SiC substrate by Faugeras et al. in the year
2009 [36]. Then more obvious anti-crossing dispersion of the two coupled modes of G
band phonon and electronic excitation was observed by Yan jun et al. [37]. It was
suspected that only some selected areas on graphite have pronounced MPR effect [37].
Furthermore, subsequent experimental results support that these selected areas are
special areas which are called graphene on graphite (decoupled monolayer graphene

on the graphite surface, also found by scanning tunnelling microscope) [38-40].
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Notably, electronic excitations (Figure 1.9a) which are Raman active can be clearly
observed [35, 38, 39, 41]. Polarized Raman has been used to explore the origin of
these Raman active electronic excitations (Figure 1.9b) [38, 39]. Typical bulk graphite
which does not have graphene on its surface is also measured by Raman spectroscopy

in high magnetic field [39, 41].
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Figure 1.9 (a) Raman shift intensity of the graphene on graphite as a function of
magnetic field. (b) Polarized Raman to examine the Raman active electronic
excitations. (Adapted from Ref. [38]).

1.8 Motivation and organization of the thesis

Though magneto-phonon resonance in graphene has been demonstrated, unsettled

questions need more detailed experimental results for deeper understandings of this
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phenomenon. Knowledge about the electron beam irradiation and metal deposition
effects on graphene during device fabrication are helpful for our study on MPR in
graphene transistor, however, very few works reported on this topic and it needs
further investigation. Raman spectroscopy and electronic transport measurements are
powerful techniques to investigate the electronic structures of graphene. A custom
designed magneto-Raman system which is also capable to probe the in-situ transport
properties of the graphene has been developed to study magneto-Raman scattering
in graphene related system. Therefore, this thesis focuses on the electronic structure of

graphene under magnetic field and electric field probed by Raman spectroscopy.

The thesis is organized as follows:

Chapter 1 introduces the basic electron-phonon interaction in graphene and reviews

the current status on magneto-phonon resonance in graphene.

Chapter 2 shows the experimental techniques to prepare the graphene device and the

custom designed magneto-Raman system.

Chapter 3 mainly studies the electron beam irradiation and metal deposition effects on

graphene during device fabrication.

Chapter 4 focuses on the magneto-phonon resonance in “graphene on graphite”.
Mechanism for the triple splitting of the G mode is discussed. G; mode behaviour is

interpreted with a newly proposed model.
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Chapter 5 reports the magneto-Raman scattering in monolayer graphene transistor.
Electrical field tuning is experimentally demonstrated to switch on/off the

magneto-phonon coupling.

Chapter 6 includes the summary for these works from chapter 3 to chapter 5 and

proposes future works based on the results presented in this thesis.

16



Chapter 2 Experimental techniques

Chapter 2 Experimental techniques

2.1 Introduction

First of all, graphene samples are prepared by mechanical exfoliation method.
Optical microscope and Raman spectroscopy can be utilized to examine the thickness
of graphene based samples. Electron beam lithography and evaporation techniques
can be adopted for graphene based device fabrication. Transport measurements
characterize the electrical properties of samples. A custom designed Magneto-Raman
system can measure Raman spectroscopy of samples at low temperature with a high

magnetic field.

2.2 Mechanical exfoliation of graphene onto SiO,/Si substrate.

Mechanical exfoliation and chemical vapour deposition (CVD) are widely used
methods for researchers to prepare graphene samples [1, 9]. Exfoliated graphene
samples are relatively used more often for fundamental physics study because they
often show better properties compared to CVD grown samples. CVD grown samples

have grain boundaries which are common to be observed [42].

Due to the weak interaction forces between layers of bulk graphite, it is possible to
get a monolayer graphene by mechanical exfoliation method. Typical monolayer
graphene sample is peeled off onto a SiO,/Si substrate (see Figure 2.1). Optical

contrast is a quick way to roughly identify the thickness of graphene [16]. Thickness
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of the oxide plays a role to make the graphene visible. According to the calculation
based on Fresnel theory, thickness values of oxide at 90 nm and 280 nm are most

proper for the visibility of graphene on SiO,/Si substrate under white light [43].

Monolayer graphene

7

15 pm

Figure 2.1: Optical image of one exfoliated sample which contains monolayer and

multilayer graphene. Monolayer graphene region is indicated by the red arrow.

2.3 Raman spectroscopy

Raman scattering is an inelastic scattering process of light. Inelastic scattering
process means that the incident light and scattered light have an energy difference.
The Raman shift is commonly used to express the energy difference. Raman shifts
observed by the Raman spectroscopy technique reflect the phonon modes of materials.
It can be a technique for the identification of materials because the existence of their
special Raman peaks. Currently, commercial Raman system often contains

components like laser sources, charge-coupled device (CCD) detector, and

18



Chapter 2 Experimental techniques

spectrometers and so on. The final laser spot hits onto the samples can be about 1 um

[16].

Raman spectroscopy is a powerful technique to examine the thickness of
graphene-based samples. It is a convenient and non-destructive way to confirm the
monolayer graphene sample. G’ peak in the Raman spectroscopy of monolayer
graphene can be fitted into only one Lorentz peak [15]. And the value of the G’ peak
width is typically about 30 cm™ for monolayer graphene. Shapes of the G’ peak of

multilayer graphene will be different from that of the monolayer.

2.4 Fabrication of graphene based devices

Monolayer graphene based field effect transistor (FET) is fabricated for research
study in this thesis. The purpose for us to fabricate the device is to tune the doping
levels of graphene by an electrical gate. With a simple two electrode configuration
device, we can characterize the electrical properties of the devices. Conductivity and
mobility of the sample can be extracted from the transport measurements. Here,

processes to fabricate the graphene-based devices would be introduced.

19



Chapter 2 Experimental techniques
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Figure 2.2: Schematic for the processes to fabricate graphene based devices.

First of all, resist is spin-coated onto the graphene sample. Polymethylmethacrylate
(PMMA, Micro Chem) is used as the resist and the spin speed for coating is 4000
round per minute (RPM). Sample with resist is then baked on the hotplate for 1
minute at 180 centigrade degrees. Electron beam lithography (EBL) is followed to
expose certain region of the resist [23]. Electron beam lithography is a maskless
lithography technique which normally can have high resolution. The size of the
exposed region can be as narrow as 1 um. The resist in exposed region is soluble in a
particular solvent. This process to remove the exposed resist is named “develop”.
Solution used for develop is methyl isobutyl ketone: isopropyl alcohol (MIBK: IPA)
solution with a volume ratio at 1:3. Optical image of graphene after develop process

can be found in Figure 2.3b. After develop, contact metals like Ti and Au are
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evaporated onto the sample. Typical thicknesses of contact metals can be 5 nm for Ti
and 60 nm for gold. After deposition, the sample with metals can be immersed into
acetone solution. This step is named “lift off”. The residual resist with metals
mounted can be taken away after “lift off”. As illustrated in Figure 2.2, a graphene

field effect transistor can be ready for measurements after “lift off”” process.

(a)

15pum

Figure 2.3 Optical images of the pristine graphene sample (a), with resist after
develop (b), graphene device (c). Dashed dots in (c) indicate the region contains

graphene between electrodes.

2.5 Transport measurements

A semiconductor characterization system (from Keithley, model 4200-SCS)
provides us the ability for the transport measurements. Electrodes of graphene based
FET transistor can be connected to the electrical meter by a probe station (see Figure
2.4a). For the graphene based devices, we can extract the conductivity, resistivity and

carrier mobility of the sample through electrical characterization.
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KEITHLEY JEPALIE

Figure 2.4 Optical pictures of the four-probe station (a) and Keithley 4200-SCS

parameter analyzer (b).

2.6 Magneto-Raman system

A custom designed Magneto-Raman system is developed to study the interaction

between landau level transitions and phonons in graphene [44].

The main components of conventional Raman system are: excitation laser source,
sample illumination and collection system, wavelength selector, detection and
computer system. Based on commercial Witec confocal Raman system, our
customdesigned system also includes a cryostat which can generate magnetic field up
to 9 T. A schematic image of the system is shown in Figure 2.5. It is worth to mention
that efforts would be spent during every experiment since the relative long optical

path for the laser should be optimized.

Solid-state laser source (Nd:YAG, 532 nm wavelength) provides a maximum
power of about 30 mW. Excitation and collection for the sample are accomplished by
back scattering geometries. Sample stage which is made of non-magnetic materials

consists of fine scan piezo actuator and coarse scan positioners. Grating
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monochromator is applied as the wavelength selector. Thermoelectrically cooled CCD
is used for signal collection. After optimizing the optical path for the excitation laser
in the system, laser spot size which illuminates sample can be as small as around 1
um. Superconductor magnet which can generate a magnetic field perpendicular to the
sample is mounted inside the cryostat. Low temperature at about 4.2 K can be fulfilled

by the liquid helium bath in the cryostat.

Electrical measurement can also be carried out with this system when the sample is

connected to the Keithley parameter analyzer.

Detector
(1
Laser % l )

Ti Tube

Lens
Magnet Sample

Piezo stage

4)

Figure 2.5 Schematic view of the magneto-Raman system. The system mainly contains

four parts: (1) the Raman system; (2) the cryostat; (3) the superconducting magnet
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can generate a magnetic field which is perpendicular to the graphene lattice; and (4)

the piezo stage.

Characterization works for the system were also carried out. Commercial
calibration grating sample (Anfatec-UMGO02) was used to test our system. Scanning
electron microscopy (SEM) image of the calibration sample is shown in Figure 2.6a.
The chess pattern structure makes it suitable for the lateral calibration. Confocal
Rayleigh mapping images at room temperature and low temperature are shown in
Figure 2.6b and Figure 2.6c, respectively. From these test results, it is concluded that

the spatial resolution can reach about 1 um for the system.

Figure 2.6 (@) SEM image of the sample. (b) Rayleigh mapping image of the
calibration sample at room temperature (~300 K). (c) Rayleigh mapping image of the
calibration sample at low temperature (~5 K).
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Chapter 3 Electron beam writing and metal

deposition effects on graphene

3.1 Introduction and motivation

Electron beam writing and metal deposition are commonly used processes during
the fabrication of graphene based devices [45]. Both electrons and metal atoms are
energetic and may have bombardment effect on graphene lattice during these
processes. The lattice of the graphene could be changed after the bombardment since
graphene itself is as thin as only one atomic layer. Physical properties of graphene,
like the carrier transport and thermal conductivity, may significantly alternate after

these changes.

No clear consensus about the influence of e-beam irradiation has been reached yet.
The influence of energetic irradiation of electrons on graphene properties were
investigated by many researchers in the community [27, 46-52]. Some interpretations
propose that the irradiation of electron beam transformed graphene into small
crystallite first and then into amorphous carbon [27, 47]. Some investigations
emphasize that e-beam irradiation may convert graphene into graphane through
reversible hydrogenation or make graphene partially hydrogenated with adsorbates
such as H,O [48, 51]. Some works mention that the e-beam generates mobile oxygen

from the underlying layer of SiO; [49, 50]. The oxygen could possibly induce

Major part of this chapter is adapted from Shen, X. et al., Nanoscale 2013, 5, 3352-3358. 25



Chapter 3 Electron beam writing and metal deposition effects on graphene

oxidation effect on the graphene layer. What’s more, in the real e-beam lithography
process, graphene is coated with a thin layer of e-beam resist. Graphene is not
exposed to the e-beam bombardment directly in this real case. Therefore, it is
meaningful to make further investigations for the understanding of the e-beam

irradiation phenomena in graphene systems during device fabrication process.

Metal deposition effect on the lattice of graphene is something new and interesting.
Beside electron irradiation, metal atoms during the physical evaporation process are
powerful and may damage graphene lattice more seriously than electrons during the
lithography process. There are mainly two reasons. First of all, metal atoms may carry
larger momentum because that they are much more massive than electrons. Secondly,
metal atoms are directly evaporated onto the surface of graphene to form contacts.
Metals (like Ti, Au) are commonly used for contact electrodes in graphene devices. It
had been reported that graphene is quite sensitive to the deposition of metals. The
metal deposition leads to the electronic doping and scattering in graphene [53, 54].
Although the doping effect of these metals on the electronic properties of graphene
has been known, however, detailed study of lattice variation after metal deposition is
still lacking and needs further investigation. The electron and metal-atom
bombardment effects on graphene in actual device fabrication processing were
discussed in this chapter, and these effects were mainly characterized by Raman

spectroscopy.
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3.2 Experimental results

3.2.1 Experimental details

Techniques including micro-Raman spectroscopy and atomic force microscopy
were adopted to study the effects of e-beam irradiation on pristine exfoliated graphene
in order to understand how the disorder is introduced in the material in detail. For the
experimental setup, a commercial WITEC CRM200 Raman system was used to
acquire Raman spectra. The solid state laser (wavelength at 532 nm, or energy at 2.33
eV) which is below 0.1 mW was adopted in order to avoid heat induced damage to the
graphene samples. The numerical value is 0.95 for the objective lens that was used in
the Raman measurements. The spot size can be about 500 nm in diameter in this
system. Atomic force microscope (AFM, Veeco-NanoScope V system) characterized
the surfaces of samples in tapping mode. AFM tips which possess tip radius smaller
than 10 nm came from AppNano (ACT-30). No flatten or smooth process was applied
to original AFM images. Electron beam irradiations were carried out in a dual beam
(electrons and ions) system from Zeiss (AURIGA series). Dose of the irradiation of
electrons can be controlled by the system equipped with an electron beam blanker.
The accelerating voltage is fixed at 20 kV. The probing current is at a constant value
of 20 pA. Electrical properties were measured by Keithley 4200-SCS parameter
analyzer. Drain-source bias voltage was fixed at 0.1 V for the gate voltage (V) versus

resistance(R) curve.

Major part of this chapter is adapted from Shen, X. et al., Nanoscale 2013, 5, 3352-3358. 27
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The graphene flakes were peeled-off from natural graphite by using scotch tape
method and transferred onto a silicon substrate with a 300 nm SiO, capping layer.
Typically, single-layer graphene (SLG) among the flakes are about 30-100 um? in size.
Locations of the graphene samples can be quickly examined by optical microscope

and thickness of the samples can be identified by Raman spectroscopy [15, 16].

3.2.2 Lattice properties of graphene after e-beam irradiation

Figure 3.1a shows the optical image of one representative SLG sample on SiO,/Si
substrate. The AFM topographic image and Raman spectrum of the sample are shown
in Figure 3.1b and 3.1c, respectively. Four regions (see in Figure 3.1d) with same size
of 3x3 pm?are exposed with diverse electron dosages of 0.03, 0.3, 3 and 30 nC/pm?,
indicated by red, blue, green and purple dash line frames, respectively. Under optical
microscope, two regions regarding to more severe irradiation (3 and 30 nC/pm ?)
could be clearly seen after electron beam irradiation. As shown in the AFM height
image of Figure 3.1e, height values of these two regions appear to be about 1.8 nm
and 3.4 nm, respectively. Raman spectra from the regions were taken and shown in
Figure 3.1f to further investigate the e-beam irradiation effects. D peak which locates
around 1350 cm™ is a fingerprint of disorder in graphene based materials. Even under
the smallest dosage value of 0.03 nC/umz, D peak still can be observed after e-beam
irradiation. The intensity ratio of the D peak and G peak is increasing from 0.05, 0.86
to 2.75 with the dosage values increasing from 0.03, 0.3 to 3 nC/um?. It implies that

more disorder was introduced into graphene lattice when the D peak intensity was

Major part of this chapter is adapted from Shen, X. et al., Nanoscale 2013, 5, 3352-3358. 28
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enhanced with the increase of electron dosage. D peak comes to be very broad and
partially merge with G peak when the electron dosage was as large as 30 nC/um?,
typically is a spectral feature of highly disordered or amorphous carbon. Results

shown above clearly prove that additional layers of amorphous carbon are deposited

on graphene.
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Figure 3.1 Electron beam irradiation effects on graphene. Optical (a) and AFM (b)
topographic images of one as-exfoliated graphene sample on SiO,/ Si substrate. (c)
Raman spectrum of the monolayer graphene. Optical (d) and AFM (e) topographic
images of the same sample after e-beam irradiation. Four squares of 3x3 pm? are
exposed to e-beam with dosages of 0.03, 0.3, 3, 30 nC/pm?, respectively. f) The

Raman spectra from the regions inside the four squares, and pristine graphene.
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Raman intensities are normalized intensities. (g-h) height profiles for the two lines in

(e), respectively.

Figure 3.2 Optical image of the sample after electron beam irradiation

Figure 3.2 shows the optical image of the regions where irradiated with electron
beam on the bare SiO,/Si substrate. Similar to graphene surface, after electron beam
irradiation, the region irradiated with 30 nC/pm ? exhibits obvious contrast under
optical microscope. Some authors claimed that e-beam bombards graphene flake into
crystallite and then into amorphous carbon [27]. However, in our experiments, the
amorphous carbon is mainly from the organic hydrocarbon vapor in vacuum chamber
and deposited on graphene surface by electron induced deposition. In order to confirm

our claim, the bare areas of 3>3 um? size on SiO,/Si substrate beside the graphene are
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exposed to e-beam with the dosage of 0.03, 0.3, 3 and 30 nC/pm?, respectively.
Formation of the square is believed due to the electron induced deposition of organic
hydrocarbon in vacuum chamber. Raman characterization was carried out on the
squares, and the Raman spectra are shown in Figure 3.3. As shown in the Figure 3.3,
Raman signals on square areas on bare SiO, are too weak to detect while the Raman
signal of G, D, and G’ band are detected on square area in graphene flake. Amorphous
carbon normally may generate D-peak. However, in our case, the amorphous carbon
on SiO, substrate does not exhibit any D peak in its Raman spectra (see Figure 3.3). It
may attribute to the little amount of the amorphous carbon. Therefore, the D peak
observed on square area in graphene sample should be due to the damaged lattice in
graphene. The presence of sharp G peak indicates graphene are not completely

transformed into amorphous carbon in spite of heavy damage.
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Figure 3.3 Raman spectra of amorphous carbon on substrate (red curve) and on
graphene (green curve). No D peak observed in amorphous carbon itself. Inset image

is the zoom in of the range from 1200 cm™ to 3000 cm™.

E-beam irradiation effects can be three-fold. First, it could be that energetic
electrons with high speed may break the bonds among the lattice structure in graphene.
Defects like Stone-wales defects or reconstructed vacancies can be induced by
powerful electrons in transmission electron microscopy (TEM). Carbon atoms in
graphene can be knocked away [26, 55]. It is calculated that the minimum energies to
introduce the Stone-wales defects and vacancies in graphene are about 5 eV and 8 eV,
respectively [56]. Thus, some works believe that carbon atoms are knocked away or

re-constructed in graphene [27, 47, 57, 58]. Secondly, disorder on the lattice system
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could be induced by the amorphous carbon layer which was deposited on the surface
of graphene. Not much attention was paid to this phenomenon in the previous works
on e-beam effects. Electron beam induced deposition is a well-known phenomenon
and has been studied in early times. Amorphous carbon films were deposited on the
substrate surface in the vacuum chamber due to the interaction of electrons and
organic contamination [59, 60]. Therefore, electron beam should induce foreign atoms
onto graphene surface. Large amount of irradiation would introduce relative thick
amorphous carbon film on graphene. When the dosage of electron beam reach to the
value of 30 nC/um?, obvious deposited amorphous carbon thin film could be seen
from the optical image (Figure 3.1d) and revealed in the Raman spectrum (Figure
3.1f). Similar to adsorbates that can make graphene to be partially hydrogenated, the
amorphous carbon films should also introduce defects [48, 51, 61, 62]. Thirdly,
different kinds of energetic ions (e.g. O, Si, Si*, Si**and Si**) can be generated from
the SiO; substrate when the energy of irradiated electrons are higher than 100 eV [63].
The ions with high energy induced by the e-beam irradiation would impact with
graphene and introduce defects into graphene lattice [64]. These three reasons
mentioned above could contribute to the generation of defects in graphene sample at

the same time.

Electron beam lithography is a technique which is broadly used for device

preparation. In the real lithography process, graphene samples are not directly
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exposed to the large amount of energetic electrons. Normally, one layer of e-beam
resist (PMMA) is on top of graphene surface. Two layers of resist were spin coated in
our work. One layer is 300 nm methyl methacrylate and the other layer is 150 nm
PMMA. Then square regions (3>3um?®) on graphene were exposed with electron
dosage of 0.004 nC/um?. Thus, the effect of the e-beam lithography can be tested after
development. Raman spectra were collected both before and after the lithography

process.

Figure 3.4a presents optical images of the as-exfoliated SLG and the same sample
after lithography and develop processes. Raman spectra are compared in Figure 3.4b
to see the change. Raman D peak can be clearly observed after the lithography
process in graphene. This means that defects in graphene still can be introduced by
the e-beam even when the sample is covered with two layers of resist. No D peak can
be detected on the regions without e-beam irradiation. The results are different from
the ones shown in a previous work [65]. Experiments on bilayer graphene (BLG) were
carried out for comparison. Optical images and Raman spectra can be found in Figure
3.4c and 3.4d, respectively. D peak is undetectable after the lithography process for
the BLG. This indicates that BLG is relatively more robust to the e-beam irradiation
compared to SLG. This can be possibly explained that BLG has a higher energy

barrier for the defect formation than SLG [66].

Amorphous carbon on the surface of resist can be taken away after develop process.

Therefore, the possibility for deposition of amorphous carbon onto graphene is
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extremely low in this case. Though two layers of resist covers graphene, the electrons
with high speed can pass through the resist and meet the surface of graphene [67, 68].
Interactions between energetic electrons and graphene sample are still there. The
interactions would include collisions among the electrons, graphene lattice and ions
which are generated from substrate. Defects would be possible due to these
interactions. The frequency of the G’ peak is red-shifted after e-beam irradiation. It
implies that the concentration of electrons in graphene increased after e-beam
exposition [17]. This allows the discrimination between electron and hole doping

based on the shift of the G’ peak.
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Figure 3.4 Electron beam lithography effect on monolayer and bilayer graphene

samples. (a) Optical images of the as exfoliated graphene (up) and the same sample
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coated with resist after develop process. The square regions were exposed to e-beam.
(b) Raman spectra of the SLG collected from the red and black spots in (a). The inset
shows the details of D peak for clarity. (c) Optical images of the pristine BLG and
BLG coated with resist after develop. The thickness of the resist and dosage of e-beam
are the same as for SLG. (d) Raman spectra of BLG collected from the green and blue

spots in (c). The inset shows the details of D peak for clarity.

3.2.3 Metal deposition effects on electronic structures of graphene

Metal evaporation is a necessary step for the contact formation to fabricate
graphene based devices after EBL process. Gold (Au) film combined with a relative
thin adhesion film like titanium (Ti) layer are widely employed in the fabrication
process of graphene transistor. We investigated the effects of depositing these metals
(titanium and gold) on the lattice structure of graphene. Electron beam evaporator is
the system to deposit these metals onto the surface of graphene. The thickness of the

coated metals films can be measured by a commercial crystal thickness sensor.

Figure 3.5a and Figure 3.5b are the optical images of the sample before and after
the deposition. One sample consisting of both SLG and BLG regions is prepared. Ti
layer with a thickness of 5 nm is coated onto the sample through electron beam
evaporation. Effects of depositing a thin Ti film on both SLG and BLG are examined
by the Raman spectroscopy. The Raman spectra collected are plotted in Figure 3.5¢

and 3.5d. No D peaks were detectable for both SLG and BLG after Ti thin film
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depositing. These results indicate that coating of titanium adhesion layer is almost
impossible to induce defects to the lattice of graphene sample. The phenomenon
might be understood that the kinetic energy of evaporated Ti atom is too low to break
the carbon-carbon bonds in graphene [69, 70]. What’s more, the frequency of G’ peak
shifts about 10 cm™ toward lower wavenumber after the Ti layer deposition for the

monolayer graphene.

Figure 3.5e shows the electrical characterization of the graphene transistor which
was prepared to study the influence of the deposition of Ti layer. From the transport
data, it is slightly p-type doped and the neutral point is at 3 V for the SLG device
before Ti deposition. However, the neutral point (NP) is at -25.6 V with Ti coating.
This NP shifting means that n-doping in graphene is induced after the Ti deposition.
Raman spectra from the graphene device were also collected. We found that D peak is
absent and G’ peak red-shifts after the deposition of Ti layer. The Raman results also
indicate n-doping of the sample after Ti deposition. Thus, findings from both Raman
and transport measurements are consistent. And these conclusions agree well with

previous reports [17, 53].

What’s more, Figure 3.5f presents the transport curves of bilayer graphene
transistor that were also conducted for the study on Ti deposition effect. The extracted
NP of BLG changed from 14.6V (p-doping) to -16V (n-doping) after Ti coating. From
this NP shifting result, Ti also introduces n-type doping in BLG. The n-type doping

can be explained by the charge transfer between Ti and graphene [71, 72]. Electrons
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from Ti are expected to be transferred to graphene because that the work function of

monolayer graphene (@graphene ~ 4.5 €V) is a bit larger than that of Ti (¢ri ~ 4.3 V)

[73-77].
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Figure 3.5 Ti deposition effects on monolayer and bilayer graphene samples. (a)
Optical image of pristine graphene sample consisting of both SLG and BLG regions.
(b) Optical image of the graphene sample with a 5 nm Ti thin film. The insets in (a)

and (b) show the schematic structures of the samples. (¢) Raman spectra of SLG
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before and after Ti deposition. (d) Raman spectra of BLG before and after Ti coating.
(e) Resistance as a function of back gate voltage for SLG device before and after Ti
deposition. (f) Resistance as a function of back gate voltage for BLG device before

and after Ti deposition.

Au layer were deposited onto the graphene surface by electron beam evaporation.
A hard mask (TEM Grid with the bar width of 10 um) was used to reduce the damage
[78]. Electrodes which are made of Ti/Au (5 nm/60 nm in thickness) are evaporated
onto graphene. There would be some spacing between mask and the substrate because
that some adhesive residues would be possibly sitting in between the mask and
substrates. The spacing could be about several micrometres. Due to the existence of
this spacing, those metal atoms would typically invade the spacing below the shadow
mask by about tens of micrometres. The impact of deposition of Au electrodes on
graphene was investigated by taking advantage of this atom invading effect.
Properties of the graphene samples after Au deposition were characterized by Raman

spectroscopy.

Figure 3.6a shows three different positions which are gradually away from the
contact metal in the optical image. The Raman spectra collected from corresponding
positions can be seen in Figure 3.6b. It is observed that the D peaks of SLG sheets

came out when they are close to the electrode. The intensity of D peak is larger when

Major part of this chapter is adapted from Shen, X. et al., Nanoscale 2013, 5, 3352-3358. 39



Chapter 3 Electron beam writing and metal deposition effects on graphene

monolayer sheet is closer to the electrode. Results from BLG can be seen in Figure
3.6d and Figure 3.6e. Similar conclusions can be obtained in the case of BLG. The
emergence of D peak is certainly ascribed to the deposition process of Au thin film
onto graphene because the deposition process of Ti adhesion layer does not introduce
detectable disorders to the lattice of graphene. Observation of Raman D peak after
direct gold depositing onto graphene has been mentioned in earlier reports [79, 80].
Au atoms should have higher kinetic energy than Ti atoms when they are evaporated

into the vacuum chamber of the evaporator.

The carrier mobility could be efficiently estimated through Raman measurements.
The integrated intensity ratio of D and G peak (Ip/lg), which indicates the intervalley
scattering rate of distributed disorder, is calculated for the analysis of the D band
observed after the electrode deposition. The average distance between the scatters in
graphene can be estimated based on the empirical formula. The crystallite size L, of

nanographene can be extracted by the result from Raman spectroscopy [58, 81] :

L, =(2.4x10™) 4 ('%3)l (3.1)

where A = 532 nm stands for the wavelength of the excitation laser. We found that L,
= 22.3 nm when Ip/lg = 0.867 (data of green spot in Figure 3.6a). Information about
the average scattering distance in the disordered graphene can be known form the
value of L,. It can be expected that L, equals to the transport mean free path | when

carriers are in the large-angle scattering case, although Raman spectroscopy at A =
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532 nm detects the scattering rates at the energy one order of magnitude larger than
the typical Fermi level in transport experiments [28]. For Dirac fermions in graphene,
carrier mobility can be written as [28]:

_|~6VF _ %1070 & qaclp/ y1
”_E—_(ZA 10 )EF ’UA) (3.2)

F

where ve~ 10° ms™ is the Fermi velocity and e ~ 1.610™° C is the elementary charge.
Suppose that the energies of the electrons and holes based on the energy of excitation
laser at A. = 532 nm, and both locate at the absolute value of Er = 1.17 eV when | =
L, = 22.3 nm. The value of carrier mobility can be acquired: p ~191 cm?V*s™. The
observation implies that the deposition of Au thin film may greatly reduce the quality

of graphene.

Figure 3.6¢ presents the resistance of the pristine SLG device as a function of back
gate voltage before and after Au deposition. The value of NP for the SLG device
shifted from its pristine 10 V to a value which should be larger than 30 V when the
device was coated with gold. This result implies that gold deposition can introduce
hole (or p-type) doping in SLG. Holes are transferred into the graphene due to the fact
that Au possesses a relative larger work function compared to graphene (@graphene ~ 4.5
eV and ¢a, ~ 5.1 eV) [75-77]. Carrier mobility of the graphene device can be

obtained according to below formula[82]:

R =R +; _ C ’Vg _VDriac

Total contact n=—————
Wegng? +n? | o (3.3)
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Where Ryota is the total resistance. L and W stand for the length and width of the
device, respectively. n represents the carrier density and ny means the residual carrier
concentration in the device. x is the mobility of the device. € = 1.15 X 10™*F/m is
the capacitance of the insulation layer (300 nm SiO,). The extracted carrier (hole)
mobility of the pristine SLG device is about 4200 cm?V*s™ and the value decreases to
568 cm®V's™ when the device is coated with gold thin film. From Raman result,
obvious Raman D peak was observed in the SLG device after Au deposition. The
carrier mobility can be obtained based on the integrated intensity ratio of D and G
peak of the graphene device [28]. Ip/lg = 0.282 corresponds to p ~ 582 cm?Vs™.
Interestingly, the carrier mobility extracted from Raman measurement agrees well
with the one obtained from transport measurement in the same sample. Transport
characterization for a BLG device is shown in Figure 3.4f. By analysing the result, the
hole mobility of the BLG device changed from 2426 cm?V*s™ to 616 cm®V's™ when

the device is coated with one Au thin film.
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Figure 3.6. Direct evaporation of Au can introduce defects to SLG and BLG. (a)
Optical picture of one graphene sample coated with Ti / Au electrode. (b) Raman
spectra of three locations of the SLG samples in (a). (d) Optical picture of the bilayer
graphene sample coated with Ti / Au electrodes. (e) Raman spectra of three locations
of the BLG samples in (c). The SLG and BLG areas are indicated by the dash-line
frames. (c) Resistance as a function of back gate voltage in SLG device before and
after Au deposition. (f) Resistance as a function of back gate voltage in BLG device

before and after Au deposition.

Figure 3.7c and Figure 3.7d show atomic force microscope (AFM) measurements
on both SLG and BLG samples (see Figure 3.7a and Figure 3.7b). Figure 3.7e shows
an AFM height image on an area which is away from the metal electrode. However, it
contains two regions (R1 and R2, R2 is closer to electrode than R1) which show
difference in surface roughness. Mean root squared roughness of R2 and R1 are
0.237 nm and 0.113 nm, respectively. The roughness difference in two regions can be
ascribes to the existence of metal atoms (Ti and Au atoms). Region 2 has a small
surface roughness and can be considered to be the substrate without metal atoms. It is
also observed that graphene surface roughness increases with the distance to the metal
electrode decreasing. AFM measurement results help to confirm the existence of the

metal atoms on the graphene surface after metal deposition by using a hard mark.
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(b)

Figure.3.7 (a-b) Optical images of the SLG and BLG samples. Red dashed squares
indicate the areas where AFM measurements were carried out. (c-d) AFM height
images of SLG and BLG samples, respectively. () AFM height image on an area
which is away from the electrodes. Region 1(R1) and Region2 (R2) show difference in

roughness.

3.3 Conclusions

We have carried out studies on the effects of electron beam irradiation and metal
deposition on graphene lattice during actual device fabrication processes. Both of
these two processes could introduce defects to graphene lattice. Severe electron beam
irradiation could induce the amorphous carbon deposition, which is often ignored in

previous works. In real EBL processing, the electron beam with high energy could
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directly destroy the lattice structure of graphene by knocking off carbons or enabling
the reaction between graphene and substrate. Bilayer graphene presents higher
stability under e-beam irradiation than monolayer graphene does. In the formation of
metallic contact, Ti could not introduce defects in graphene while Au remarkably
damage graphene lattice. These experimental findings reveal the influence of the
fabrication techniques on graphene lattice and could benefit for the optimization of

processes.
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Chapter 4 Magneto-Raman scattering of

monolayer graphene on graphite

4.1 Introduction

Graphene which consists of only one atomic layer of carbon atoms exhibits lots of
fascinating fundamental physical properties because its charge carriers behaves like
massless Dirac fermions [13]. Graphene sample with ultra-high quality is important
for many experimental studies based on fundamental physics in graphene. Particularly,
the high quality of graphene samples can be revealed by the long lifetime of the Dirac

fermions according to the narrow spectral widths of the Landau levels [37].

Width of the LL in graphene can be useful information to evaluate properties like
the degree of defects and sample quality. Quantized energy levels, which can be
named as Landau levels with Landau index n, will form when the graphene is under a
strong magnetic field perpendicular to its crystal lattice. Different measurement
techniques are developed to probe the LL width of graphene, such as magneto Raman
spectroscopy [37, 38], infrared spectroscopy [83, 84], scanning tunnelling
spectroscopy (STS) [40, 85, 86] and cyclotron resonance [87]. During those previous
works, different samples were used like pure graphene sheet which was found to be

decoupled from the graphite substrate due to the twist angle between the layers [88] or

* *
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become physically detached from the Bernal-stacked layers underneath [89, 90]
(hereafter we call this structure “graphene on graphite”) [37, 38, 40], or epitaxial few
layer graphene grown on SiC [84, 86]. For example, using infrared spectroscopy, the
LL spectral width of mechanically exfoliated graphene on a Si/SiO, substrate is about
40 meV [83] and of the non-Bernal-stacked ~ 100 layers of epitaxial graphene on SiC
is between 4 meV (at B =60 mT) and 10 meV (at B =4 T) [84]. However, using STS,
the LL widths of the decoupled graphene on graphite and in epitaxial graphene were

found to be ~ 10 meV [40] and ~ 1.5 meV [86], respectively.

Raman spectroscopy is a non-destructive technique and can be used in different
environments. At ambient pressure, it has been widely applied to characterize
nanocarbon materials [21, 91-93]. It is also developed to probe materials under
different environments or modifications like that the samples are exposed to an
external magnetic field [94-98]. The rich physics of graphene in the presence of
magnetic fields can be studied by the magneto Raman scattering [33, 34, 36-38].
Particularly, magnetophonon resonance will happen when the energy of the electronic
excitation for inter-LL transition (or named as magnetoexcitons) equals to the energy
of the G peak phonon (~196 meV) [99]. In monolayer graphene, the MPR effect has
been predicted to happen and show anti-crossing behaviour for the Raman G mode

[33, 34].
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Recently, several experimental works have confirmed the existence of MPR effect
in several kinds of graphene samples [36-38]. Through magento-Raman scattering
measurements, the collected Raman G peaks can be fitted into two peaks under
various magnetic fields in multilayer epitaxial graphene. One peak is magnetic
independent and the other shows obvious oscillations for both energy and width [36].
Based on Ando’s model, parameters can be extracted from simulation work. The
spectral width of LL in this particular sample is 90 cm™ (~ 10 meV). Jun Yan et al.
distinguished a region on the surface of exfoliated graphite which shows properties
similar as a monolayer graphene by MPR effect. However, the spot size of their laser
beam is ~ 80 um [37]. From their results, pronounced anti-crossing behaviour of two
coupled modes as predicted was observed when the magnetic fields were close to 5 T.
The strong interaction of the LL transitions and G band phonons in that sample give
rise to the anti-crossing behaviour. This width of LL level transition at 5 T for this
MPR is about 26 cm™ (~ 3 meV). Later on, Faugeras et al. developed a
Magneto-Raman system which is capable to have a laser spot as small as ~ 1 pum
while the magnetic field can be as high as 32 T. They did detailed investigation on
graphene-like domains on natural graphite and the LL width is found to be 25 cm™ (~
3 meV) for 2.8 T [38]. However, the interactions between LL transitions and G-band
spectral phonons would be enhanced when the LL width is very close to the intrinsic
spectral width of the G-peak (~ 10 cm™ = 1 meV). Thus, graphene samples which

possess higher quality compared to those reported ones in previous works are needed.
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In this chapter, our experimental set up enables us to do a Magneto-Raman
mapping on the surface of natural graphite with a laser spot as small as ~1 pum. At5 T,
graphene-like regions which decouples from the graphite substrate can be quickly
identified through Raman mappings before detailed MPR study. Specifically, a
domain performs like decoupled graphene was found after the mechanical exfoliation
process. Detailed information about the interaction of the magnetoexcitons and the G
peak phonons from this domain were revealed by a high resolution magneto-Raman
measurement. The LL spectral width from this domain is as narrow as 10.6 cm™ (~
1.3 meV). Eight traces of LL transitions crossing the G mode can be clearly
distinguished from the experimental observation. Those LL transitions can be
assigned to be both symmetric and asymmetric based on their energies under
magnetic fields. Those asymmetric LL transitions show strong MPR and anti-crossing
behaviour as expected. Particularly, for the LL transition from n = -2 to 1, the Raman
G peak unambiguous shows to be three peaks (G_, G, and G, ) over a certain range
of magnetic fields around B ~ 4.65 T. This phenomenon has been expected to exist
[37], but had not been resolved in earlier reports due to the large values of those
observed LL spectral widths. Detailed evolutions of the three resolved peaks in a
range of magnetic fields were shown by our observation. By doing simulation
according to existing theoretical models, we can quantitively study the interaction of
the LL transitions and G band phonons. What’s more, a new feature is found to be

magnetic field dependent. This is proposed to be understood by the coupling between
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magnetoexciton-phonons of graphene and the graphite phonons. Simulation work is
derived by using a driven harmonic oscillator model. The obtained results display a
new understanding of a phonon-phonon coupling between the decoupled graphene
layer and the graphite substrate mediated by magnetoexcitons. Therefore, this
magneto-Raman technique can be an important way leading to many body effects for

graphene or other 2D materials by studying their LL spectra.

4.2 Experimental results

4.2.1 Experimental details

Graphite samples (typically ~ 100 um in lateral size) were mechanically exfoliated
from natural bulk graphite onto a silicon substrate capping with a layer of 300 nm
SiO; by scotch tape method. A customer designed Magneto-Raman system was set up
[see Figure 2.5 in chapter 2] for the observation of the MPR effect on decoupled
graphene samples on graphite substrate at low temperature (~ 5 K) and in high

magnetic fields.

The wavelength of the laser is 532 nm (Nd: YAG, solid state laser). Power of the
laser was kept below 5 mW to avoid too much heat on the sample. Core diameter of
the single mode fiber to introduce the incident laser is 5 um. The focused spot size of
the laser can be as small as about 1 um in diameter after optimizing the optical path
for the Raman system. The multimode optical fiber which was used to collect

scattered light has a diameter of 50 um in core. The collected light signals went into a
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spectrometer which possessing a grating of 1800 grooves/mm. The CCD detector is
thermoelectrically cooled down. The excitation laser beam and the Raman signal were
linear polarized while not circularly polarized in our experiments, therefore signals
including both of the two circular configurations (co-circular and cross-circular) could

be simultaneously collected.

The tube which holds the sample is pumped to a high vacuum (about 1x10°
mBar) before cooling down. Little amount of helium gas was then filled into the tube
(final pressure was about 20 mBar) as media for heat transfer. Sample can be cooled
down to 4.2 K in the liquid helium bathed cryostat. A magnetic field which is
perpendicular to the surface of graphene up to 9 T can be generated by a
superconducting magnet. Coarse movements in X-Y-Z directions are capable. Fine
Raman mapping in a range within 30x30 pum? is available in the system with the help
of a nonmagnetic piezo stage. All the magneto-Raman scattering data were collected

when the temperature is about 5 K.

For the identification of the decoupled monolayer graphene on top of the
graphite, a commercial atomic force microscope was used. The environment of the
AFM was controlled to reduce the noise information which may be caused by the
water in the atmosphere. A saturated salt solution of lithium chloride was placed into
the AFM chamber which was sealed during the measurements. Thus, a low relative

humidity (RH) level of about 11% (%1%) was provided and maintained in order to
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enhance the detection sensitivity. The samples were characterized by using
MikroMasch DPE14 probes which normally have a resonance frequency of 160 kHz

and a force constant of 5.7 N/m in the acoustic alternating current (AC) mode.

4.2.2 High quality sample and triple splitting of G mode

Figure 4.1 (a) Optical image of several as exfoliated graphite samples on a SiO,/Si
substrate. After examining these samples, two of these flakes show prominent MPR
phenomenon, which are marked by solid/dashed black ellipses. (b) Optical image of
the graphite sample which is inside the solid ellipse in (a). The MPR results shown in
this chapter is measured from the red square region on this sample. (c) Raman
mapping images of the G band width at B = 4.8 T are combined with the optical
image. The colour scale showing the spectral width of the G band is on the right side.
Original (d) and “glowing edge” filter applied (€) optical images of the graphite

sample which is inside the dashed ellipse in (a). () Raman mapping images of the G
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band width at B = 4.8 T are merged together with optical image of the graphite flake

shown in (d).
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Figure 4.2. (a-c) Raman mapping images of the G band spectral width at B = 4.6, 4.8
and 5.0 T, respectively. The scanned sample area can be separated into three different
regions (marked by “R I”, “R II” and “R III”’) where the evolutions of the G peak
with magnetic field are different by blue and white lines. (d-f) Typical evolutions of
the Raman spectra in the range from 4.3 Tto 5.2 T in regions of R 1 (d), R Il (¢) and R

[11 (f). Dashed lines in (d-f) are guides to the eyes.

Figure 4.1 shows several exfoliated graphite samples which have been measured

for the magnetic field dependence of the G phonon mode. Graphite samples were

* *
Major part of this chapter is adapted from Qiu, C. ; Shen, X. etal., Phys. Rev. B 2013, 88, 165407. 53



Chapter 4 Magneto-phonon resonance in graphene on graphite

quickly examined for MPR by Raman mapping at B= 4.8 T. In this chapter, the
sample locates inside the solid ellipse in Figure 4.1a is regarded as a representative
sample for MPR study. Note that obtained experimental results can be well
reproduced in other samples. Figure 4.2(a-c) shows Raman mapping images of the G
band spectral width from the surface of this selected graphite at B = 4.6, 4.8 and 5.0 T,
respectively. According to the colour contrast, we distinguished this area into three
regions where three kinds of distinctive behaviours in the G band were found.

Boundaries of these regions are drawn by blue and white lines.

Figure 4.2(d-f) presents Raman spectra as a function of magnetic field in the range
from43Tt052TinR I, R Il and R Ill. The evolution of the Raman spectra in this
range can be explained by the interaction between G phonons and landau level
transitions (from n = -2 to 1 or from n = -1 to 2, denoted by L7%). As shown in
Figure 4.2d, the Raman spectrum at 4.65 T can be clearly fitted by three Lorentzian
peaks. Raman spectra are analysed and three peaks are labelled with G_, G, and
G, . The relative weak energy peak (G_ mode) locates at about 1520 cmtat43T
evolves like a satellite and gradually blue shifts and increases its intensity when it is
close to the resonant magnetic field of 4.65 T. When the magnetic field is larger than
4.65 T, the G, mode begins to move away from the G, mode and exhibits a rapid
decrease in intensity. In another region outside the black line and inside the white line
("R 11", Figure 4.2e), the G, mode is weak in intensity and shows like a shoulder-like

subpeak with a big spectral width while the G_ mode is strong in intensity and has
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clear mixing with the G, mode when the magnetic field is larger than 4.8 T. On the
other hand, in R 1l (Figure 4.2f), the G peak does not present obvious changes within
0 T to 9 T which is consistent with the earlier report [37]. The degrees of MPR can be
evaluated by the different maximum G band widths at 4.6 T: ~ 85 cm™ for R I, ~ 70

cm™ for R 11, and ~ 14 cm™ for R I11.

4.2.3 Assignment of Raman active LL transitions under magnetic field
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Figure 4.3. (a) Colour scale map of the Raman shift intensities as a function of

magnetic field measured from sample region R I. In (a): black dotted lines represent
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the symmetric LL excitations L

—n,n

(from —n to n); Red and blue lines stand for the
asymmetric LL transitions L7{%) . The red and blue dashed lines around 4.7 T are
simulation results as discussed below. (b) The schematic diagram of the discrete

Landau energies as a function of magnetic field for monolayer graphene. Vertical

lines indicate pairs of LL transitions that can resonant with the G-band phonon

possessing the energy of 0.196 eV. The L77  transitions include red dashed and
blue dashed lines represent the transitions from —n to n+1 (corresponding to the

Cross-circular  polarization —configuration o+/6—) and from —(n+1l) to n

(corresponding to the cross-circular polarization configuration o—/c+), respectively.

And the black lines stand for the L transitions (corresponding to the co-circular

n

polarization configurations c—/c— and o+/c+).

In Figure 4.3a, the magneto-Raman spectra intensities as a function of magnetic
field are plotted for the results measured from region R I. In the false colour image, a
clear horizontal line (yellow colour) locates around 1580 cm™ stands for the G band
phonon. Eight traces which cross the horizontal line can be assigned to different LL

transitions in monolayer graphene.

First of all, we consider the origin of those magnetic field dependent traces shown
in Figure 4.3a. Following the understanding in Ref. [35], these crossing traces are
assigned as the inter-LL transitions of Dirac fermions and including two different

kinds of series (Figure 4.3b). One of the series is the L, series (dotted black lines

n
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in Figure 4.3a) are attributed to the symmetric inter-LL transitions from -n to n.
According to the Raman selection rule, they can be measured by using the co-circular
polarization configurations (6—/c— and o+/c+) as excitation/detection light. These

purely electronic excitations are anticipated to be the most pronounced Raman active

inter-LL features [35]. On the other hand, the other L=0:"*!  series (red and blue lines

(n+1)n
in Figure 4.3a) are originating from the asymmetric transitions corresponding to
cross-circular polarization configurations (6—/c+ and 6+/6—), which contribute to the
obvious MPR effect emphasized in this chapter. The observed most pronounced MPR,
caused by the L7;7 transition about 4.65 T, will be discussed in detail later in this
chapter, and the simulated curves according to theory are plotted as the blue and red
dashed lines for the G_ and G, modes, respectively. What’s more, two traces

which cross the G phonon band at magnetic fields as low as 1.5 and 1.7 T have been

observed here and assigned to be the LL transitions L35 and L_,,, respectively. For
this assignment, by comparing the calculated resonant magnetic fields and observed
results (Table 1), traces of different LL transitions cross the G line can be well

assigned. When observed crossing magnetic fields B, agree with the calculated

resonant magnetic field values, the Fermi velocity o in this sample can be extracted

to be (1.0440.01)>10° m/s.
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In Table 1, all the resonant magnetic fields B for the 8 different transitions
calculated in this chapter are in excellent agreement with the observed values for the
resonant magnetic field for this graphitic flake. These LL crossings at resonance fields
are the main subject of this chapter. The resonance field values for all of the eight LL
crossings shown in Figure 4.3 can be extracted. The detailed derivation processes of

the resonance magnetic fields for these 8 crossings are shown below.

Table 1. The extracted resonance fields B, compared with the calculated values

No.

Observed 150T 1.70T 200T 230T 270T 340T 465T 7.00T

Calculated 151T 1.70T 195T 226T 274T 340T 465T 6.79T

-5-4 -4-3 -3-2 -2-1
-4-4 -3-3 -2-2 -1-1
Transitions  -4-5 -3-4 -2-3 -1-2

LL

Charged particles would move in cyclotron orbitals when they are in magnetic
fields. Thus, those charged particles can only occupy orbits with discrete energy
levels which are called Landau levels for two dimensional electron systems [4, 14, 24].

For massless Dirac-like electrons in monolayer graphene, the energy of LL (see
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Figure 4.3b and Figure 1.8a) dependents is proportional with magnetic field as JB,

and the square root of Landau index “n” as:

o Rug
B (4.1

1/2
e j 25.66
nm

Ble|) VB

where o, is the Fermi velocity for the sample, and I, —[

the magnetic length.

The electron-phonon coupling under magnetic fields results in a series of discrete
Raman features, which relate to the resonances we observed. When the energy of an
optically active inter-LL transition (magnetoexciton) is tuned to be equal with the Eyq
optical phonon energy at a certain magnetic field, the resonant coupling will be
strongly enhanced. This resonant coupling is the named as magnetophonon resonance.
Therefore, the resonant magnetic fields need to satisfy the MPR condition that the
energy of properly selected LL transitions of Dirac fermions is the same as the energy

of the G phonon (about 196 meV in our sample).

Concerning the selection rule which should satisfy the momentum conservation,
two series of magnetoexcitations are able to be detected by Raman spectroscopy:
L, With Ajnj=%1 (optical-like magnetoexcitations, corresponding to right

and left hand circular polarization) and L__ . with A|n| =0. At resonance, we have:

n,n

For LGS, AE, = (Wn+n+1)V2n0,( */_Gnm) 196meV , (4.2)
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JB

For L., AEn:(Zﬁ)ﬁhuF(ﬁnm):l%mev. (4.3)

where, B is a dimensionless value and the value of B is using the units of Tesla (T).
For a given n, the resonant magnetic field can be extracted according to Equations.

(4.1) and (4.2). It also determines the Fermi velocity o, to be (1.0420.01)<10° m/s

by the simulation work based on the observed B, values.

4.2.4 Two coupled mode fitting for the MPR

There will be strong coupling between phonon and electronic excitations when
MPR happens. Thus, it is necessary to adopt a coupled mode theory to analyze the
phonon and electronic excitations. Broadening parameters for phonon and electronic
excitations are introduced in this model. We will quantitatively analyse the G, and
G_ modes based on the two coupled mode model which is proposed by Goerbig et al.
[34] and Yan et al. [37]. In the two coupled mode, the G, and G_ features are
proposed to be due to the interaction between the G mode phonon and the LL

transition and can be described by following formula [37]:
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Figure 4.4. The theoretical fittings for (a) the frequency and (b) the
full-width-at-half-maximum (FWHM) measured based on the two coupled mode
model by using constant y, [Equation (4.9) shown below]. The red branch
represents the G, mode and the blue branch corresponds to the G_ mode. The
experimental data points of the G, mode are also shown as black dots here. When
the magnetic field is in the MPR region and for the coupled modes with strong

intensities, the simulated curves match well with the experimental data points.

&.(B)=2 +;)(B)+i7/e'|2'7g+\/£60(;Q(B);‘i(767/g)j +9(BY.

(4.4)

Where, the real and the imaginary parts of @, denote the energy and the half width
at half maximum intensity of these two modes, respectively. @, and Q(B) stand
for the energies of the G mode phonon and the LL transition. Here, y, and y,

represent the broadening parameters for the half widths of the G phonon and the LL
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transition, respectively. And g (B) is the magnetic field dependent coupling strength,

which is proportional to~/B , we can write that g(B)=cy/B .

We can obtain all the parameters at B=B,, determined by the measured

experimental data (see details in later discussion). The derived values for this studied

sample are: the G phonon width y, = 2.5 cm™, the LL transition width y,(B,) =

10.6 cm™ (~ 1.3 meV), a constant coefficient ¢ = 13.27 cm™/T¥?, and the coupling

strength g(B,) =28.6cm™.

Table 2 lists these extracted parameters like the Fermi velocity v. obtained from
previous research works. The value obtained here for y, is much smaller than
previous values (26 cm™) [36, 37], which is also discussed in the introduction. The
characteristic scattering time z=7/y, given by uncertainty relationship yields =
0.46 ps. This scattering time is comparable to and larger than the value obtained in

earlier report (0.4 ps) measured by STS measurements [86]. Because the LL

broadening y,, is related to the disorder, the narrow spectral width derived here
implies that a high quality graphene on graphite sample was used in our

measurements.

Table 2. Parameters derived by us compared with previous reported works

Technique ) v -
Sampletype V¢ Coupling 7€ Ya

& Ref. (10°m strength (cmY) (s)
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-1
/s) g (cm?Y (cm™)
B-Raman, Graphene 10.6
on 1.04  28.6 2.5 460
this work graphite @4.65T
B-Raman, Graphene 26
on 1.03 37 2 200
Yan et al. (Ref. 37) graphite @4.7T
Epitaxial
B-Raman, Faugeras draphene 90
1.02 26 2 54
et al. (Ref. 36) (~70 Constant
layers)
B-Infrared,
Monolayer 118 N.A N.A o 30
P. Kim et al. (Ref. graphene ' ol ol @6.3T
82) '
Epitaxial
B-Infrared, Faugeras 9raphene 80
1.02 N.A. N.A. 60
et al. (Ref. 83) (~100 @4T
layers)
B-STS, Graphene 32.3
on 0.79 N.A. N.A. 150
Li et al. (Ref. 40) graphite @4T
Epitaxial
B-STS,
graphene 12.1
Miller et al. (Ref. 113 NA- NA 400
(~10 @5T
85)
layers)
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Figure 4.4a and Figure 4.4b show that good agreement between the simulated
results and the experimental measured values can be achieved for both the phonon
energy and the FWHM for these two coupled modes with strong intensities when the
magnetic field is in the MPR region. Here we can acquire @, as a function of B
when using a constant value of y,(B,) [see Equation (4.9) in later discussion] by
substituting all the determined parameters into Equation (4.4). However, it is noted
that the model does not fit the data well when the magnetic field is away from
resonance. This indicates that the two coupled mode model is only reasonable at the
resonance region, and gets to be a worse and worse approximation away from
resonance. This disagreement away from resonance could be due to other resonances

which will give a significant contribution to the electron—phonon coupling.

Now let’s see the detailed derivations for the parameters from the two coupled

mode model. When it is at the resonance magnetic field B, where it satisfies that

0 =Q(B, ), Equation (4.4) is simplified as:

2
03+(Br)=a)e+i76—£79 i\/g(Br)z_(yG;ij .

(4.5)
From this equation indicates, at B =B, , we can know that @, and @ should

have an equal-weighted superposition of the phonon and the magnetoexciton. Thus,

the G, and G_ coupled modes could have the same “full width at half maximum”
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Vs +7Vo » and the frequency difference between G, and G_ modes is

ZJg(Br)z—(y@%T .

Table 3 shows the extracted parameters from experimental measured Raman

spectra. Since that the resonant B field is around 4.65 T, we can calculate the energy
splitting and the width of the two coupled modes at resonance by averaging the

measured parameters at 4.6, 4.65 and 4.7 T.

Table 3. Parameters of the Raman spectra measured at B = 4.6, 4.65 and 4.7 T in

region R 1. Frequencies and FWHMs are expressed in units of cm™.

Magnetic
w, w_ wW,—wW_

Field

Peak Position (cm™) 1606.35 1548.82 57.53
46T

FWHM (cm™) 10.78  15.55

Peak Position (cm™) 1609.68 1553.30 56.38
465T

FWHM (cm™) 12.84 12,50

Peak Position (cm™) 1613.43 1557.39 56.04
47T

FWHM (cm™) 1579  11.00
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By averaging all the FWHM values, we get:  y. +y, =13.08 cm™,

By averaging all the frequency difference at 4.6, 4.65 and 4.7 T, we can get:

2\/9(8,)2 (76 27Qj = 56.65 cm'™. (4.6)

By averaging all the G mode frequencies for G,, G, we get @, = 1581.50

cm™.

The LLs are discrete when the graphene is under large magnetic field. The G mode
line width is anticipated to become small because of the much reduced electron and
phonon coupling under large magnetic field. The smallest value of G band width is ~
4.95 cm™ at 9 T in the experiment in Figure 4.6b, which corresponds to 2y, . Hence,
Yo =4.95cm™/2 = 2.47 cm™. Therefore, the LL transition half width at resonance:
76(B,)=10.61 cm™. According to these two values and Equation (4.6), we can know

that, at resonance, g(B,)=28.62 cm™ =c*+/4.65T , ¢ =13.27 cm™/T"% So,
g(B)=13.27*B. (4.7)
And for the energy of the LL transition L7, which is described by “Q75%”, we
get the expression:
Q22 = (V1 +2)V2h0,( ‘/;6 nm) = (733.924B)ecm™. (v, = 1.04x10° m/s)

(4.8)
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Substituting the determined values and the Equations (4.7) and (4.8) written above
into Equation (4.4), then we can be able to fit the frequency/widths at various

magnetic fields by using the real/imaginary part of:

, 158150+ 733.92VB  10.61+2.47.
o 2 2

. \/[(733.924§ —1581.50) + (10.61— 2.47)i
N 2

(4.9)

2+ (13.274B)%cm ™.

What’s more, similar theoretical simulation work is done to calculate the related
parameters in R Il. The value of FWHM of the LL transition is extracted to be 21.3
cm™ (about 2.6 meV) and the coupling strength is 21.2 cm™. Hence, it is speculated
that the weak MPR effect in R Il should be due to the small coupling strength and

especially the broad LL width.

* *
Major part of this chapter is adapted from Qiu, C. ; Shen, X. etal., Phys. Rev. B 2013, 88, 165407. 67



Chapter 4 Magneto-phonon resonance in graphene on graphite

4.2.5 Two coupled mode fitting with magnetic field dependent LL width
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Figure 4.5. The theoretical simulations by the two coupled mode model using a
B-dependent y. for (a) the frequency @, in Equation (4.4) and (b) the FWHM of
the G, and G_ modes. y. values under various B used to fit the model for our
measured results are presented in (a). The red curve represents the G, mode while
the blue curve corresponds to the G_ mode. The error bars for the G, mode are in

pink colour and for the G_ mode they are in green colour. Values for the G, mode

are indicated by black dots.

In previous infrared transmission experiments, it is reported that the LL spectral

width in graphene indeed varies with the magnetic field [84]. To improve the
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simulation for the off-resonance region and to offer an empirical set of parameters

which works over a wide magnetic field range, the y, as a function of magnetic

field B is adjusted based on an ad-hoc functional form:

L )iiA(B-B).

B)=G,(1
70(® =Col+ 4 mg v A oo

The first term of Equation (4.10) based on the fact that the sum of the line widths
for @, and @ isat minimum when B =B =4.65T in the experiment. The second
term of the B dependence of y, shown in Equation (4.10) is another magnetic field
dependence of the line width of the intrinsic LL transition, which would drop off at
B =B, . Substituting the expression for y,(B) shown in Equation (4.10), and
defining y. to be a constant, the real/imaginary parts of @,(B) thus have those

fitting parameters: Go, A, A, Az and ;.

Figure 4.5a and 5b show that, both the band frequencies and FWHMs,

respectively, the G, and G_ modes over the larger magnetic field range from 3 to 7

T can be simulated very well by using Equation (4.10). The used parameters for the
experimental results are: Go = 16.5 cm™, A =50.0, A; = 2.3, A, = 1.6 and 7s =16

cm™. 7o(B) (solid squares) is at a minimum y, value when B=B_ using the

right side scale. According to this specified model, the G-mode phonon half spectral

width y, is obtained to be 1.6 cm™ (means that FWHM is 3.2 cm™) and the half

width of LL transition at resonance is found to be 11.5 cm™ (about 1.4 meV). It

should be pointed out that the extracted y, does not mean the line width of the G
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mode for the off-resonance region when B is about 3 T or 7 T in Figure 4.5b where
the FWHM value is about (7.820.5) cm™. The reason for this difference may be due to
the fact that other LL transitions are also crossing the G phonon band when B is about

3Tor 7T (see Figure 4.3a), which makes the line width of the G phonon broad.

In fact, the imaginary part (spectral width) of the self-energy for the G-band
phonon becomes a maximum at B=B, in T. Ando’s calculation [33]. Although the
behaviour of @, and @ is able to be explained based on the self-energy simulation
[33], both @, and @ appear in the resonance region around B=B_ which for a
given B cannot be interpreted. Therefore, the two coupled mode model is adopted and
modified y, to describe the measured results in a broader B region is applied in the
model. In this two coupled mode model, two peaks come out when B=B_ and the
line width of those @, or @ are defined. If it is needed to compare the line width
of the two coupled modes model with that of the self-energy, the width of the whole
peak profile of the G phonon should be measured, or alternatively read the frequency
splitting between G, and G_ by &, —@ as the line width of the G phonon, which

shows a maximum value at B =B,, thus demonstrating mutual agreement between

the two theoretical models.

It is also found that y, exhibits a minimum value when B = B,.This is somehow

unexpected because that we believe that the lifetime of the magnetoexciton would be

shorter at B=B, as it is for the G mode phonon. To study the physical nature of
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Equation (4.10), further investiagtions are needed, which should be a problem to be

considered in future. Nevertheless, this field-dependent y, indicates that other
effects may need to be take into account in the “two coupled mode model” and such
efforts should stimulate new fundamental physics regarding the understanding of the

phonon-magnetoexcitons interaction.

4.2.6 Summary of rich Raman features of graphene under magnetic field
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Figure 4.6 The detailed evolutions of the measured (a) frequency and (b) FWHM of
the G band phonon as a function of the B field, including the middle G, mode (black
squares) and those two coupled G, (red dots) and G_ (blue triangles) modes.

Labels S and AS define symmetric L, (cyan dash lines) and asymmetric L7

(n+1),n
LL transitions (orange dash lines), respectively. (c) The sum of the intensities

(indicated by pink stars) of the three G bands, and the individual intensity variation of
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the G, mode (black squares) as a function of magnetic field. Dashed lines are guides
to the eyes. (d) The enlarged view of the sum and intensity evolution of the three G
modes around the certain MPR magnetic field range. The dashed lines are theoretical

simulation results which are shown in Equation (4.13), as presented below.

Let’s now briefly discuss the overall spectral features of the Raman spectrum from
R | in the close vicinity of the G mode phonon energy (1580 cm™), and the focus is
mainly on the phenomenon at each B = B, . First of all, the energy values of the three
G modes (G_,G;, G,) shown in Figure 4.6 display a series of anti-crossing
phenomena between G, and G_ where the MPR happens. Not only in the main
MPR region close to B, =4.65 T, the coexistence of the three split modes can also
be found at each MPR region for those asymmetric LL transitions in a magnetic field

range from 1.5 T to 4.65 T. Furthermore, the interaction of the G phonon with the

L. (symmetric, S) LL transitions is weaker compared to the L{:"y (asymmetric,

(n+1),n
AS) LL transitions, presenting a less distinct avoided crossing near the resonant
magnetic field B value. This can be understood that the L """ transitions have

(n+1),n

the symmetry of the representation E;, and the L, transitions have the symmetry

n
of the representation A, allowing the former to interact with the E,y optical G mode
phonon stronger and thus resulting in a more effective magneto-phonon resonance
coupling [35]. Secondly, at certain resonant magnetic field, those coupled modes G,

and G_ all have the same full width at half maximum (Figure 4.6 b), which is

reasonable according to two coupled mode model [37]. Thirdly, the sum of the
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integrated intensities of the three G modes presented in Figure 4.6c achieves a

maximum when B=B_ . Both the phonon generation and the LL transitions
(electronic excitations) contribute to the Raman intensity when B=B,. Thus, the
sum of Raman intensities reaches a maximum, because that the energy denominator

for the time dependent perturbation for the two processes show a minimum at

resonance, although the contribution of G, or G_ to the sum of intensities does not

display a maximumat B=B,.

Attention has been paid to the variation of the G, mode, which shows a set of
quite pronounced maxima in their spectral widths at B =B, as displayed in Figure
4.6b. When the G, or G_ modes are close to each resonant magnetic field, the
intensity of the G, mode would drop down (Figure 4.6¢c). However, when we zoom
into the particular evolution of the three modes near the main MPR magnetic field
region, a local maximum intensity of the G, mode just at B=B, can be found
(Figure 4.6d). Considering the G, mode energy, a slight oscillatory behaviour as a

function of B is observed here.

4.2.7 Magnetic field dependent behaviour of G; mode

The magnetic field dependent behaviour of G; mode observed here would be
considered to be unsettled issue. Thus, we would like to consider several simple
questions: (1) what is the origin of G, and (2) why is the G, intensity increased

when B=B,? The oscillation of the G, mode energy was also noticed and
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interpreted in an earlier work [37], due to the co-existence of the areas in magnetic
field when illuminating a large size laser spot around 80 pum in diameter, and two
distinct lifetimes were probably found in that work. The G, mode was previously
explained to originate from graphene areas in which the lifetime of electron is
relatively short. That understanding apparently shows not to be appropriate for our
results, since the spot size of our incident laser is only 1 pum. Hence, we would like to
reconsider the understanding of the G, mode by inspecting the magnetic field

dependent oscillatory behaviour of the G, mode in a further step.

Figure 4.7 displays the variations of the G, mode in the three different locations
(R I, Il and I1I) of graphite. In this figure, we can observe that the stronger is the
magneto-phonon resonance in a given location of the sample, the larger is the
amplitude of the fluctuations of G, in both the energy and the corresponding FWHM.
Particularly, in R 1lI, the G peak of graphite exhibits almost no change under a
magnetic field from 0 T to 9 T. Therefore, the relative large fluctuation of the G,
mode in Figure 4.7 is relevant to the decoupled graphene regions, where a strong

MPR happens.
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Figure 4.7. (a) G, mode energy as a function of B field in the three representative
locations on the graphite substrate. (b) Measured FWHM of the G, modes in these
three regions as a function of magnetic field. The inset is a zoom-in view of the curve

measured from R 111.

4.2.8 Newly proposed model for G; mode behaviour

Here, a theoretical model is proposed by us to understand the variation of the
intensity and width of the G, mode, which can be distinguished with the G peak
coming from the graphite substrate. In this model, we consider that the G phonon of
graphite could be excited by many G-mode phonons from graphene by a resonance

effect between the phonon of graphite and the phonon of graphene. The interaction
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between G, and those two coupled modes (G, and G_ of graphene) results in a
fluctuation in the overall Raman intensity of the G, mode through a driven harmonic
oscillator. The Schrodinger equation for the harmonic oscillator can describe atomic
vibrations which could be probe by Raman in materials. Thus, harmonic oscillator is
widely adopted in Raman related research works. The fluctuation of the intensities of
the G, and G_ modes behaves like externally applied forces with spectral

functions A, and B, , respectively, in Equation (4.11), which can efficiently

influence the variation behaviour of the overall G band and thus affect the amplitude

and energy of the G, phonon mode. Thus, we then express the amplitude “q” of the

G band vibration using the equation as follows:

G+ 70+ a@iq =J'aAwe‘i“’tla)+'[bBwe‘“"d‘a) (4.11)

where, A and B, are, the amplitudes of the G, and G_ modes respectively. The
parameters “a” and “b” are, respectively, induced into Equation (4.11) to describing
the coupling constant between G, and the G, and G_ coupled modes. And o,
and y are, the parameters of the energy and the line width of the G, peak
respectively. Because that A  and B, are expected to have the dimensions of an
amplitude, they thus can be taken into account, respectively, to be equal to the square
root of the mode intensities of 1(w,) and I(w ) forthe G, and G_ modes as a

function of magnetic field, by adopting the experimental mode intensities:

A, ={1(®); B,=\1(w).
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To solve the differential Equation (4.11) with the Fourier transform Q = fw ge'*dt ,

we can get the equation for the amplitude of the overall G mode:

2rw(aA +bB
Q= 2( 2 .‘“) : (4.12)
(0 —0%) +iwy,
Later, the total band intensity can be calculated by:
4% (aA +DbB )?
l(w) =|Q[ = BT ol 4.13
() |Q| (wg_a)z)z_i_wzyeiz ( )
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4.2.9 Simulation results based on the proposed model
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Figure 4.8. (a) The parameters a and b in Equation (4.13) used for the simulation of
I(w) as a function of magnetic field. (b) The measured Raman energy and (c) the

measured FWHM of the middle Lorentzian component of the simulated /(w) curve by
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Equation (4.13) (red spheres) and the corresponding values of the measured G,

(black spheres) as a function of the magnetic B field.

Let us fit the parameters a, b, @, and y; according to experimental results in
the pronounced MPR region near B, =4.65 T. In Figure 4.5a, we can find that: near
the MPR region, when the magnetic field is away from B,, the absolute value of the
energy difference between the G, mode (®,) and the averaged G, mode (@ =
1582 cm™) is inversely proportional to the absolute value of the energy difference
between the G_ mode (@ ) and @,. On the contrary, for magnetic fields around the
resonance point, the energy differences between these modes are almost the same. We
suppose that the driving forces exerted by the G,/G_ modes are in association with
the energy difference from the average frequency of the G, mode. Hence, for the
magnetic fields in the range B = 4.6-4.8 T which are near the MPR, because that
lw, —@|=|o_ -], we make a = b = 1. When it is away from the MPR point, for

|a) -,

smaller values of the magnetic field B < 4.6 T, we leta = 1, b=| - _| . On the
w_—a,
contrary, for larger magnetic fieldsB>4.8T, a= ||a) — _il ,b=1
o, — o,

Figure 4.8a presents the resulting variation of a and b as a function of magnetic
field. Therefore, at B,=4.65 T, a = b = 1. Based on this formulation, the optimized
simulation of I(w) to the measured spectrum at 4.65 T follows Equation (4.13). So,

w, and yg are finally extracted to be: @,= 1582.0 cm™, y, = 28.5 cm™, which

* *
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are appropriate extraction for these coefficients, also used to further verification for
consistency as discussed later. At the same time, a scale parameter of s = 610 is

adopted to make I(®) into the same order of magnitude as the measured spectrum.

In Figure 4.8b and 4.8c, simulated band energy and band line width of the
measured G, mode are compared to the experimental results. These mode spectral
features of the G, mode are able to be well regenerated by this theoretical model. In
addition, we extracted the mode intensities for the simulated I(w) curves and
compared them to the measured results, including the splitting of I(w) into three
modes (G,,G _and G;) and the sum of those intensities of G,,G_,G, to the
measured results, as displayed in Figure 4.6d. The main variation of these intensities
is in good agreement with that accquired from the experimental Raman spectra. The
appropriate simulation of the experimental results and the theory verifies the validity

of this model. And the coefficients of the model thus can be obtained.

* *
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Figure 4.9. (a) Measured Raman spectra as a function of B field ranging from 4.1 to
5.3 T. (b) Simulated I(w) curves as a function of B field in the same range as in (a).
The intensities of the /(w) curves are scaled. So, the intensity of the simulated curve at

5.3 T is the same as that of the measured Raman spectrum at 5.3 T.

Figure 4.9b presents the simulated Raman spectral I(w) curves for various B field
values from 4.1to 5.3 T based on the coefficients fixed above. Every curve was
fitted by three Lorentzian components in the fitting of the experimental Raman
spectra. It is significant to notice that the highest intensities for G, (B = 4.1 T) and

G_ (B = 5.3 T) modes are not at resonance field (B = B, = 4.65 T), and this

r

experimental observation could be explained by this current model. The overall
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variation with magnetic field matches fairly well between the calculated results and

the experimental findings.

The magnetoexciton mediated coupling between phonons in graphene and graphite
is an original idea proposed by our work and it could be a specified observation
shown only in this “graphene on graphite” system. We expect some particular optical
processes to be possible between the phonons, the magnetoexcitons in graphene and
the metallic energy band in graphite. And these processes could be the topic of further
theoretical work, which can enrich the knowledge of the Raman mechanism in terms

of the coupling among photons, phonons and electrons.

4.2.10 Surface morphology of the graphene on graphite characterized by AFM

35 cm-! 275 nm

0cm’ 0 nm

I 1 T
0 OM & Raman  °*" 0 Topography

30pm!

Figure 4.10. (a) Integrating the Raman image of the G band line width at B =4.8 T,
marking the three regions as in Figure 4.2b, with the optical microscope (OM)
picture. (b) AFM topographic image and (c) AFM phase image of the measured
graphite sample. A ridge like structure on the surface near the MPR region can be

clearly found and instructed by the red arrows in (b) and (c). Clear contrast is shown
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in (c) with a tilted pattern which is resolved in the region indicated by the blue circle

in ().

Figure 4.10b presents the AFM height image which shows clear ridge-like
structures on the surface of the graphite sample close to region R | (indicated by red
arrow). The successful discussion on these MPR features in terms of the massless
Dirac fermion model and the two coupled mode model suggests that there is a
decoupled monolayer graphene on the surface of graphite substrate. The existence of
such features indicating the possible formation of so called “graphene on graphite”
structures [40, 100, 101]. In epitaxial few layer graphene grown on SiC, an obvious
ridge-like network of features formed from the out-of-plane distortions in the
hexagonal arranged graphene lattice was found, which lead to the existance of Moiré
patterns which can be clearly proved by atomically resolved scanning tunnelling
microscopy [100, 101]. For natural graphite, its surface is often not homogeneous and
shows all kinds of defects too. Based on low-temperature STS measurements, in the
region which is separated by a macroscopic ridge-like feature, monolayer graphene
pieces decoupled from the surface of highly oriented pyrolytic graphite (HOPG) have
been observed. The case could be similar in our natural graphite sample or the Kish

graphite reported by others [37].

Figure 4.10c presents the simultaneously obtained phase information of MPR

regions on this graphite substrate, where a ridge-like feature close to region R I is also
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clearly distinguished (red arrow). It has been confirmed and demonstrated by lots of
earlier works that phase contrast imaging in the AC AFM mode is quite sensitive to
the change of relative properties relate to the averaged value, like the mechanical
(stiffness, friction) or adhesive properties [102]. For this reason, the phase imaging
displayed in Fig. 4.10c could be seen as another experimental method for us to find
out those decoupled graphene regions from the normal graphite parts of the sample.
What’s more, though certain surface contamination, stripe contrasts are acquired on
the graphite sample. A stripe pattern which is tilted from the stripe pattern on graphite
(R 1) is clearly distinguished in the region R I indicated by the blue outline in Figure
4.10c. Both the region and orientation of the phase pattern are agreeing well with the
distinguished strong MPR location R I in the corresponding Raman mapping present
in Figure 4.10a. As a consequence, we believe that the changed MPR strength [Figure
4.2(d-e)] in R I and R 11 is related to the degree of decoupling in the graphene layers.

This interpretation is appropriated considering that R 11 is close to both R I and R 11I.

4.3 Conclusions

In this chapter, we demonstrate low temperature (~5 K) magneto-Raman
experiments on bulk graphite samples with a magnetic field (B) up to 9 T. A few
“graphene on graphite” locations were identified by Raman mapping and further
verified by the AFM technique. We have observed rich MPR phenomena, which are

ascribed to the interaction of the G phonon and the electronic excitations between

* *
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Dirac fermion LLs. The appearance of eight obvious features is identified as
electronic excitations between LLs, including one occurring at a magnetic field as low
as 1.5 T. The two coupled mode model together with our newly proposed fitting
model successfully interpret the main features obtained in the splitting of the G
phonon into G,, G and G, modes. The measured variation of the middle
frequency mode (G,) is regenerated by a physical model that the G-band of the
graphite substrate is coupling with the G, and G_ modes. The narrow LL width of
10.6 cm™ (about 1.3 meV) in the magnetophonon resonance offers evidence for the
high quality of the decoupled graphene. The specifically high quality of the graphene
layer obtained here also implies the critical effect of the substrate on the quality of the
graphene samples, which could stimulate future efforts for achieving high quality
graphene layers and also other 2D materials for both fundamental and application

studies.
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Chapter 5 Electrical field tuning of
magneto-phonon resonance in monolayer

graphene

5.1 Introduction and motivation

MPR effect has been investigated in a variety of two-dimensional systems [29-32,
103-107] and predicted to exist in graphene related systems. For example, the G
phonon in monolayer graphene would show magnetic field dependent variation due to
the coupling to the electronic magnetoexcitations [33, 34]. Especially, the
inter-Landau-Level electronic transitions LLji and LL%, were expected to have
strong coupling with the G phonons at about 5 T and 30 T [34], respectively. Here,
LL:ETﬁ stands for the inter-LL transitions both from L, to L, and from L 6 to
L,.. (L, represents the LL with an index of n, n is integer and n = 0,1,2...).

Raman spectroscopy is a widely employed technique to study various properties of
graphene [17, 18, 21, 91, 96, 108-111]. Recently, the MPR effect in graphene related
systems was observed through magneto-Raman (Raman spectroscopy technique in a
magnetic field) by several groups [37, 38, 44, 112, 113], where the G phonons exhibit
a clear magnetic dependent variation.

The Fermi level or filling factor was anticipated and observed to greatly affect the
MPR effect in monolayer graphene [33, 105-107]. Potemski’s work observed the
magneto-phonon effect due to the coupling between the G phonons and LL’, in
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mechanical exfoliated monolayer graphene [105]. From their results, the sample was
identified to be p-type doped and the filling factor value is between 2 and 6 at about
25 T. However, this work only studied accidentally doped graphene samples with
carrier concentrations typical for graphene deposited on Si/SiO; substrates. Kim et al.
studied the MPR in adsorption doped CVD-grown monolayer graphene samples [106].
The different doping levels were obtained by adjusting annealing parameters and by
the exposure to ambient pressure N, gas or air, which is not well tunable compared to
electrically gated graphene in the sense of uniformity or controlling. Very recently,
there is a comprehensive study of the electrical tuning of the fundamental MPR
induced by LLayll’0 excitations in CVD grown graphene [107]. Their measurements
were conducted at extremely high constant magnetic fields around 25 T while
sweeping the gate voltage. However, the effect of relatively high doping level on
MPR under a relatively low magnetic field is still missing and needs to be
investigated.

In this chapter, our work study on the MPR effect involving LLji in an
electrically tuned monolayer graphene by magneto-Raman experiments. The carrier
concentration in the sample was tuned by a back gate, so that the filling factor of LL
under a magnetic field was altered accordingly. Consequently, responses of the G
phonons of monolayer graphene to the magnetic field with different gate voltages
reflect the filling factor effect on MPR. By tuning the Fermi level to reach zero/large
filling factors, we clearly show that the MPR effect can be switched on/off in the

magnetic fields around 4 T. Suspended exfoliated monolayer graphene which is newly
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studied presents obvious MPR effect. In addition, asymmetric line-shape of the
Raman G band is observed in electrically neutral graphene at low temperature and

interpreted by Fano resonance.

5.2 Experimental results
5.2.1 Experimental details

Graphene samples were prepared by mechanical exfoliation from natural graphite
crystals and transferred onto a 300 nm SiO,/Si substrate [23]. Monolayer graphene
flakes were identified by using both optical contrast spectroscopy and Raman
spectroscopy [15, 16]. Electron beam lithography was utilized to define the geometry
of electrodes, then Ti (5 nm)/Au (60 nm) were deposited to form contact electrodes
[114].

The low-temperature magneto-Raman measurements were performed in a cryostat
with a custom designed confocal micro-Raman spectroscopy\image system (see
Figure 5.2a). A linearly polarized incident laser (Nd:YAG, 532 nm) illuminated on
the sample with a ~ 1 um beam size and a power less than 5 mW. Diameters of
optical fibers for delivering laser and collecting signal are 5 um and 50 pm,
respectively. Similar to our previous experimental setup [44], both co-circular and
cross-circular polarized signals can be simultaneously collected. Perpendicular
magnetic field up to 9 T was generated by a superconductor magnet mounted inside

the cryostat. Keithley 4200 semiconductor characterization system was used to
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measure the electrical response of the graphene device and to provide a fixed gate

voltage.

5.2.2 Tunable doping levels in graphene transistor under electrical field

Raman spectra of the monolayer graphene device were shown in Figure 5.1b. The
Raman D peak which locates around 1350 cm™ is undetectable, indicating the high
quality of the sample. To tune the doping level, it is necessary to know the charge
neutral point (or named Dirac point) of the graphene sample [115]. We prefer gated
Raman measurement rather than the electric transport measurement to examine the
NP value since Raman can reflect the local property. Gated-Raman measurements
were performed (at ~ 5 K) by sweeping gate voltage from -40 V to 40 V and selected
spectra are shown in Figure 5.1c. The frequencies and full width at half maximum of
the G bands as a function of gate voltages are extracted by fitting each peak into a
single Lorentz peak and plotted in Figure 5.1d. Softened G phonon can be observed at
the charge neutral Dirac point due to Kohn anomaly [18, 21] and hence the NP of the

sample can be determined to be at -6 V.

89



Chapter 5 Electrical field tuning of magnero-Raman scattering in monolayer graphene

(a) , (b)

[Ger] {1

Cryosta\t) Graphene

)
A 300 K ‘L

SiO, (300nm)

Normalized intensit

Highly doped Si L i L L
1200 1600 2000 2400 2800 3200

Wavenumber(cm™)

(C) S T - 5 K ;.%.. (d) 1598 16
24V ""o K — ]
- ww“":- .'. o SeS— < 1596 b o
5 [.J.ﬂ_..-——- £ s
© O 1594p 412 =
- - Qo
& o =
= £ 1592} =
c Q 48 g
2 O 1590} 3,
E w S—
1588

1560 1580 1600 1620
% -1
Raman shift(cm )

Figure 5.1. (a) A schematic for the experimental setup for the magneto-Raman
measurements. (b) Raman spectra on monolayer graphene at room temperature
(~300 K, black curve) and low temperature (~5 K, red curve). Inset is optical
image of the graphene device. (c) Raman spectra of graphene device under
various gate voltages at 5 K. The red curve (V4 = -6 V) corresponds to the one
when the Fermi level is brought to be near Dirac point. (d) Positions (black
spheres) and widths (red spheres) of the G peak as a function of the gate voltages.

Simulation results are shown in blue and green lines.
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Figure 5.2 shows the transport data measured from the studied device (see optical
image in Figure 5.1b). Mobility of the monolayer graphene device can be extracted by

the following formula [114]:

R =R +; _ C ’Vg _VDriac

Total ‘contact 2 > N=————
We,u«fnO +n e (5.1)

Where Ry, 1s the total resistance. L and W represent the length and width of the
device, respectively. n means the carrier density and ny is the residual carrier
concentration (from residual impurities) in the device. x is the mobility of the device.
C =1.15%x 107*Fm™2 is the capacitance for 300 nm SiO,. Here, the electron (or

hole) mobility can be fitted to be about 9490 (or 8050) em?V's

(k] (b
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g

Figure 5.2. Simulation works to extract the values of mobility for electron (a) and

hole (b), respectively.
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5.2.3 Fano Resonance in graphene under magnetic field and electric field
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Figure 5.3. (a-b) Raman spectra of monolayer graphene at different magnetic fields
measured at low temperature (~ 5 K) with back gate voltage (a) V, = -6 V and (b) V,
= 24 V applied. Blue spheres represent raw data and red dashed lines stand for the
fitting curves. Green dashed lines are guide to the eyes. (c) Comparison of the G peak
line shapes for graphene sample in the cases of neutral point (Vy = -6 V) and

electrically doped (Vy, = 24 V; Vy = -36 V). The solid lines are obtained by fitting the
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data points to the BWF line shape using Equation (1). (d) The summarized asymmetry

factor -1/q for the Raman spectra taken under these three gate voltages.

Figure 5.3a and Figure 5.3b shows magneto-Raman spectra of the monolayer
graphene at V; = -6 V and 24 V, respectively. In all these measured spectra, the G
bands show single peak profile with no obvious G peak split. However, when V is -6
V, asymmetric broadening at the lower-frequency side of the G band can be observed
(see Figure 5.3c). Previously, G peak asymmetry/splitting was also observed and
attributed to the circular dichroism effect happening only under a high magnetic field
[105, 116]. However, our measured Raman G peak shows maximum asymmetry at a
zero magnetic field. Thus, the asymmetric line shape presented here is most probably
due to other reasons. Fano resonance between the renormalized phonon excitation and
a continuum of excitonic many-body states, therefore, could be responsible and fitted
by the Breit-Wigner-Fano (BWF) line shape[117, 118]:

[1+2(0- )/ (@D

@)=, [+ 4(w—,)? /T’

(5.2)

where 1/|g| is the asymmetry factor or coupling coefficient, |,, @,, and T are the
intensity, uncoupled BWF peak frequency and broadening parameter, respectively. In
the limit g— <=, the line shape is symmetric and shows the standard Lorentzian profile,
indicating a weak interference or coupling.

Figure 5.4 presents the extracted values for -1/q as a function of Fermi energy
which are comparable to previous work by Yoon et al. [117]. Both sets of -1/q data

are within the range of 0.08 to 0, and vanish when the Fermi energy is large enough
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(~0.2 eV for both our sample and Yoon’s sample). When the graphene is either
electron or hole doped to a certain extent, the values of -1/q are around 0. The
absence of Fano resonance in doped graphene is consistent with previous report [117]
and is attributed to the suppressed excitonic processes. The fitted -1/¢ values as a
function of magnetic field under three different gate voltages are summarized in
Figure 5.3d. When the Fermi level of graphene is tuned to be near Dirac point, the
-1/q values are all non-zero and show a maximum value at 0 T. The presence of
magnetic field splits the continuum band structure of graphene into discrete Landau
levels, thereby weakening Fano resonance as the magnetic field increases. Similar
modification of Fano resonance by magnetic fields was reported in quantum wells
[119, 120]. Note that the Fano resonance is not considered to be an important factor to

affect the MPR effect in this work.
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Figure 5.4. Asymmetry factor -1/q as a function of Fermi energy for the graphene

device (see in Figure 5.1b).
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5.2.4 Tunable Raman G mode under magnetic field and electric field
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Figure 5.5. The evolutions of (a) the BWF peak frequency and (b) the width of the G
peak for the monolayer graphene with magnetic field under different gate voltages. V,
values are -6 V, 24 V and -36 V for black, blue and green curves, respectively.
Simulation results are also shown. (c-e) Schematic images for different doping
situations in monolayer graphene when different back gate voltages are applied at B
= 3.5 T. Discrete Landau levels are labeled with corresponding LL indexes. Fermi
levels in these cases are also indicated. Vertical blue lines indicate the inter-LL

transitions. (c) Vy = -6 V. Indicated inter-LL transitions are possible to happen in this
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case. (d) Vg = 24 V. Indicated inter-LL transitions are suppressed in this case. (e) Vy

=-36 V. Indicated inter-LL transitions are suppressed in this case.

Figure 5.5a and Figure 5.5b show the evolutions of the frequency and the FWHM
of the G peak for the monolayer graphene with magnetic field at three different gate
voltages, respectively. As shown in Figure 5.5a, it is clear that the frequency of G
phonons shows a magnetic field dependent variation when V,is -6 V. In detail, The G
band frequency goes down with fluctuations before reaching its minimum value of
about 1589.5 cm™ at about 4 T. After this point, it keeps rising to its maximum value
of about 1593.0 cm™ at 9 T. For the FWHM values shown in Figure 5.5b, the
maximum locates at about 3.5 T and then the FWHM value decreases with the
magnetic field increases. In contrast, both the frequency and the FWHM of the G peak

show weak magnetic dependence when the sample is highly n-type or p-type doped.

5.2.5 Discussions for observed experimental results

The observed results shown in Figure 5.5 could be well interpreted by the MPR
theory. Discrete LLs appear when the graphene is subjected to a magnetic field. The
energy of the LL with an index of n (E,) is proportional to the square root of the
index n and the magnetic field strength B [83, 121]: E, =sgn(n) ZthFZB|n| . Where,
Vi is the Fermi velocity. n>0 and n<0 represent electrons and holes, respectively. The
energy of the inter-LL electronic excitations for LL:ET;# (which is denoted by
E0 here) is:
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E 3= (Wn+1++n)y2env, B (5.3)

MPR occurs when the energy of the inter-LL transitions is equal to the £, phonon
energy at certain B field (i.e. the resonant magnetic field), which leads to magnetic
oscillation of the G-band phonon. According to T. Ando’s calculation, the spectral
width would become a maximum and the frequency would be at a fast changing point
at the resonant B field [33]. We therefore deduce that MPR happens at about 3.5 T
and is associated with LL:;’E transition according to our experimental data.
Considering the MPR condition of E =196.8 meV (G phonon energy is ~ 196.8
meV at 5 K without magnetic field), the Fermi velocity v of the sample can be
calculated to be about 1.21x10° m%/s. This Ur value is reasonable [122, 123] and
agrees well with the values obtained by other reports for monolayer graphene [4, 36,
83, 121].

We have carried out the simulation work based on the prediction by Ando [33]. An
equation (equation 5.4) was developed by Potemski’s work [36] to analysis the
magneto-phonon resonance in graphene. The same model was used here to extract the
parameters.

& — &l =2¢nE} Z{T—+i}, 5.4)

(8+|5) Tk2 Tk
e=¢—Iil, (5.95)

= Wk +Vk+1)E,,E, :,/2ehva,(k =0,12,..), (5.6)
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where, &, stands for the phonon energy at B =0 T. While & and T' stand for the
energy and width of the G phonon under magnetic field. 7 is the interaction strength
between the G phonon and magnetoexcitations. J stands for the broadening of the
magnetoexcitations. T, means the energy for the magnetoexcitations. V. represents

for the Fermi velocity.

By using the same model as in Potemski’s work [36], we extract the following
parameters: the interaction parameter 7 =5x10" , the broadening factor
8 =400cm™ =49.6meV , the phonon energy at zero magnetic field &, =1586.6cm™,
and Fermi velocity v, =1.21x10°m?/s. These values are comparable to earlier
reports [36, 105, 113, 116]. Though the detailed field-dependent features such as the
oscillations of both G peak center and FWHM present in the theoretical curves are not
clearly reflected in the experimental data, the dominant feature near B = 3.5 T
corresponding to the strongest MPR due to the LL:;’E transition can be seen. The
deviation between the theoretical and experimental data could be due to the relatively
poor quality of the sample and/or the uniformly distributed nonintentional doping

from the substrate.

Furthermore, we substituted these values extracted from MPR into the model for
the phonon anomaly phenomenon at B =0 T [116]. Following Remi’s work, we use
equation 5.7 to analyze the phonon anomaly phenomenon [116]. The shift and

broadening of the phonon can be given by the real and imaginary part of the

self-energy ( H (&))-
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n : &+ 28 +i0 | .
=ne. ——(g,+i0)| In| °2—F—— |+ir |, 5.7
[Tt =mee = (e )( £30_23F+i5j ”J (5.7)
& =hveNan, (5.8)
C’Vg _VDriac

n=

; (5.9)

g Driac

-2
=7.18x101°ﬂyv _V
e \Y

where, ¢, stands for the phonon energy at B=0 T. 7 is the interaction strength. ¢
stands for the broadening factor. V. represents for the Fermi velocity. n means

carrier concentration and & is the Fermi level.

Substituting for values obtained from the MPR fitting (Figure 5.5) into equation
(5.7) [the interaction strength 7=5x10° , the broading factor
8 =49.6meV =400cm™, the phonon energy at zero magentic field &, =1587.6cm™,
and the Fermi velocity v, =1.21x10°m?/s], the phonon energies and the FWHMs
for different back gates can be calculated. As shown in the Figure 5.2d, good

agreement between the simulated curves and the experimental data points is achieved.

Then we will focus on the doping effect on MPR in the monolayer graphene
sample. When the sample was applied with a V,0f -6 V, its filling factor v is around 0.
In this case, only the central LL (n = 0) is half filled. Thus, inter-LL electronic
excitations LL:;’E are allowed and can couple to the G phonon. Both high level
p-type and n-type doping, which yield big filling factor, can block the inter-LL
electronic excitations thus suppress MPR effect in graphene. Note that phonon

lifetime which can be reflected by the FWHM of G band phonon (see Fig. 5.5b)
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increased when the LL transition is switched off. Filling factor in monolayer graphene

can be calculated [4, 14, 124]:

n
v=——
eB/h> ng = Cg Ng _VDirac

le, v=9g,(n+1/2 (5.10)

where o 1is the filling factor and N, is the carrier density. (.= 4, accounting for
the spin degeneracy and sublattice degeneracy. C, stands for the gate capacitance and
is ~115 aF;,tm'z. Based on equation (3), the filling factor in our sample is v = 26
under B = 3.5 T when V, =24 V/-36V, which means that the electrons will fill to the
LL with index n = £6. Schematic images for these three different doping situations
(B =3.5T) in monolayer graphene are shown in Figure 5.5(c-e). LLji transition is
Pauli blocked in Fig. 5.5d (or Fig. 5.5¢) because both initial and final transition states
are filled (or empty). Consequently, the inter-LL excitations LLji become inactive

in both cases resulting in the suppression of their hybridizations with the G phonon.

5.2.6 MPR in as prepared supported and suspended graphene

Figure 5.6a shows optical image of one representative graphene sample and
monolayer region is indicated by the red arrow. Exfoliated samples were prepared on
top of the commonly used SiO, (300 nm)/Si substrate. Magnetic field dependent
evolutions of the G peak center and the FWHM for the monolayer graphene were
shown in Figure 5.6b. This result is similar to the gated graphene when Vy is -6 V (as

shown in Figure 5.5). The possible reason for this result is that this as-exfoliated
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sample is nearly intrinsic or not highly doped at low temperature in the vacuum

environment.
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Figure 5.6. Magneto-Raman scattering in supported monolayer graphene. (a) Optical
image of the as-exfoliated sample which contains monolayer graphene (indicated by
the red arrow). (b) Evolutions of the G peak center and the FWHM under magnetic

fields for the monolayer graphene.
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Figure 5.7. (a) Optical image of the as exfoliated sample on a substrate with
patterned holes. More than 10 holes on the substrate were covered by this monolayer
graphene (indicated by the red arrow, holes are numbered to state different
suspended graphene areas). The diameter of a hole is about 3 yum while the laser spot
size is about 1 um. (b) G peak center (black spheres) and width (blue spheres) as a
function of magnetic fields for the suspended monolayer graphene region numbered 5

(indicated by the blue square).
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Figure 5.7 shows the magneto-Raman results of the G mode for a suspended
monolayer graphene. There are more than ten suspended regions in this graphene
sample (Figure 5.7a) and distinct magnetic field dependent variations of the frequency
and the FWHM of the G peak can be observed from all randomly measured regions.
The results shown in figure 5.7b are obtained from region numbered 5 and the

resonant field is about 3.6 T.
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Figure 5.8. (a-b) Simulation results compared with experimental data of G peak
center and the FWHM as a function of magnetic field for the exfoliated suspended

monolayer graphene shown in Figure 5.7. The parameters 1 and 6 used for the

simulation are specified in figures.

Figure 5.8 presents simulation results for the suspended monolayer graphene.
Extracted values are: the interaction strength 7=2x10"°, the broading factor
8=200cm™ =24.8meV , the phonon energy at zero magentic field g, =1585cm™,
Fermi velocity V. =1.21x10°m?/s. Not only the main feature but also another small
oscillation is presented, which corresponds to the MPR caused by another transition
between LLs as illustrated.

Notice that the oscillation in the suspended sample is most obvious among studied
graphene samples in this chapter. Comparing the widths of their G bands (Figure 5.5b,
Figure 5.6b and Figure 5.7b), we can see that the suspended graphene sample also
possesses a narrowest G band, suggesting a longest phonon lifetime. We suspect that
a longer phonon lifetime in the sample represents a higher quality, which is an
important factor affecting the MPR in graphene [99]. Due to the elimination of both
the substrate effect and the influence of impurities caused by device fabrication, the
suspended graphene can have the longest lifetime among these samples. This
assumption can be further confirmed by the fact that the graphene-like region on the
graphite substrate with much narrower G peak width of ~ 4 cm™ shows more

prominent MPR effect than other graphene samples [37, 44].
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5.3 Conclusions

We have studied magneto-Raman scattering by sweeping relative low magnetic
fields in mechanically exfoliated monolayer graphene under different situations: (1)
transistor which is electrically tuned to fixed doping levels; (2) supported on SiO,/Si
substrate; (3) suspended from the substrate. The MPR effect involving LL:%E
transitions appears when the filling factor is near zero while disappears when the
sample is highly doped due to Pauli blocking. Filling factor effect on MPR in
monolayer graphene is thus experimentally present to match well with the theoretical
prediction. The suspended sample which is newly reported for MPR study shows the
clearest oscillation among the studied samples in this chapter, indicating the
importance of sample quality. Besides, Fano resonance is proposed to explain the
observed asymmetric line shape of the Raman G band in electrically neutral graphene.
Furthermore, magnetic field effect on the Fano resonance is demonstrated in our work.
These findings extend our knowledge of MPR in graphene and may trigger pertinent

theoretical studies in graphene and other 2D systems.
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Chapter 6 Conclusions and future work

6.1 Conclusions

This thesis mainly has three parts. Firstly, electron beam writing and metal
deposition effects on lattice and electronic structure of graphene have been studied.
Secondly, the magneto-Raman scattering measurements on the monolayer graphene
on graphite have been conducted. Thirdly, electric field tuned magneto-phonon

resonance have been experimentally presented.

Part 1. Both electron beam irradiation and metal deposition effects on graphene
lattice and electronic structure have been studied. The mention of defect mechanism
due to the amorphous carbon deposition induced by severe electron beam irradiation
is something new. The electron beam could penetrate the resist and interact with the
graphene and substrate during real EBL process and thus destroy the lattice structure
of graphene by knocking off carbons or enabling the reaction between graphene and
substrate. After metal deposition on graphene, Ti could not introduce defects in
graphene while Au remarkably damage graphene lattice. Ti could induce n-type
doping while Au makes the graphene to be p-type doped. These experimental findings
reveal the influence of the fabrication techniques on lattice and electronic structure of

graphene.

106



Chapter 6 Conclusions and future work

Part 2. Ultra high quality of graphene on graphite samples have been founded
through magneto-Raman mapping method. Rich magnetic field dependent Raman
active features have been presented. Raman active LL transitions have been
successfully assigned. MPR which is due to the interaction of the G phonon and the
electronic excitations between Dirac fermion LLs has been observed. The revised two
coupled mode model successfully interpret the measured main features (G,, G_
modes) in a range from 3 T to 7 T. The magnetic field dependent middle frequency
mode (G,) is explained by a newly proposed model. The G; mode may come from the
G-band of the graphite substrate which is coupling with the G, and G_ modes.
These obtained results show our new understanding of a phonon-phonon coupling
between the decoupled graphene layer and the graphite substrate. The extracted
narrow LL width of 10.6 cm™ (about 1.3 meV) verifies the high quality of the
graphene on graphite sample. The specifically high quality of the graphene layer
obtained implies the critical effect of the substrate on the quality of the graphene
samples. Findings in this part could stimulate future efforts to achieve high quality

sample for graphene and other 2D materials.

Part 3. The MPR in graphene transistor has been presented to be switched on/off
by tuning the electric field. The MPR effect involving Lij transitions appears
when the filling factor is near zero while disappears when the sample is highly doped
due to Pauli blocking. Thus, the experimental results verify the predicted MPR

phenomenon in graphene. The suspended sample which possesses a longer lifetime
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shows a more obvious MPR oscillation than the graphene device, indicating the
importance of sample quality. Furthermore, magnetic field effect on the Fano
resonance is demonstrated. Detailed understandings for the magnetic field
modification on Fano Resonance in graphene and other 2D materials could be
promising future works. These findings enrich our knowledge of MPR in graphene
and may trigger more research works related to both the fundamental physics and

potential applications of graphene and other 2D systems.

6.2 Future work

(1) Magneto-phonon resonance in trilayer graphene

Trilayer graphene (TLG) is one of the hottest research topics because of its novel
electronic properties [125-131]. TLG is experimentally observed to appear as two
crystal structures of Bernal (ABA) and rhombohedral (ABC) stacking orders when the
carbon atoms are arranged differently. The different relative positions of carbon atoms
in each layer and subsequently the hopping energies among the interlayer atoms lead
to the variety of electronic band structures of these two types of TLG, especially at
low energy region. Electronic band structures of ABA and ABC stacked TLG samples
have been unveiled by several techniques such as integer quantum Hall effect (IQHE)
measurements [131], infrared (IR) absorption spectroscopy [132] , scanning tunnelling

microscopy [133], and Raman spectroscopy [91, 134].
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There is no systematic experimental report of MPR in TLG yet. How photons,
electrons and phonons interact with each other in TLG under a magnetic field? Will
the stacking sequences affect such MPR? Thus, the MPR study in trilayer graphene
could be a very meaningful future work. Experiments have been carried out on
trilayer graphene by us. However, more experimental and theoretical investigations
are needed. This work could pay the way for the optical probing of

magneto-excitations in low dimensional materials.

(2) Optical properties of two-dimensional transitional metal dichalcogenide

Two-dimensional monolayer transitional metal dichalcogenide (e.g. MoS;) shows
to be direct band gap semiconductors and attracts lots of interests [24, 135-137]. From
the transport measurements, we can see that they possess large on/off ratio as a field
effect transistor [138-142]. The observation of trions in them due to quantum
confinement extended the knowledge on trions in two dimensional materials
[143-148]. Their light emission properties enable their promising applications as light
emission diode [149-152]. Understanding the fundamental properties of these
two-dimensional transitional metal dichalcogenide would be great help for their future

potential applications.

Investigation on their photoluminescence properties under magnetic field and
electric field would be promising since we can prepare both chemical vapour

deposition and mechanical exfoliated monolayer tungsten disulphide [142, 153].
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Tuning of the carrier concentration through back gate would expect to induce trions
into the sample at low temperature similar like the cases in MoS,, MoSe, and WSe;
[143, 145, 154]. Strong laser power can induce light induced doping in the graphene
sample [155, 156]. However, the laser power effect on WS, needs further
investigations [144]. The carrier concentration and laser power effects on the light
emission properties of WS, are still not well understood and can be promising
projects. Some preliminary works have been done in our group on this topic and
further works are still needed. These studies may pave the way for the applications of

two-dimensional transitional metal dichalcogenide.
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