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ABSTRACT

Investigations of the Electronic, Vibrational and Structural Properties of

Single and Few-Layer Graphene

Chun Hung Lui

Single and few-layer graphene (SLG and FLG) have stimulated great scientific
interest because of their distinctive properties and potential for novel applications. In this
dissertation, we investigate the mechanical, electronic and vibrational properties of these
remarkable materials by various techniques, including atomic-force microscopy (AFM)
and Raman, infrared (IR), and ultrafast optical spectroscopy.

With respect to its mechanical properties, SLG is known to be capable of
undergoing significant mechanical deformation. We have applied AFM to investigate
how the morphology of SLG is influenced by the substrate on which it is deposited. We
have found that SLG is strongly affected by the morphology of the underlying supporting
surface. In particular, SLG deposited on atomically flat surfaces of mica substrates
exhibits an ultraflat morphology, with height variation essentially indistinguishable from
that observed for the surface of cleaved graphite.

One of the most distinctive aspects of SLG is its spectrum of electronic
excitations, with its characteristic linear energy-momentum dispersion relation. We have
examined the dynamics of the corresponding Dirac fermions by optical emission
spectroscopy. By analyzing the spectra of light emission induced in the spectral visible

range by 30-femtosecond laser pulses, we find that the charge carriers in graphene cool



by the emission of strongly coupled optical phonons in a few 10’s of femtoseconds and
thermalize among themselves even more rapidly. The charge carriers and the strongly
coupled optical phonons are thus essentially in thermal equilibrium with one another on
the picosecond time scale, but can be driven strongly out of equilibrium with the other
phonons in the system. Temperatures exceeding 3000 K are achieved for the subsystem
of the charge carriers and optical phonons under femtosecond laser excitation.

While SLG exhibits remarkable physical properties, its few-layer counterparts are
also of great interest. In particular, FLG can exist in various crystallographic stacking
sequences, which strongly influence the material’s electronic properties. We have
developed an accurate and convenient method of characterizing stacking order in FLG
using the lineshape of the Raman 2D-mode. Raman imaging allows us to visualize
directly the spatial distribution of Bernal (ABA) and rhombohedral (ABC) stacking in
trilayer and tetralayer graphene. We find that 15% of exfoliated graphene trilayers and
tetralayers are comprised of micrometer-sized domains of rhombohedral stacking, rather
than of usual Bernal stacking.

The accurate identification of stacking domains in FLG allows us to investigate
the influence of stacking order on the material’s electronic properties. In particular, we
have studied by means of IR spectroscopy the possibility of opening a band gap by the
application of a strong perpendicular electric field in trilayer graphene. We observe an
electrically tunable band gap exceeding 100 meV in ABC trilayers, while no band gap is
found for ABA trilayers. We have also studied the influence of layer thickness and
stacking order on the Raman response of the out-of-plane vibrations in FLG. We observe

a Raman combination mode that involves the layer-breathing vibrations in FLG. This



Raman mode is absent in SLG and exhibits a lineshape that depends sensitively on both

the material’s layer thickness and stacking sequence.
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Chapter 1

I ntroduction

Graphene is a single layer of sp’bonded carbon atoms arranged in a two-
dimensional (2D) honeycomb lattice. This material possesses distinctive electronic,
optical, vibrational and mechanical properties and shows huge potential for novel
applications [1,2]. In this chapter, | review briefly the history of graphene research and
the panoply of distinctive properties of graphene. Afterward, | introduce some elementary
electronic and vibrational properties of graphene as well as the ultrafast dynamics of
charge carriers in graphene. Finally, | present recent research on the structure of graphene,
including the influence of graphene’s morphology on the material’s physical and

chemical properties.

1.1 A Brief History of Graphene

While majority of graphene research were initiated after 2000, pioneer studies of
graphene actually date back to more than half a century ago. Wallace’s paper in 1947 [3]
for the first time calculated the electronic structure of graphene and highlighted its linear
dispersion near the K point of the Brillouin zone. Later theoretical studies also remarked
on graphene’s unusual charge carriers that mimic massless Dirac fermions and predicted

relativistic-like effects in this two-dimensional condensed matter system, such as the



unusual landau levels under magnetic field [4,5]. On the other hand, experimental studies
of graphene date back to early 1960’s. The first observation of single layer graphene can
be attributed to Boehm’s pioneer work in 1962 [6]. By using reduced graphite oxide,
Boehm et al produced free-standing ultrathin graphite flakes in solutions, which could be
transferred to a thin membrane and visualized directly with a transmission electron
microscope (TEM). Some of these graphite flakes were found to be of only few-layer or
even single-layer thickness. Boehm also formally defined the term “graphene” in 1994
[7]. Other research groups also observed ultrathin graphite layers under different
conditions [8-10]. However, due to various technical difficulties, these early experiments
on graphene were mainly observational, and did not reveal substantially the unique
electronic properties of graphene. Starting from 2000, several research groups strived to
produce graphene samples that could be put into electrical measurements [11-13]. For
instance, Walt de Heer and collaborators in Georgia Institute of Technology tried to grow
graphene epitaxially from SiC substrates [12]; Philip Kim and collaborators in Columbia
University tried to exfoliate graphene by mounting the graphite crystal on an atomic-
force-microscope (AFM) tip and dragging it along a surface [14]. The breakthrough
finally came in 2005, when the Geim-Novoselov group in Manchester University used a
simple adhesive-tape method to successfully isolate the single-layer graphene from bulk
graphite [15]. Very importantly, they deposited graphene on silicon substrates with a
well-designed 300-nm-thick oxide layer. The optical interference in the oxide layer
allowed the one-atom-thick graphene sheet to be visible in the optical microscope (see
Figure 1.1, with the STM image of graphene [16]). This extremely simple sample

preparation and characterization method significantly accelerated the graphene research.



In 2005, the Manchester group and Columbia group demonstrated unambiguously the
two-dimensional massless Dirac fermions in graphene in two back-to-back papers in
Nature [17,18], which formally sparked the graphene gold rush. The development of
graphene research was rapid. Many breakthroughs were made in a short period of time
[1,2]. The experiments had not only confirmed various predictions on graphene’s usual
electronic properties, but also discovered many unexpected novel characteristics of the
material. The Nobel Prize in physics was given to A.K. Geim and K.S. Novoselov in
2010 for their pioneer contributions in graphene research. The award was also the best

confirmation on the impact of graphene on science and technology.

(@) (b)

1 layer

39 ym

37 pm

Figure 1.1 (a) Optical image of a single-layer graphene sample deposited on a silicon substrate coated with
a 300-nm-thick oxide layer. (b) The honeycomb lattice of graphene shown in the topographic image of
Scanning Tunneling Microscopy (STM). Figure (b) is adapted from ref.[16] .

1.2 Overview of Graphene’ s Novelties

Electronic Properties Graphene consists of only one layer of carbon atoms and thus

serves as an excellent platform for studies of 2D charge carriers. Beside the special



dimensionality, graphene’s low-energy charge carriers are effectively described by a
Dirac-like Hamiltonian, instead of the Schrédinger equation in conventional
semiconductors. The quasiparticles in graphene are massless Dirac fermions with linear
energy dispersion [17-19]. They travel with a constant speed and, thus, behave like
“photons” in a solid. The peculiar charge carriers in graphene make some relativistic
effects observable even in a condensed-matter system. For instance, graphene exhibits an
anomalous quantum Hall effect (QHE) that shows conductivity plateaus at half-integer
positions [4,5,17,18], a feature due to the unusual Landau levels of ultra-relativistic
particles. In addition, a counter-intuitive phenomenon called Klein tunneling of
relativistic particles [20], i.e. complete transmission over high and wide potential barriers,
can be realized in graphene [21,22]. This makes the charge carriers in graphene
insensible to the potentials induced by the impurities and disorder. On the other hand,
graphene has excellent crystalline quality, partly due to its strong carbon-carbon bonding
that makes defect formation energetically unfavorable. The strong atomic bonds also
bestow graphene with high-energy optical phonons (~200 meV), which are mostly frozen
in room temperature. The combination of the lack of back scattering, low defect density
and the absence of optical phonons bestows graphene with the highest room-temperature
carrier transport mobility (>200,000 cm?/Vs) among all the semiconductors [23,24]. The
charge carriers in graphene can travel for a few micrometers without any scattering. The
carriers’ ultrahigh mobility and relativistic-like nature enables integer QHE to be
observable in graphene even in room temperature [25] (Figure 1.2), and also enables

fractional QHE to be observable in less extreme conditions [26,27]. Finally, the spin-orbit
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Figure 1.2 Room-temperature Quantum Hall effect in graphene. The figure is adapted from ref.[25].

coupling in graphene is very weak. This makes graphene a good platform to study spin

transport and spin precession [28].

Optical Properties Graphene has a particularly simple optical absorption spectrum. In
the infrared range, graphene exhibits an almost uniform absorbance of na=2.3% [29,30],
where a is the fine structure constant. Such a universal absorbance, one only depends on
the fundamental constant, arises from the conic electronic structure of massless Dirac
fermions in graphene. The significant light absorption also allows us to visualize the one-
atom-thick graphene even with our naked eyes. In addition, by varying the Fermi level
with an electrical gate, graphene’s absorption can be tuned significantly in the infrared

range by Pauli blocking [31,32].

Mechanical Properties While graphene exhibits remarkable electronic and optical
properties, its mechanical properties are equally impressive. In spite of its one-atom
thickness, graphene possesses enormous mechanical strength. Graphene is the strongest

material ever measured [33]. Its breaking strength is ~ 42N/m, which is more than 100



times larger than that of a hypothetical steel film of the same thickness. Graphene is, on
the other hand, also the most flexible elastic membrane. It can sustain more than 20% of
local strain without breaking [33]. In addition, graphene is chemically very stable and its
melting temperature is high. The excellent mechanical, chemical and thermodynamical
stabilities allow graphene to be manipulated in various conditions. For instance,
micrometer-sized graphene sheets can be suspended over the holes or trenches on the
substrates or over the electrodes in the devices. These free-standing graphene sheets can
be used as high-frequency nanoscale electromechanical oscillators [34,35] and also
transparent support for imaging tiny objects such as helium atoms by TEM [36]. The
graphene membrane can also be used as an ultrathin mask to protect the molecular layers
(e.g. water) adsorbed on a surface and makes the imaging of the weakly-adsorbed layers
possible with a common AFM [37]. In addition, due to graphene’s small lattice constant,
it is not permeable to even the helium atoms. Graphene can therefore be used to store gas.
On the other hand, by drilling a nanometer-sized hole in the graphene membrane, it can
be used to filter ions and molecules (e.g. DNA) in solutions [38-40]. Such filtering

capability makes graphene a promising tool to sequence DNA in the future.

Strain Engineering Recent studies also found that mechanical deformation of the
malleable graphene sheet can effectively modify the material’s electronic and vibrational
properties. In particular, strains in graphene can produce an effect on its charge carriers
just like that of a magnetic field [41,42]. Using this method, an unprecedentedly strong
pseudo-magnetic field in excess of 300 Tesla was obtained in highly-strained graphene

nanobubbles [43]. In the aspect of vibrational properties, uniaxial strain can lower the



crystal symmetry of graphene and lift the degeneracy of certain phonon modes. The split

of the phonon energy levels (a few meV) is observable in Raman spectroscopy [44,45].

Band Gap Graphene is a gapless semiconductor. The lack of a band gap limits its
applications in electronics, such as field-effect transistors [46] that require a high current
on/off ratio. To address this issue, several approaches have been made to create a band
gap in graphene. For instance, by interaction with the hydrogen atoms, graphene could be
chemically modified and possibly transformed into a new material called “graphane”
with a band gap [47]. The band gap can also be produced by confining the charge carriers
in graphene nanoribbons. Quasi-one-dimensional graphene ribbons with widths below 50
nm could be produced by various methods, including lithographic patterning of graphene
[48], bottom-up fabrication from monomers[49], nanoscale reduction of graphene oxide
[50], chemical derivation from graphite solution [51] and unzipping of carbon nanotubes

[52,53].

L arge-Scale Graphene Besides creating a band gap, industrial applications of graphene
require large graphene wafers, on which microscopic circuits and devices can be
patterned. To this end, various techniques have been developed to grow large-scale
graphene. Notable techniques include epitaxial growth from SiC substrates [12,54,55],
chemical vapor deposition (CVD) on metallic surfaces [56,57] and growth from solid
carbon sources [58]. CVD graphene films of 30-inch length have now been produced on
copper substrates [59] and can be transferred to any other substrates. These large
graphene films can be used as the stretchable transparent electrodes [56]. For instance,
touch screens using graphene films [59] have recently been demonstrated, and will be the

most promising graphene commercial products in the near future. Apart from industrial



applications, CVD graphene is found to exhibit grain boundaries that consist of one-
dimensional topological defects [60,61], which are of great interest in basic science

research.

Bilayer Graphene While graphene shows many remarkable properties, its bilayer
counterpart is equally interesting. By stacking an extra graphene layer on top of graphene,
the interlayer interaction can modify the material’s properties significantly. The bilayer
possesses the hyperbolic energy bands, in contrast to the linear bands in monolayer. The
low-energy charge carriers in bilayer are governed by a peculiar Hamiltonian with
combined features of the Dirac and Schrodinger equations [1,2]. The carriers have the
chirality of Dirac fermions, but also carry masses as the Schrodinger particles. Such
massive chiral fermions have no analogy in other systems. Bilayer graphene exhibits a
unique QHE [62,63], one different from that in monolayer graphene and conventional
semiconductors. In addition, though bilayer graphene is a gapless semiconductor, the
application of a perpendicular electric field can modify its band structure and open a band
gap. Bilayer graphene is the first semiconductor with a tunable band gap. Its gap size can

be varied from zero up to 250 meV by an electrical gate [64,65].

1.3 Electronic Properties of Graphene

1.3.1 Band Structure of Graphene

Graphene has a hexagonal honeycomb lattice [Figure 1.3(a)] [19]. Its primitive

unit cell contains two carbon atoms, denoted as A and B and separated by a distance



(a) (b)

Figure 1.3 (a) The lattice structure of graphene. Blue and yellow dots denote, respectively, the A and B
sublattices of the graphene honeycomb lattice. The vector a; and a, are the lattice unit vectors. (b) The
corresponding Brillouin zone. The Dirac cones are located at the K and K’ points. The figure is adapted
from ref.[19].

a:1.42,&. The primitive translation vectors a; and a, have a magnitude of J3a= 2.46,&.
Graphene’s crystal structure has a symmetry point group D3, which contains six-fold
rotations, inversion and reflection symmetry. The Brillouin zone of graphene can be
obtained by rotating its lattice for 90 degree [Figure 1.3(b)]. The reciprocal vectors b; and

b, have a magnitude of 2/+/3a.

The charge carriers in graphene can be described by a nearest-neighbor tight-

binding (TB) Hamiltonian:

=t 3 ([R)(R|+[R)(R (L)
(Ra.Re) .

Here |§>is the Wannier wavefunction at the atomic site R. The summation is over all the

pairs of nearest neighbors in the A and B sublattices of graphene. The parameter t

represents the hopping integral. Here we have neglected the weak spin-orbit coupling in

graphene. By using the Fourier-transformed basis
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1 A
A== 28R, (1.2)
1 ik-R =
[B)= w2 IR) (L3)
the Hamiltonian becomes
0 k
A (K) = —t[ o )J (1.4)
a’'(k) 0 ’
where
a(K) = €% + 26"/ cos (\/3ak, /2 (1.5)
The associated energy spectrum is
E(K) = it\/1+ acos? (v/3ak, /2) + 4cos(v/3ak, /2) cos(v/3ak, /2) (16)

Figure 1.4 Energy spectrum of graphene by a nearest-neighbor tight-binding model (in unit of t). The
zoom-in shows the linear dispersion at one Dirac point. The figure is adapted from ref.[19].
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The plot of E(IZ) is presented in Figure 1.4. Since there is only one valence electron per
atom in graphene, the band is half-filled and the Fermi level is at E=0. The Fermi surface
becomes just two points (i.e. the K and K’ points) in the Brillouin zone. By expanding
a(k) around the K point and suitably rotating the coordinates, we obtain an effective

Hamiltonian for the low-energy charge carriers in graphene:

. 0k -ik,
HIO=Toel ik o

X y

(1.73)

Here v, =?;—6;: is the Fermi velocity and ks and k, are measured from the K point. A

similar effective Hamiltonian with a sign change of ky can be obtained for low-energy

charge carriers near the K’ point. The energy spectrum and eigenfunctions associated

with H (k) is
E(K) = +hvg K +k? = hog K| (1.8)

1 (1
V. :ﬁ[ieigkj (19)

where 6 is the angle of the vector k with x-axis. By using the momentum operator

p = nk and the Pauli matrices & = (ax,ay), Eq 1.7a can be expressed as

H=0.6-p (1.7b)
There are some remarkable characteristics in the Hamiltonian and energy spectrum for
graphene’s low-energy carriers. First, the energy spectrum has a conical structure (zoom-

in in Figure 1.4), in contrast to the parabolic dispersion in conventional semiconductors.
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The charge carriers in graphene thus travel with a constant velocity v, . For the typical

TB hopping parameter t ~3 eV in graphene, v, is about 10°ms™, i.e. 1/300 of the speed

of light. It should be noted that, while the conical energy spectrum of graphene obtained
here is derived based on a TB model, detailed analysis based on group theory [66] shows
that it is an exact result due to the symmetry of graphene (without spin-orbit coupling)
and is therefore independent of the models. Second, the Hamiltonian (Eq. 1.7b) is
identical to the two-dimensional Dirac Hamiltonian for massless particles, except that the

speed of light c is now replaced by the Fermi velocity v. . The low-energy charge

carriers in graphene thus behave as the massless Dirac fermions. Third, the

eigenfunctions /., are spinors with two components that correspond to A and B

sublattice. While they are usually called psudospin due to their analog with the electron

spin, a recent study [67] showed that the “psudospin” in graphene actually carries

intrinsic angular momentum. Fourth, H commutes with the charality (or helicity)

o

operator H:%&. , which is the projection of pseudospin on the momentum direction.

Therefore, the charge carriers in graphene have a conserved chirality. To change the

!

carriers’ chirality, one needs to break the A and B lattice symmetry in graphene, which
requires a sharply varying potential that are usually not possible in solids. Therefore, the
scattering probability of the charge carriers in graphene is low since the change of
momentum must be accompanied with the flip of spin. This is the underlying mechanism
for the Klein tunneling [20-22] of the charge carriers in graphene, i.e. absence of back

scattering when the carriers meet a potential barrier.

1.3.2 Optical Conductivity of Graphene
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An interesting property of graphene that arises from its Dirac Hamiltonian is the
uniform and universal optical absorption spectrum, given by nta=2.3%, where « is the fine

structure constant [68-72]. By using the Dirac Hamiltonian with miminum coupling
= 0.6 p-eA/c) (1.10)
we found that the perturbation for the electron-photon interaction is

A e —
—G-E
~ (1.11)

where E is the electric field of the incoming light. The incoming energy flux is

W, =8 (112)

By using Fermi’s golden rule, we obtain the absorption energy flux

W, - <f|Hm|>|2p( jmg——|| (L13)

The absorbance is then

2
%:ﬂ'%:ﬂazzl:g% (114)

in
2

€ : :
Here a:h—z]/137 is the fine structure constant. The absorbance corresponds to an
C

optical conductivity ofango, where G, =2€?/h is the quantum conductance. The

result shows that the absorbance of graphene depends only on the fundamental constant
of the electron-photon interaction, and is entirely independent of the details of the band

structures as well as the photon energy of the incoming light. This particularly simple
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result arises from the complete cancellation between the energy dependence of the
electron-photon coupling matrix elements and of the density of state in graphene.

Experimentally, the predicted uniform absorption for graphene was confirmed in
the mid-infrared range (Figure 1.5) [30]. However, deviations exist in the high and low

energy limits. The absorption is found to increase in the visible-to-ultraviolet range due to
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Figure 1.5 Absorption spectra for three different graphene samples over the spectral range of 0.5 - 1.2
eV. The left scale gives the absorbance in units of za, while the right scale gives the corresponding
optical sheet conductivity in units of zGo/4. The black horizontal line corresponds to the predicted
universal absorbance of 2.3%. The figure is adapted from ref.[30].
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Figure 1.6 The optical conductivity of graphene at different voltages of a SiO, back gate. The gate
voltages with respect to the charge neutrality point are 10, 17, 28, 40, 54 and 71 V for the conductivity
spectra from left to right. The inset shows the band structure of graphene near the Dirac point and the
interband transition at 2E. The figure is adapted from ref.[32].
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the trigonal warping and the excitonic effects [73-75], which have been neglected in the
simple model for non-interacting massless Dirac fermions. On the other hand, the
graphene samples are usually unintentionally doped by the substrates and adsorbed
molecules. The associated finite Fermi level in graphene suppresses of absorption of low-
energy photons by Paul’s exclusion principle [30]. By varying the doping level with an
electrical gate, graphene’s absorption and optical conductivity can be tuned in the

infrared range (Figure 1.6) [31,32].

1.3.3Landau Levelsof Graphene

Now let’s consider the Landau levels of graphene under a perpendicular magnetic
field. By using the Landau gauge with a magnetic vector potential of A=—Byx, and the

Hamiltonian becomes

~ 0 —ip, —eBy/c
H=UF( P —ipy y/] (1.15)

p,+ip, —€By/c 0
Since there is no explicit x dependence in the Hamiltonian, we can change the operator py

into a scalar by using the ansatz eigenfunction y (x,y)= f, (y)e™/". By introducing a

dimensionless variable & =y/l; —q,l;, where |, = /iic/eB , we can simplify Eq. 1.15 as

a o0

"t

- 0 a
H :ha)c( j (1.16)
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1(,._0 _
where &, = ﬁ $F— | and w, =~/2v. /I, . The operator a, can be shown to satisfy the

0¢
commutation relation [a_,a, ]=1 and are, thus, like the raising and lowering operator of

a one-dimensional Harmonic oscillator. It can also be shown that the eigenstates are:

f = [|Z|_nl>>J (1.17)

where |n) satisfies a |n)=+n+1|n)and a |n)=+/n|n—1). The corresponding energy

eigen values are [4]

E, =+hon (1.18)
Eqg. 1.18 is remarkably different from the conventional Landau-level spectrum
E, =thw(n+1/2) derived from the Schrodinger equation. First, there is a zero-energy

Landau level in graphene, which cannot be obtained by any semi-classical methods, but

(y/z0)™0

n (102 cm-2)

Figure 1.7 (a) (b) Schematics of density of state of the massless Dirac fermions in graphene (a) and the
massive Schrddinger charge carriers in conventional semiconductors (b) under a perpendicular magnetic
field. (c) Half-integer quantum Hall effect in graphene. The figures are adapted from ref.[1].
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is due to pure quantum effects [Figure 1.7 (a)]. Second, the energy levels follow a square-
root relation, instead of the conventional equal-spacing relation [Figure 1.7 (a, b)]. Third,
the constant % is missed in Eq. 1.18. This results in an unusual quantum Hall effect in
graphene that shows the plateaus of the Hall conductivity at half-integer positions instead

of the standard integer positions [Figure 1.7 (¢)] [1,17,18].

1.4 Electronic Properties of Bilayer Graphene

A Dbilayer graphene is obtained by stacking two graphene layers together. The
simplest stacking sequence in bilayer is AA stacking, in which one layer is placed
directly on top of the other. This arrangement is, however, known to be less stable than
the Bernal AB stacking [76], in which one layer is displaced along the direction of the
honey comb lattice by a carbon-carbon bond length (Figure 1.8). The Bernal-stacked
bilayer graphene, which is mostly studied in the literature, has lower crystal symmetry

than the monolayer graphene. It has the symmetry point group Dsq, which contains the

B2
2 O
nig 8 5" /9
) E ::'._ :l‘ i"
7l I :: \\:'/3 :;F V4
o4 Jeis,
ne® o o8 %
B1 v

Figure 1.8 Lattice structure of bilayer graphene with the relevant tight-binding (TB) parameters shown.
The yellow and blue dots represent carbon atoms in the A and B sub-lattices of the graphene honeycomb
structure. yo is the TB hopping parameter between two nearest-neighbor atoms in the same graphene
layer. y1, y3 and y,4 are three TB hopping parameters between atoms in different graphene plane.
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inversion symmetry, but no reflection symmetry. The interlayer spacing is 3.37 A

The coupling between two graphene layers can change the electronic structure of
bilayer significantly [19,63,76,77]. In a tight-binding (TB) model, the charge carriers of a
Bernal-stacked bilayer graphene near the K point in the Brillouin zone can be described

by an effective Hamiltonian in the basis (Al, B1, A2, B2)

u/2 oz —vr V, 7
ver U/2+68 —v, 7'
Hbilayer = - / }/l ¢ + (119)
—V, 7 7 -U/2+6 verx
VR ARYY ver —U/2

Here 7 =P, +ipy and y, ~390 meV is the nearest-neighbor interlayer hopping parameter.
If we only consider y, for the interlayer coupling, the bilayer band structures consist two
hyperbolic conduction bands, separated by y,, and two valence bands that are inversely
identical to the conduction bands [red lines in Figure 1.9(a)]. Based on this symmetric
band structure, the parameter v, = y,/y, introduces small trigonal-warping effects and
v, =7,/7, introduces an electron-hole asymmetry effect in the band structure [77]. U is

the potential difference between the two graphene layers, and 6 is the potential difference

between two nonequivalent atoms in the individual graphene layer. To illustrate the effect

of U, let’s consider a simplified Hamiltonian with only y, and U, at the K point where

=0
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u/2 0 0 0

0 U/2 gy 0
Hyiaver = 1.20
bilayer 0 }/1 —U/2 UO . ( )

0 0 0 -U/2

The eigenenergies are

E..=%U/2,

C

(1.21)
Ec2,v2 =i\/}/12 +U2/4 ziyl'

Here c1, c2, vl and v2 denote the first and second conduction bands and valence bands
[green lines in Figure 1.9(a)]. We found that the interlayer potential difference U breaks
the inversion symmetry of bilayer and lifts up the degeneracy at the K point. As the
conduction and valence bands are split, a band gap is opened in bilayer [63,76-81].

Experimentally, the band gap can be realized in bilayer with the application of a
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Figure 1.9 (a) Band gap opening in bilayer graphene due to interlayer potential difference induced by the
shift of Fermi level. The red (green) line represents the band structure at zero (finite) doping level. (b) The
optical conductivity measured in bilayer graphene with different doping level under an electrolyte top gate.
The absorption peak 1 and 2 correspond to the transition 1 and 2 in (). (c) The extracted band gap from (b)
and the comparison with the theoretical prediction of the band gap (Eg) and the energy gap at K point
(AEy). The figures are adapted from ref.[63].
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perpendicular electric field using double-gate devices [65,82-85], in which the back and
top gates are applied with opposite voltages. On the other hand, due to the self-consistent
charge distribution in doped bilayer graphene, the band gap can also be induced in single-
gate bilayer device [64] or chemically doped bilayer samples [80,86]. Infrared
spectroscopy serves as an excellent means of identifying the band gap in bilayer graphene
[64,65]. As shown in Figure 1.9(b), new absorption peaks (peak 1 and 2) emerge when
the band gap opens in high doping charge density. They correspond to the optical
transitions from states on both sides of the energy gap to the common higher-lying
conduction band [transition 1 and 2 in Figure 1.9(a)]. The size of the induced band gap
can be deduced directly from experiment and compared with the predictions based on TB
model. A band gap approaching 200 meV can be opened in bilayer when an electric field
of 1 V/nm is applied, inducing a carrier density of about 10** cm™ [Figure 1.9 (c)].

The TB parameters v, and & introduce electron-hole asymmetry effects on the

bilayer band structure [Figure 1.10 (a)] [77,87]. The on-site energy difference & modifies
the energy gap between the two conduction bands and between the two valence bands.

The next-nearest-neighbor coupling v, modifies the slope of the dispersion differently in

the conduction and valence bands. This asymmetric band structure gives rise to different
optical transition behaviors on the electron and hole side, which can be probed
experimentally by infrared spectroscopy [87]. Figure 1.10 (b) shows the optical transition

energies in graphene bilayer doped with a SiO,/Si back gate. The observed asymmetric



21

behaviors on the electron and hole side can be accounted quantitatively based on the TB

band structure in Figure 1.10 (a).
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Figure 1.10 (a) Schematics of the band structure of bilayer graphene with zero (red) and finite (black)
values of & and v, together with the allowed interband transitions. (b) Comparison with the experimental
optical absorption peaks and the theoretical predictions. The solid and open symbols are experimental data
from the conductivity and transmission spectra, respectively. Solid lines are theoretical values of the
transition at e,, €3 and their average values with ve=1.1x10° m/s, v1=404 meV and 6=18 meV and v,=0.04.
Red dashed line is the transition value of e; with similar parameters except v,=0. The figures are adapted
from ref.[87].

1.5 Electronic Propertiesof Trilayer Graphene

We can obtain a trilayer graphene by stacking another graphene layer on top of
the Bernal-stacked bilayer. There are two possible ways to stacking the third layer, which
resulted in two types of trilayer that are thermodynamically stable [76]. Let’s denote two
neighbor atoms in the first (bottom) graphene layer as position A and B and the center of
the hexagon as position C [Figure 1.11(a)]. To obtain the stable Bernal stacking in bilayer,
the second graphene layer should be translated from position A to B. By placing another
layer on this AB bilayer, we have either a Bernal stacked (ABA) trilayer if the third layer

is translated back to position A [Figure 1.11(b)], or a rhombohedrally stacked (ABC)
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trilayer if the third layer is translated to position C [Figure 1.11(c)]. The ABA trilayer
graphene has the symmetry point group Ds,, which contains the mirror symmetry with
respect to the reflection of the middle plane. The ABC trilayer has the symmetry point

group D34 that contains the spatial inversion symmetry.

(a) (b) (c)

Figure 1.11 (a) In-plane translations (A to B, A to C) of an upper graphene layer relative to the bottom
layer. (b, ¢) Two different structures of trilayer graphene with ABA (b) and ABC (c) stacking sequence.
The yellow and blue dots represent carbon atoms in the A and B sub-lattices of the graphene honeycomb
structure. Figure (a) is adapted from ref.[76].

A3 O B3 A3 O B3
A2 0B2 A2 B2
A1 O B1 INK® B1

Figure 1.12 Tight-binding diagrams from ABA (left) and ABC (right) trilayer graphene. The yellow and
blue lines represent intra- and inter-layer nearest-neighbor coupling. At the K point, the intralayer coupling
becomes zero. The atoms in yellow then become non-bonding monomers and the atoms in blue form a
trimer in ABA trilayer and two dimers in ABC trilayer.

The different symmetry of the crystal structure results in distinct electronic
structure in ABA and ABC trilayer graphene. In a simple TB calculation that considers

only the nearest intra- and inter-layer neighbors (Figure 1.12), the electronic structure of
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ABA and ABC trilayer graphene can be described by the following Hamiltonian in the

basis of (AL, B1, A2, B2, A3, B3)

0 vz 0 0 0 0
ver 0 " 0 0 0
0 b2 0 vz 0 b2
H — 1 F 1 122
1o 0 oz 0 0 0 (1.22)
0 0 0 0 0 o'
0 0 " 0 o7 O
0 oz 0 0 0
ver 0 7 0 0 0
0 0 "0 0
Hpee = 7(/)1 e (1.23)
ver 0 7 0

0
0 0 0 y 0 ura
0 0 0 0 uvz O

The corresponding band structure of ABA and ABC trilayer are shown in Figure 1.13.
We find that the low-energy band structure of ABA and ABC trilayers is very different.
ABA trilayer has four low-energy bands that follow either linear or quadratic dispersion,

while ABC trilayer has only two low-energy bands that follow the cubic dispersion.

At the K point where the intralayer coupling is zero, the ABA Hamiltonian can

be further simplified in the basis (A1, B2, A3, B1, A2, B3) as

M, 0
HABAz( 01 Tj, (1.24)

where
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0 0O
M, =0 0 0], (1.25)
0 0O
0O » O
T=ln 0 n| (1.26)
0O » O

From Eq. 1.24, we see that the ABA trilayer consist of three monomers (M) and one

(a) ABA (b) ABC
v E

=

Figure 1.13 Band structure of trilayer graphene with ABA and ABC stacking order. x/E;/land ¥, are

the energy spacing between the low- and high-lying energy bands at the K point for ABA and ABC
trilayer, respectively.

(a) ABA (b) ABC

\i\ E
Figure 1.14 Band structure of trilayer graphene with ABA and ABC stacking order with the application
of a uniform perpendicular electric field.
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trimer (T). The bonding and antibonding states of the trimer give rise to two bands with

energy ++2y,. The non-bonding state of the trimer and all the monomers have zero

energy.

On the other hand, the ABC Hamiltonian at the K point can be written in the basis

(Al, B3, B1, A2, B2, A3) as:

M, 0 O
Hyoo=| 0 D, 0 |, (1.27)
0 0 D,
where
M, = 00 1.28
2o 0 (1.28)
0
D, =D, :( ylj. (1.29)
7nn O

The ABC trilayer consists of two monomer states at zero energy and four dimer states at

energiesty,.

ABA and ABC trilayers have different response to the electric field due to their
distinct crystalline and electronic structure [76]. Let’s consider the application of a
uniform and perpendicular electric field that induces opposite potentials (£U/2) on the top
and bottom layer but zero penitential on the middle layer. By solving the corresponding
TB Hamiltonian in ABA and ABC trilayers, we find that a band gap is opened in ABC

trilayer while no band gap exists in ABA trilayer. To understand this distinctive behavior,
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let’s consider the ABA and ABC Hamiltonian at the K point, where the band-gap opening

occurs. For ABA trilayer, Eq. 1.25 and 1.26 become

u/2 0 0
M=l 0 0 o0 | (1.30)
0 0 -U/2
u/2z p 0
T=|p O 7ol (1.31)
0 " —U/2

We find that the two monomers (at Al and A3) are split away for an energy spacing of U,

and the middle monomer (at B2) is still of zero energy. On the other hand, the trimer
states have energies E=0 and E =+/2y,> +U?/4 = i(x/iyl +U 2/8) (the approximation

is made for small U). Therefore, the zero energy states are doubly degenerate. There is
no band gap in ABA trilayer with the application of a uniform electric field [Figure

1.14(a)].

On the other hand, the corresponding monomers and dimers in the ABC

u/2 0 u/2 0
Hamiltonian are M, = / , D = /2 n and D, = 7| We find
0 _U/2 no O 7 _U/2

that the electric field split the monomer states by an energy gap of U, which constitutes a

band gap in ABC trilayers [Figure 1.14(b)]. The electric field also breaks the degeneracy

of the high- and low-lying energy levels of the two dimmers, which now have energies

E=+y°+U?/16 tU/4~+y, +U/4.



1.6 Vibrational Properties of Graphene

1.6.1 Phonon Band Structur e of Graphene

Phonon frequen

Figure 1.15 Phonon band structure of graphene (left panel) and schematics of LO and TO phonons at I
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Graphene has totally six phonon branches, including three acoustic branches and

three optical branches (Figure 1.15). The acoustic branches include the in-plane

longitudinal (LA) and transverse (TA) acoustic phonons and the out-of-plane acoustic

phonons (ZA). The optical branches include the in-plane longitudinal (LO) and transverse

(TO) optical phonons and the out-of-plane optical phonons (ZO). The LO and TO modes

are degenerate at the 7-point due to the symmetry of graphene. In graphene, we are

interested in the 7-point phonons at the zone center and the K-point phonons at the zone

edge for two reasons. First, they are Raman active and give rise to strong Raman lines,

e.g. G, D, and 2D (G’) Raman modes [88,89], which carry important information of the

graphene samples. Second, they are coupled strongly to the electrons in graphene. The
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electron-phonon interaction not only induces a significant renormalization of phonon
energy near the 7" and K points, i.e. the so-called Kohn anomaly [90], but also plays a
critical role in the carrier dynamics of graphene in high-field transport and ultrafast

phenomena [91-93].

(a) G mode (b) D mode

Figure 1.16 Raman processes of G-mode (a) and D-mode (b) in graphene.

1.6.2 Raman G mode

In the Raman spectroscopy of graphene, the G line is associated with the zero-
momentum 7-point LO and TO phonons [Figure 1.16 (a)]. The LO and TO modes are

degenerate at 7-point due to the symmetry of graphene. The degeneracy can be lifted by

Y T 4 T 4 T v T ¥ T ¥ T v T v
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Figure 1.17 Evolution of the spectra of the G band of graphene under strain (€). The spectra are fit by 2
Lorentz peaks of fixed width 16 cm™. The figure is adapted from ref.[44].
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breaking graphene’s crystal symmetry by the application of uniaxial strain. The split of
the LO and TO phonon energies can be revealed as the split of the G line in the Raman

spectrum (Figure 1.17) [44,45].

Due to the gapless conical electronic structure in graphene, The /™-point LO and
TO phonons can decay into electron-hole pairs. This leads to strong electron-phonon
interaction in graphene. On the other hand, the electron-phonon coupling strength can be
controlled by varying the Fermi level of graphene [94-96]. When the Fermi level is above
half of the phonon energy, the creation of electron-hole pairs are forbidden by Paul
blocking, leading to an enhanced energy and longer life time of the phonon, which are
reflected, respectively, by the frequency and width of the G line in the Raman spectrum

(Figure 1.18).
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Figure 1.18 (a)—(c) Graphene G band damping and (d) —(f) energy renormalization in graphene with a SiO,
back gate. In (a) and (d), dashed blue lines and solid red lines are the fits for ideal and nonuniform
graphene, respectively. The insets are Feynman diagrams for electron-phonon coupling applicable to the
case of the G phonon. (b) represents the broadening of the G phonon due to decay into electron-hole pairs.
(c) indicates that the G-phonon decay into the electron-hole pair is forbidden by the Pauli principle at high
doping charge densities. (e) is for the renormalization of the G-phonon energy by interaction with virtual
electron-hole pairs. (f) shows that virtual electron-hole pair transitions are forbidden. The figure is adapted
from ref.[96].
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1.6.3 Raman D and 2D Modes
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Figure 1.19 (a) The Raman G-mode and 2D-mode in graphite and graphene samples with layer thickness
from 1 to 6. (b) Zoom-in of the 2D-mode in (a).

In the Raman spectroscopy of graphene, the D line and its overtone (2D) arise
from the emission of K-point TO phonons [88,89]. As the K-point phonons carries finite
momentum, the first-order D mode can only be activated with defects. This makes the
intensity of D mode a good indicator of the concentration of atomic defects in graphene.
In graphene and graphite, the D and 2D mode show several anomalous features. First,
their frequencies blue-shift with the increase of excitation photon energy. Second, the
intensity of the second-order 2D mode is comparable to that of the first-order G mode
[Figure 1.19 (a)]. These two peculiar features arise from a double-resonance process [97],
in which the photo-excited electrons emit a K-point phonon and jump to another state in

the other Dirac cone [Figure 1.16 (b)]. The electrons can be scattered back to the original
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cone by scattering with defects (D mode), or emitting another K-point phonon (2D mode).
The phonon-mediated resonance between two real electronic states strongly enhances the

probability of the process and, hence, the corresponding Raman signal.

Since the 2D-mode involves electronic resonance in graphene, its lineshape is
therefore sensitive to the electronic structure of the material. In particular, the 2D mode
can be used as an accurate means of identifying the layer thickness of monolayer and
bilayer graphene [98]. As shown in Figure 1.19, the 2D mode in monolayer shows a
particularly narrow Lorentzian lineshape compared to the multi-featured lineshapes in
samples of greater thickness. The simple 2D lineshape in graphene arises from its simple
electronic structure, which minimizes the number of phonon wavevectors that satisfy the
double-resonance conditions. In addition, the 2D-mode in bilayer graphene shows a
shoulder that can be used as a fingerprint of the bilayer thickness. In few-layer graphene
samples, the 2D lineshape become more ambiguous because of the more complicated

electronic structures.

1.7 Vibrational Properties of Bilayer Graphene

Bilayer graphene has twelve phonon branches, including nine optical branches
and three acoustic branches. Since the interlayer coupling is weak, the high-energy
optical phonon branches (LO, TO and ZO) are almost degenerated and hence similar to
the phonon modes in monolayer (Figure 1.20). The low-energy acoustic phonons (LA,
TA ZA) are, however, distinctive from those in monolayer. In particular, three new inter-

layer vibration modes emerge in bilayer: two layer-shearing modes (LO’ and TO’) and
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one layer-breathing mode (ZO’), in which the two graphene layers vibrate out of phase in

the lateral and vertical direction, respectively, as shown in Figure 1.21.
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Figure 1.20 Phonon band structure of graphene bilayer.
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Figure 1.21 Out-of-plane phonon modes in graphene monolayer and bilayer. The layer-breathing mode
(20”) and shearing mode (LO’ and TO’) are absent in monolayer.
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1.8 Ultrafast Carrier and Phonon Dynamicsin Graphene

The interactions between the charge carriers in graphene and the strongly coupled
optical phonons (SCOP) at 7" and K points in the Brillouin zone have significant influence
on the carrier dynamics of graphene. In particular, the strong electron-SCOP interactions
play an important role in the decay dynamics of carriers with the excitation of
femtosecond laser. Studies based on time-resolved Raman spectroscopy have shown that
the photo-excited electrons equilibrate with the SCOPs in a time scale of 100 fs in
graphene (Figure 1.22) [99], graphite [91,92,100] and also carbon nanotubes [101]. Due
to the large specific heat of the SCOP, over 90% of the excitation energies are transferred
into the SCOP system. This carrier-SCOP equilibrium subsystem stays out of equilibrium

with the rest of the system, and cools down by anharmonic decay into the acoustic
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Figure 1.22 Normalized intensity change of anti-Stokes G band Raman scattering in graphite and
monolayer graphene at room temperature as a function of delay time t. The intensity of Raman signal is
proportional to the G-phonon population. Symbols and solid lines are experimental data and model fits,
respectively. The extracted exponential relaxation times for graphite and monolayer graphene from these
fits are 2.4 and 1.2 ps, respectively. The black dashed-dot line is the time correlation between the pump
and probe pulses. The figure is adapted from ref.[99].
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Figure 1.23 (a) Transient reflectivity decay dynamics of mono-, 8- and 13-layer graphene samples,
together with double exponential fits to the data. The decay dynamics for the 13-layer graphene sample
is plotted for two different pump fluences. After rescaling, identical decay dynamics are observed. (b)
Decay time for interfacial heat flow as a function of graphene layer thickness. Dots: experimental data,
with multiple points corresponding to values for different samples of the given thickness. Lines:
numerical simulations, for different values of the interfacial thermal conductance. The figures are
adapted from ref.[102].

phonons in the time scale of a few picoseconds.

After the charge carriers and SCOP reach equilibrium with the lattice, the whole
graphene system will cool down slowly by heat diffusion into the substrate in a time scale
of 10’s picoseconds. This relaxation process can be probed by measuring graphene’s
transient reflectivity [Figure 1.23(a)] [102]. Lateral heat diffusion is negligible in this
time scale due to the large laser spot (a few micrometers) in the pump-probe experiment.
In addition, since the heat is dissipated across the interface between graphene and the
substrate, thicker graphene samples usually needs a longer time to cool down. By
analyzing the layer-thickness dependence of the relaxation time based on a model of heat
diffusion across an interface, we can extract the interfacial thermal conductance between
graphene and the substrate. For graphene deposited on SiO, substrates, the average

interfacial thermal conductance is found to be 5,000 W/cm?K [Figure 1.23 (b)].
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1.9 Morphology of Graphene

While much of the graphene research has been directed to investigate its
electronic and vibrational properties, the structural aspect of this two-dimensional
material is also of interest and importance. The morphology of graphene started to attract
attention in 2007, when Mayer et al [103] reported the presence of nanometer-sized
ripples in single-layer graphene by an electron diffraction study on the suspended
graphene membranes [Figure 1.24]. They found that the electron diffraction pattern
becomes blurred when the incident angle of the electron beam increases. Such
broadening of diffraction peaks with the tilt angle can be understood as a result of
microscopic corrugations on the graphene plane. They further deduced that the graphene

ripples have an average height of ~1nm and lateral dimension of 10~25 nm. The rippling

b 1-210
D—_ﬁO
Tilt axis =t

Figure 1.24 (a) TEM image of a suspended graphene membrance. (b) (c) Electronc diffraction patterns
from a graphene monolayer under incidence angles of 0 (b) and 26 (c) degree. The peaks become
broader with increasing tilt angle. (d) Schematic for a corrugated graphene. (€) For the corrugated sheet,
a superposition of the diffracting beams from microscopic flat areas effectively turns the rods into cone-
shaped volumes so that diffration spots become blurred at large angles. The figure is adapted from
ref.[103].
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was found to be suppressed in graphene samples with greater thickness. The nanoscale
rippling has been argued to be an intrinsic feature of graphene, which is necessary to
maintain the stability of graphene’s 2D structure [103,104].

In addition to the studies of free-standing graphene layers, the vast majority of
investigations have been conducted for single-layer graphene crystals deposited on
silicon wafers with SiO, epilayers. These graphene samples also display nanometer
roughness over a lateral scale of a few 10’s of nanometers [16,105], features comparable
to those found in free-standing graphene layers. It has been an issue of controversy
whether these corrugations arise from the effects of the rough underlying substrates or
they are the intrinsic features of graphene.

The existence of microscopic rippling of the 2D graphene sheets, either in free-
standing form or supported on substrates, has attracted intense scientific interest. Beside
its importance for the fundamental questions concerning the stability of 2D systems, the
ripples are understood to define a diverse set of the observed properties of graphene. The

higher chemical reactivity seen in single layer graphene compared with bi- or multilayer
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Figure 1.25 Stereographic plot of a large-scale (100 x 62 nm) STM image of a single-layer graphene
film on the SiO, surface. The height variation on graphene is ~0.5nm over a lateral distance of 10~20
nm. The figure is adapted from ref.[16].
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graphene has, for instance, been attributed to changes in chemical bonding caused by
ripples. In addition, ripples can induce additional scattering processes and charge
inhomogeneities that limit the ultimate carrier mobility in graphene [106]. Furthermore,
various theoretical studies have predicted that the ripples can induce a zero-energy landau
level in graphene [42,107]. The associated energy states, i.e. the so called mid-gap states,

can localize the charge carriers and increase the resistance of the graphene sheets.

1.10 Structure of thethesis

This thesis is devoted to investigating the electronic, vibrational and structural
properties of single and few layer graphene. The thesis can be divided into three sections.

The first section includes chapter 1 and 2 and introduces background information
of the thesis. Chapter 1 overviews related graphene research in the literature. Chapter 2
presents experimental techniques and apparatuses that are applied in the research of the
thesis.

The second section includes chapter 3 and 4 and is devoted to the investigations
of single-layer graphene (SLG). Chapter 3 mainly focuses on the structural properties of
SLG. We compare graphene’s morphology on different substrates and demonstrate how
to produce ultraflat graphene by using the atomically flat mica substrates. Chapter 4
focuses on the electronic and optical properties of SLG. We study the ultrafast carrier
dynamics in graphene by using the optical emission of the hot carriers in graphene with
the excitation of femtosecond laser.

The third second includes chapter 5, 6 and 7 and is devoted to the studies of few-

layer graphene (FLG). In Chapter 5, we demonstrate how to characterize the stacking
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order of FLG by Raman imaging. In chapter 6, we investigate the influence of stacking
order on the possibility of opening a band gap in ABA and ABC stacked trilayer
graphene. Finally, we investigate the influence of stacking order on the Raman response

of FLG in chapter 7.
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Chapter 2

Experimental Techniquesand Apparatuses

In this chapter, | introduce some techniques and apparatuses for the experiments
in this thesis. The techniques include the isolation of single-layer and few-layer graphene
(SLG and FLG) from graphite and characterization of the sample thickness. | also explain
the experimental setups of Raman, infrared (IR) and photoluminescence spectroscopy on

graphene.

2.1 Graphene Sample Preparations

All the graphene samples used in the experiments in this thesis are produced by
mechanical exfoliation of kish graphite, which is also called the scotch-tape method [1].
This technique has been widely applied in the graphene community. Though other
methods such as chemical vapour deposition have been developed for the massive
production of large-scale graphene samples, the scotch-tape method remains as a vital
technique in graphene research because it is very simple and the graphene samples thus
produced has the highest quality among all the sample preparation methods.

In the scotch-tape method, a piece of kish graphite flake is put on the tape and
peeled with another tape. Since the graphene layers in graphite are bonded only weakly
by the van der Waals force, they can be readily separated. The peeling process is repeated

until the tape is full of thin graphite flakes. Afterward, the tape is transferred onto a
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substrate. After being rubbed softly against the substrate surface for about one minute,
the tape is removed and some graphene flakes will remain on the substrate.

The yield of graphene sheets is mainly determined by two factors in the sample
preparation process. The first one is the distribution of graphite flakes on the tape. To
obtain large-area graphene sheets, the graphite flakes on the tape should be thin, large and
dense. During the peeling process, the graphite distribution should be monitored
continuously by checking the tape under the light. Graphite thin films appear to be half-
transparent. Overdoing the peeling process usualy results in powder-like graphite
distribution on the tape, which would not be able to produce large graphene samples. The
second factor is a clean substrate. We usually clean the quartz substrates and silicon
wafer by etching in nano-strip or piranhafor half an hour. Methanol is sometimes used to
clean the substrates, but it appears to be less effective.

After the exfoliation of graphite, we search the graphene flakes on the substrates
under an optical microscope. When graphene is deposited on the silicon substrates with a
300-nm oxide layer, it appears to have different color from the substrate and hence can be
visualized easily [Figure 2.1(a)]. Such a color contrast is induced by the extraoptical path
that graphene adds on the interference process in the oxide layer of the silicon substrate
[1]. On the other hand, because graphene is very absorptive, it can also be inspected on
the transparent substrates, such as quartz and mica, by using the optical intensity contrast

of reflection (~8%) between graphene and the substrate [Figure 2.1(b)].
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(a) g 33.0 pm

Figure 2.1 Optical images of single and few layer graphene on SiO,/Si (a) and bulk SIO, (b) substrates.

Different kinds of substrates are used for different experimental purposes. The
SiO,/Si substrates are used most often in the graphene community because graphene can
be visualized most easily by color contrast in these substrates and the oxide layer can be
used as a gate to tune the doping level of graphene. However, SiO,/Si substrates have
some disadvantages in the optical measurement. First, the thin oxide layer complicated
the optical problem in the graphene/substrate interface, which makes the extraction of
optical conductivity less straightforward than in the case of bulk substrates. Second,
silicon is opaque in wavelengths below 1.1 um, resulting in difficulties in optical
measurements in this spectral range. For instance, in the pump-probe experiment of
graphene with Ti:sapphire laser as the excitation source, silicon will give a strong
background response due to its absorption of the 800-nm incident laser. Therefore, we
often use bulk substrates, such as quartz and mica that are transparent from IR to
ultraviolet, in these optical measurements. Graphene on mica has ultraflat morphology

and it can be produced with higher yield than on quartz because cleaved mica surface in
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dry environment is very clean and adhesive. However, graphene on micais often strongly
and inhomogeneously doped by the substrate as well as the adsorbates on the substrate.
The thickness of the graphene samples can be characterized accurately by severdl
methods, including atomic force microscopy (AFM), Raman spectroscopy and optical
absorption. AFM served as a vita tool to identify the graphene thickness in early
graphene research. In the AFM topological images, SLG exhibits a thickness of ~0.7-nm.
Each additional layer will add ~0.4 nm in the sample thickness. The larger thickness of
the first graphene layer is attributed to the graphene/substrate spacing. While the AFM
technique is accurate, it is not efficient and convenient. The AFM scanning can also
occasionally damage the graphene samples. Optical techniques have been developed to
characterize the graphene layer thickness in a more efficient way. In particular, Raman
spectroscopy can identify monolayer and bilayer graphene accurately by using their
unigue Raman 2D-mode lineshapes (Figure 1.19) [2]. The Raman technique has been
used widely in the graphene community due to its simplicity. Its application is, however,
limited in FLG with layer thickness greater than two. For the thicker samples, we can
measure their layer number by optical absorption [3-5]. Because each graphene layer
absorbs about 2.3% of incident light in the near-infrared-to-visible range, we can deduce
the layer number of the FLG samples by the corresponding absorbance [Figure 2.2]. In
addition, graphene’s reflectance is proportional to its absorption when it is deposited on
bulk transparent substrates. We can therefore also characterize FLG's layer number by
measuring the intensity of the reflected light [Figure 2.2(b)]. Similar techniques can be

used to identify the thickness of FLG in electron spectroscopy [6]. In some transport
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experiments, the half-integer quantum Hall effect that is unique to monolayer graphene

has also been used to identify the layer thickness of graphene[7,8].
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Figure 2.2 (a) Optical absorption spectra of FLG samples with layer number N from 1 to 8. (b) Average
reflectance and absorbance of FLG as a function of layer number. The data can be described well with
linear functions. The figures are adopted from ref.[5].

2.2 Raman Spectr oscopy

In our experiments, Raman spectroscopy has been used extensively to study the
electronic and vibrational properties of graphene samples. When the incident light is
scattered from a crystal, most of the scattered photons have the same energy as the
incident photons. This elastic scattering is called Rayleigh scattering. A tiny fraction of
scattered photons have, however, lower energies than the incident photons because the
scattering involves the excitation of some vibrational modes in the crystal. This inelastic
scattering is called Raman scattering. Light sources in the infrared-to-ultraviolet spectral
range are usualy applied in Raman spectroscopy. Photons in this spectra range have
very high energy, but negligible momentum compared to the phonons in the crystals. In

order to conserve the total momentum in the scattering, the Raman process usually
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involves only the emission of single phonons with zero momentum, i.e. zone-center
phonons, or multiple phonons with total zero momentum. Exceptional cases happen when
the crystals contain defects and disorders.

A typical Raman set up is shown schematically in Figure 2.3. The incident light,
which is usualy a 532-nm laser in our experiment, is focused on the sample with spot
size of afew micrometers by a microscope objective. The scattered light from the sample
is collected by the same objective and directed by a beam splitter to the spectrometer. A
short-pass edge filter is used to block the strong elastically scattered light (Rayleigh-
scattering) and pass only the weak Raman signals with lower photon energies. The
spectrometer is coupled with a charge-coupled device (CCD) array detector, which is
cooled either thermoelectrically or by liquid nitrogen. Figure 2.4 displays a typical
Raman spectrum from SLG. The G and 2D line corresponds, respectively, to the emission

of single zone-center phonons and two zone-edge phonons in graphene.

Excitation laser
Edge filter

Beam splitter

spectrometer

Objective

Graphene layer

Substrate

Figure 2.3 Schematic diagram of Raman measurement on graphene.
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2.3 Infrared Spectroscopy

In our experiments, we have studied the electronic structure of FLG by infrared
(IR) spectroscopy. The IR measurements were performed by using either the Globar source
or the U12 IR beam line of the National Synchrotron Light Source at Brookhaven national
Laboratory. The optical radiation passing through or reflected by the sample was detected
with a micro-Fourier Transform Infrared apparatus equipped with a liquid-nitrogen cooled

MgCdTe detector under nitrogen purge.

A typical set up to measure the transmission of graphene samples is shown
schematically in Figure 2.5. Since the exfoliated graphene samples are of length scale
below 50 um, the incident IR beam is focused on the sample with spot size about 10 um
by areflective objective (x32). The transmission and reflectance spectra of the sample are

obtained by normalizing the sample spectrum with that from the bare substrate. In my
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experiment, | used both bulk SiO, substrates and silicon substrates with an oxide epilayer.

They are both transparent in the infrared spectral range.

ﬂ Incident IR beam

Beam splitter
Reflective
Objective
Substrate
Reflective
Objective

I:> MCT detector

Graphene layer

Figure 2.5 Schematic diagram of infrared measurement on graphene.

The optical sheet conductivity o(iw) of the FLG samples can be calculated from the
transmittance and reflectance by considering the boundary conditions in the graphene/substrate
interface [9]. In the case of SIO,/S substrates, the calculations are somewhat complicated due to
the interference in the oxide layer. However, in the case of bulk SiO, and mica substrates, the
optical conductivity can be obtained from the fractional change of either the reflectance or

transmittance using asmple formula[3]:

é‘R:RFLG_Rsub: 4 4_770_

Rsub nszub -1c (3.1)
T, .-T. 2 A4r
5. —_FLG — ‘sib _ 5.
T T., n,+1 c 7 (32)
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Here Rric (Trig) and Raw (Taw) are the reflectance (transmittance) spectra of the FLG
films on the quartz substrate and of the bare substrate, respectively. ¢ denotes the speed
of light in vacuum and ng, is the frequency-dependent refractive index of the substrate.
Figure 2.6 displays the IR optical conductivity of SLG and Bernal stacked bilayer and
trilayer graphene on bulk quartz substrates. All samples exhibit relatively flat spectrain
the high-energy spectral range. The conductivity vaue in this range is found to be
proportional to the number of graphene layers and hence provides a precise identification
of FLG thickness. On the other hand, the low-energy (< 0.7 €V) conductivity reflects the

details of electronic structure and doping level [4,10,11].
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Figure 2.6 IR Optical conductivity of graphene samples with layer thickness N from 1 to 3.

24 Photoluminescence Spectroscopy and Two-Pulse

Correlation M easurements
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Apart from the Raman scattering and IR absorption, graphene aso shows
interesting properties in photoluminescence. Normally graphene does not emit any light
due to the absence of band gap in this material. Any excited electron-hole pairs in
graphene can relax and recombine rapidly through the emission of phonons. However,
hot luminescence can occur in graphene with the excitation of femtosecond laser pulses.
Investigation of the hot luminescence allows us to understand the ultrafast dynamics of
excited carriersin graphene.

Figure 2.7 shows schematicaly the experimental setup for measuring optical
emission from graphene. In our experiment, the laser pulses were generated from an 80-
MHz modelocked Ti:sapphire oscillator. The central wavelength of the laser pulse was
830 nm. The spectral profile was Gaussian-shape with a spectral width of 27 nm [Figure
2.8(a)]. We measured the light emission from SLG under excitation both by individua
pulses and by pairs of pulses. For the latter case, we recorded the light emission as a
function of the temporal separation between two equivaent excitation pulses, which were
orthogonally polarized to eliminate interference effects. In this two-pulse correlation
measurement, the incident laser beam was split into two beams with different paths and
recombined on the sample. One of the split beams was synchronized with another by a
delay time, which was controlled by a translation stage equipped with a step motor of
step size of 0.1 um. In both single- and double-pulse excitation measurements, the light
emission was collected in either transmission or reflection geometries and analyzed by a
spectrometer coupled to a cooled CCD array detector.

To increase the time resolution of the measurement, we used a pair of prisms

outside the oscillation cavity to compensate the dispersion in the optical path and
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optimized the pulse duration at the sample position. We produced ultrashort pulses of
duration ~30 fs in our experiment. The pulse duration was measured by using the
intensity correlation of Second Harmonic Generation from a BBO crystal placed at the
sample position [Figure 2.8(b)]. On the other hand, the beam on the sample plane was
determined by scanning a sharp edge of a graphite flake across the laser spot. By
differentiating the intensity of the reflected light with respect to the scan distance, we
extracted the laser spot profile, which could be fit well with a Gaussian function and gave

aspot diameter of ~ S5um [Figure 2.9].

Translation
stage

830nm

A

Beam splitter

g Objective
Graphene

Figure 2.7 Schematic diagram of the setup for the two-pulse correlation measurement on the
photoluminescence from graphene.

Ti:Sapphire laser

785nm Short pass filter

spectrometer
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Figure 2.8 (a) Spectrum of the excitation laser (red line). The central wavelength is 830 nm and the
spectral width is 27 nm with a Gaussian fit (green line). (b) The intensity of Second Harmonic Generation
(SHG) as a function of temporal separation between two equivalent laser pulses (red squares). The
correlation time is 46 fs by a Gaussian fit (green line). The pulse duration of each laser pulse is deduced to

be 46/v2 ~30fs.

14 (@)
El
3 4.
2 T T
] (b) Differentiated intensity
QL 024 Gaussian fit
c

A i
et Width = 4.9+ 0.1 ym
// \

J N\

00— —— N

s e e IS R e e e
15 210 S5 0 5 10 15

Distance (um)

Figure 2.9 (a) Intensity of the reflected light as the edge of a graphite flake is scanned across the laser spot.
(b) Differentiation of the intensity profile in (a). The spot diameter is estimated to be ~ 5 pm by a Gaussian
fit (greenline).
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Chapter 3

Ultraflat Graphene on Mica Substrates

The morphology of high-quality graphene crystals has been the subject of much attention
in graphene research. In this chapter, | present our investigation of the structure of single-
layer graphene deposited on substrates with different flatness. We find that graphene is
flexible and largely follows the morphology of the underlying supporting surface. In
particular, graphene on the atomically flat surface of mica substrates exhibits an ultraflat
morphology [1], one that is comparable to the morphology of cleaved graphite surface,

indicating the suppression of any intrinsic corrugations of graphene.

3.1 Introduction

Graphene has stimulated intense scientific interest recently. While much of the
research on graphene has been directed towards exploration of its novel eectronic
properties [2], the structural aspects of this model two-dimensional (2-D) system are also
of great interest and importance. In particular, microscopic corrugations have been
observed on all suspended [3] and supported [4-9] graphene sheets studied so far.
Detailed electron-diffraction studies of free-standing graphene monolayers [3] indicate
the presence of an intrinsic rippling, with ~1 nm high corrugations normal to the surface
appearing over a characteristic latera scale of 10 — 25 nm. It has been argued that these
corrugations are necessary to stabilize the suspended graphene sheets against thermal

instabilities present in ideal 2-D systems [10]. A comparable degree of height variation
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has also been reported in several studies of graphene monolayers deposited on insulating
substrates [4-9]. This rippling has been invoked to explain many phenomena observed in
graphene, such as the formation of electron-hole puddles [11,12], the suppression of
weak localization [13], decreased carrier mobility [14] and enhanced chemical reactivity
[15-17]. In addition, theoretical studies of graphene have predicted that graphene ripples
will induce fascinating new phenomena, including the enhancement of spin-orbit
coupling [18], the generation of an inhomogeneous density of states and the formation of
zero-energy Landau levels in the absence of magnetic fields [19-25]. While theoretical
studies have been advanced, direct experimenta study of such novel ripple physics has,
however, been hindered by the lack of flat graphene layers.

In this chapter, we demonstrate the fabrication and characterization of high-
quality ultraflat graphene monolayers by making use of a mica support that provides
atomically flat terraces over large areas [1]. Using high-resolution, non-contact mode
AFM to characterize the morphology, we find that graphene on mica approaches the limit
of atomic flatness. The apparent height variation of graphene on micais found to be < 25
pm over micron lateral length scales. This flatness, measured with a lateral spatia
resolution of 7 nm, appears to be limited by instrument noise and is essentially identical
(within 5 pm) to that observed for the surface of cleaved graphite crystals. Our results
show that any intrinsic instability of graphene can be fully suppressed by deposition on
an appropriate substrate. The availability of such a flat substance provides insight into
guestions of thermodynamic stability for this model 2-D system and a reference material

to determine the role of ripplesin the panoply of observed and predicted phenomena.
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3.2 Experiment

3.2.1 Sample Preparation and Optical Characterization

The key to our experiments was the preparation of an atomically flat substrate for
deposition of single-layer graphene crystals. For this purpose, we chose mica, a material
composed of negatively charged auminosilicate layers that are linked by single layers of
potassium ions [26]. Since cleavage takes place readily along the potassium layer,
atomically smooth surfaces with lateral dimensions as large as 100 um can be routinely
produced. In our study we made use of grade V-1 muscovite mica substrates (15x15
mm?, from Structure Probe, Inc) and produced graphene layers by the standard method of
mechanical exfoliation of kish graphite [27]. Mica surfaces are known to be hydrophilic
and readily adsorb water and carbon dioxide, as well as hydrocarbons. To minimize the
adsorbates at the graphene-mica interface, sample preparation was carried out in a glove
box with water and oxygen concentrations below 1 ppm. For comparative studies,
graphene monolayers were also prepared on bulk SiO, substrates. The SiO, substrates
were carefully cleaned by sonication in methanol and the graphene samples were
deposited by the same method of exfoliation of kish graphite, in this instance under
ambient conditions. None of samples described in this chapter was subjected to any
thermal processing.

Graphene monolayers were identified on the mica substrate by optical microscopy,
which was performed under ambient conditions. Although more difficult than for
graphene samples deposited on an optimized SIO, overlayer on a silicon substrate, we
were able to identify graphene monolayers directly by visual inspection. The modulation

in reflectivity from a graphene monolayer still amounts to ~ 8% (Figure 3.1). Raman
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spectroscopy was applied for further characterization of the graphene samples [28]
(Figure 3.2). From examination of the 2D Raman line, we confirmed the single-layer
thickness of all the samples investigated in this chapter. Also the Raman spectra do not
show any measurable D peak, indicating the high crystalline order of our samples. Our
method of sample preparation was found to produce a significant yield of large graphene
monolayers, with characteristic latera dimensions ranging from tens of microns up to
~0.2 mm. The efficient deposition of large graphene single layers is attributed to the flat

and clean surface of freshly cleaved mica.

Figure 3.1 Image of amonolayer graphene sample on a mica substrate viewed by optical microscopy.
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Figure 3.2 Raman spectra of the graphene monolayer in Figure 3.1 for an excitation wavelength of 532 nm.
(a) The Raman spectrum does not show any measurable D peak, indicating the high crystalline order of the
sample. (b) The 2D peak shows a narrow and symmetric profile, confirming that the sample is of
monolayer thickness.
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3.2.2 AFM Imaging

We employed amplitude-modulation AFM in non-contact mode to characterize
the topography of the graphene samples. The measurements were performed under
ambient conditions using an ultrasharp AFM tip (DP14/Hi’Res-C/AIBS from
MikroMasch) that consisted of a silicon cantilever with hydrophobic diamond-like spikes
at the apex of asilicon tip. Typical values for the force constant, resonant frequency, and
probe tip radius were, respectively, 5 N/m, 200 kHz, and 1 nm. The AFM laterd
resolution was determined experimentally by characterizing the edges of graphene
monolayers on the mica substrate. The height profile of the edge was fit by a step
function convoluted with a Gaussian instrumental response function. We defined the
AFM latera resolution as the full width at half maximum (FWHM) of this response
function. For the images presented in this chapter, the instrumental resolution was found
to be 7 nm. The height resolution was determined from residual noise in the AFM
measurements. Using graphite surfaces as a reference, we found for our scanning
conditions aroot mean square height uncertainty of 23 pm.

In our quantitative analysis of the images, we have consistently used areas of
200%x200 nm? size. The AFM topographic images displayed in this chapter are presented
without filtering or smoothing. A third-order line and plane subtraction correction was
applied to compensate for scanning drift and image bow. The roughness of the surface
was characterized by the standard deviation o of height distribution and the height
correlation length |. We characterized the roughness of AFM topographic images by
constructing a histogram of the measured heights and calculating the standard deviation ¢

of this distribution. These histograms could be fit well by single Gaussian functions (for
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which the FWHM of the distribution is 2.36c). Another useful description of the sample
topography was given by the correlation length | of the height profile. This parameter,
which defines the characteristic length of features observed in the AFM spatial images, is
determined using the height correlation function

C(r)= Zij h(X, y)h(X' +rcos@, Yy +rsingd)dx'dy'dd (3.1)
T

Where h(x,y) denotes the height of the AFM image at location (x,y); and contributions
from different angles have been equally weighted. In evaluating this expression, we chose
the scale of the height function h(x,y) so that its mean value vanishes, in which case
6=C(0)2. We then defined the correlation length | by requiring the correlation function
to drop to €™ of its peak value at a displacement of half of acorrelation length, i.e., C(1/2)

= e'C(0).

3.3 Ultraflat Graphene on Mica Substrates

3.3.1 Morphology of Graphene on SiO, and Mica Substrates

AFM topographic images acquired for regions surrounding the edges of graphene
samples on both SIO, and mica substrates are shown in Figure 3.3(a, b). Histograms of
the corresponding height distribution over the 200x200 nm? regions of the surfaces are
presented in Figure 3.3(c). The height correlation functions of graphene on SIO, and
graphene on mica in the 200x200 nm? regions are presented in Figure 3.4. For the bare
SiO; surface, the parameters describing the height variation and correlation length (Table
3.1) are, respectively, o = 168 pm and | = 16 nm. For the graphene monolayer on SiO;,

we find a comparable (or slightly diminished) degree of roughness, with ¢ = 154 pm and
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| = 22 nm, indicating that graphene monolayers largely follow the underlying substrate
morphol ogy.

In sharp contrast to these results, our AFM images on the mica substrate exhibit a
much smoother landscape. For the bare mica surface, we obtain (Table 3.1) 6 = 34.3 pm
and | = 2 nm. (As discussed below, we attribute the low value of | to residual AFM noise,
rather than to physically meaningful features.) Taking the measured value of ¢ as a guide,

the surface of micais seen to be at least 5 times smoother than that of the SiO, substrate.
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Figure 3.3 AFM topographic images of different samples and the corresponding histograms of
height. (a) AFM image of a boundary between a graphene monolayer and a SiO, substrate.
Graphene occupies the left hand side of the image and the scale bar is 100 nm in length. (b) Asin
(a) for a graphene monolayer on a mica substrate. (c) Height histograms for graphene on mica
(solid blue squares), the mica substrate (solid red squares), graphene on SiO, (open blue squares),
and the SiIO, substrate (open red sgquares). The data, corresponding to the regions designated by the
squares in the images of (a) and (b), are described by Gaussian distributions (solid lines) with
standard deviations ¢ of 24.1 pm, 34.3 pm, 154 pm, and 168 pm, respectively.



65

When placed on such a flat mica terrace, graphene monolayers display an exceedingly
flat structure, one quite different from that observed for graphene/SiO,. This difference
can be seen immediately by comparing the 3D presentation of the AFM topographic
images in Figure 3.5(a, b). More quantitatively, for graphene on mica, we obtain ¢ =
24.1 pmand | = 2 nm. This topography is at least 5 times smoother than that of graphene
on SiO,. Since the interlayer distance in bulk graphite is 340 pm, with an observed height
variation of only 24.1 pm, we can consider graphene on mica as having reached the limit
of atomic flatness with respect to ripples, i.e., aheight variation far below the diameter of

an atom when probed with our lateral resolution of 7 nm.
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Figure 3.4 (a) Square root of the height correlation function [CY(r)] for graphene/SiO, and graphene/mica.
(b) Normalized height correlation function [C(r)/C(0)] for graphene/SiO, and graphene/mica.

Table 3.1 Summary of standard deviation (o) of height distribution and correlation length (1) of the images
for different surfaces

SO, Graphene/SIO, Mica Graphene/mica Graphite

c(pm) 168 154 34.3 24.1 22.6

I (nm) 16 22 2 2 2
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Figure 3.5 Comparison of surface roughness for graphene on SIO, and on mica, and for cleaved graphite.
(a, b) 3-D representations of the AFM topographic data for graphene on SiO, (a), and on mica (b)
substrates. The images correspond to the regions in Figure 3.3a, b designated by the blue squares. (¢c) AFM
image of the surface of a cleaved kish graphite sample. Images a, b, ¢ correspond to 200nm x 200nm areas
and are presented with the same height scale. (d) Height histograms of the datain (b) as blue squares and in
(c) as red sguares. The histograms are described by Gaussian distributions (solid lines) with standard
deviations ¢ of 24.1 pm and 22.6 pm, respectively.

We would like to make two observations about the topography of graphene
monolayers on mica. First, although the graphene samples are very flat over areas on the
sub-micron scale, variations in the topography can be seen when surveying the surface
over distances of several microns. In particular, we have observed the presence of flat
plateaus in the graphene topography, which rise abruptly by a height of ~0.4 nm above
the lower regions. We attribute these elevated regions to the formation of islands of
molecular adlayers on the mica surface under the graphene sample [29]. The presence of
adsorbates may contribute to the observed slight local roughness. We find that ¢ varies

from 20.8 to 24.1 pm for different regions of the graphene sample on mica. Second,
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given the limit of our AFM lateral resolution (7 nm), we cannot exclude the existence of
sub-nanometre corrugation features (e.g., atomic defects and vacancies) on the graphene
surface. Based on modelling using the 7-nm AFM spatia resolution, the observed bound
on the height variation of ¢ < 25 pm for graphene on mica alows us to exclude any
periodic corrugations with a peak to trough separation greater than 5 nm (and an assumed
amplitude of at least 100 pm). Further, isolated features of lateral extent greater than 1.5

nm (and a height of at least 100 pm) are also incompatible with our observed topography.

3.3.2 Comparison of Graphene on Mica and on Graphite Surface

The discussion of the flatness of the graphene/mica surface given above has been
conservative in not attributing any of the observed height variation in the AFM images to
instrumental noise. In fact, the results indicate that AFM noise is significant in
measurements of flat surfaces. In particular, the correlation length of | ~ 2 nm calculated
for the mica and the graphene/mica surfaces must arise largely from AFM noise, since
any true physical features could only contribute to a correlation length comparable to or
greater than the AFM spatial resolution of 7 nm. To address this issue, we made AFM
measurements of the topography of cleaved kish graphite [Figure 3.5(c)]. The observed
topography for the cleaved graphite surface is very similar to that of graphene/mica.
Figure 3.5(d) compares the height histograms for graphite and graphene/mica. The widths
of the distributions are, respectively, 6 = 22.6 pm and ¢ = 24.1 pm. If we treat the
graphite surface as entirely flat, then the measured standard deviation reflects the

instrumental noise. Under the assumption that the instrumental noise adds in quadrature
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to any true height fluctuations, the values given above constrain the actual roughness of

the graphene/mica sampleto < 8.5 pm.

3.3.3 AFM Images after Fourier Filtering

Beyond the direct comparative study of topography of graphene/mica and the
cleaved graphite surface, we aso consider briefly the use of Fourier filtering to eliminate
noise from the AFM images. Given the measured AFM lateral spatial resolution of 7 nm,
we may safely remove any apparent spatial variation in the AFM images below this
length scale without altering the actual physical content of the data. We carry out this
procedure by applying a low-pass filter to the two-dimensiona Fourier transform of the
AFM topographic images. For our analysis, we apply a 6"-order Butterworth low pass
filter with a cut-off wavelength at 10 nm, which suppresses features in the images with a
characteristic length scae below 5 nm. The suitability of this filtering procedure is
confirmed by noting that it introduces only minimal broadening in the AFM image of the
abrupt step at the graphene-mica edge. Using this low-pass filtering procedure for the
graphite surface, we find that ¢ decreases significantly (from 22.6 pm to 12.4 pm). For
graphene/SiOs, on the other hand, ¢ drops only slightly (from 154 pm to 148 pm). This
behavior is consistent with our expectation that AFM noise dominates on flat surfaces,
but has relatively little effect for the more corrugated case of the SiO, substrate. For the
sample of graphene/mica presented above, o decreases from 24.1 pm to 16.1 pm. In
some of the interior regions of the graphene/mica sample, ¢ is found after filtering to be

aslow as 11.4 pm.
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3.3.4 Characterization of Tip-Sample Interactions

Finally, in assessing the flatness of graphene, possible perturbations in its
topography from tip-sample interactions must also be considered. To exclude possible
perturbations in topography of the graphene layer from tip-sample interactions, we
scanned our samples repeatedly under different conditions. Free amplitudes of the AFM
cantilever from 30 nm down to 4.5 nm and amplitude set points ranging from 40% to
90% of the free amplitude were examined. No significant changes in the topography of
graphene on mica were observed under any of these conditions. In all measurements, the
phase shift between the driving force and the cantilever response was larger than 90°,
indicating that the AFM is operating in the regime where the average tip-sample force is
attractive [30]. To treat these interactions in more detail, we examined the AFM tip
motion on a graphite surface using the established VEDA simulation software [31]. We
found that the tip-sample force remains attractive for the full period of cantilever
vibration whenever the cantilever free amplitude is less than 8 nm and the amplitude set
point lies in the range from 40% to 90% of the free amplitude. Therefore, our AFM
measurements in the lower range of cantilever amplitudes were carried out strictly in the
attractive regime, and the possibility of tip-sample interactions leading to an artificially

smoothed topography can be excluded.

3.4 Conclusion

We have demonstrated the fabrication of graphene monolayers that are flat down to the
atomic level. These samples are produced by deposition on the atomically flat terraces of

cleaved mica surfaces. The apparent height variation in the graphene layers observed by
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high-resolution AFM is less than 25 pm, indicating the suppression of any existing
intrinsic ripples in graphene. Since the discovery of intrinsic ripples in free-standing
graphene, there has been considerable discussion on the role of substrate corrugation in
determining the morphology of supported graphene monolayers [4-9]. While the
observed corrugation of supported graphene might well be an intrinsic feature [3,10] of
the graphene monolayers in the experiments performed to date, a different explanation is
equally possible. The roughness of the graphene surfaces may ssimply reflect the contours
of the underlying substrates, which typicaly exhibit corrugation comparable to that
observed in the supported graphene monolayers. Our measurements demonstrate
unambiguously that intrinsic ripples in graphene, even if they exist, can be strongly
suppressed by interfacial van der Waals interactions when this materia is supported on

an appropriate atomically flat substrate.
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Chapter 4

Ultrafast Photoluminescence from Graphene

After addressing the issue of graphene’s morphology in Chapter 3, | present our
investigation of graphene’s electronic and optical properties in this chapter. In particular,
we study the dynamics of graphene’s excited carriers by using their spontaneous light
emission [1]. Since graphene has no band gap, photoluminescence is not expected from
relaxed charge carriers. We have, however, observed significant light emission from
graphene under excitation by ultrashort laser pulses. Light emission is found to occur
across the visible spectral range, with emitted photon energies exceeding that of the
excitation laser. The emission exhibits a nonlinear dependence on the laser fluence. In
two-pulse correlation measurements, a dominant relaxation time of tens of femtoseconds
is observed. These experimental observations can be accounted by a two-temperature
model describing the electrons and their interaction with strongly coupled optical

phonons (SCOP).

4.1 Introduction

The optical properties of graphene have attracted attention because of the insight
they provide into the excited states of this remarkable material, and because of the
potential that they offer for novel applications. Among the striking results is the
absorbance of single-layer graphene of magnitude no, where a is the fine structure

constant, in the near-infrared to visible spectral range [2,3]. The possibility of tuning this
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absorption in the infrared by Pauli blocking has also been demonstrated [4,5]. Optical
measurements with ultrafast excitation pulses have provided means of probing electron
and phonon dynamics in graphene [6-16]. To date, however, al investigations have been
confined to probing the light absorption in graphene. Aside from the weak inelastic
scattering associated with vibrations through the Raman process, there have been no
reports of light emission from graphene. The lack of observable emission can be readily
understood from the absence of a band gap in graphene. Carriers can fully relax through
rapid electron-electron and electron-phonon interactions before the relatively slow
process of light emission is possible. Thus, photoluminescence has only been reported in
chemically modified graphene [17-23], where the electronic structure has been modified
and longer lived states may be present.

In this chapter, we investigate an unusua photoluminescence phenomenon in
graphene [1]. Under excitation by ultrashort (30-fs) laser pulses, we observed significant
light emission over a broad spectral range (1.7 - 3.5 eV) from pristine single-layer
graphene. This light emission process differs from conventional hot luminescence: it has
a nonlinear dependence on the pump excitation and also appears at photon energies well
above that of the excitation laser. We have characterized this emission process by
measurements of the emission spectra and their dependence on pump fluence. We have
aso performed two-pulse correlation measurements of the emission process, which
reveal a dominant response on the time scale of 10’s of femtoseconds. These observations
can be understood in a model in which the electronic excitations are largely thermalized
among themselves, but are only partialy equilibrated with strongly coupled optical

phonons (SCOPs) and essentialy decoupled from the other lattice vibrations. The
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femtosecond pump excitation can thus produce carriers with transient temperatures above
3000 K that give rise to readily observable emission in the visible range. In addition to
revealing a new physical process in graphene, these measurements provide insight into
carrier and phonon dynamics in graphene. The results indicate that electron-electron
scattering under our experimental conditions is efficient on the 10-fs time scale, that
coupling with the SCOPs is strong on a time scale below 100 fs, and that equilibration

with other phonons occurs on atime scale approaching 1 ps.

4.2 Experiment

In our experiment, we investigated single-layer graphene samples exfoliated from
kish graphite (Toshiba) and deposited on freshly cleaved mica substrates. Information
about the sample preparation and characterization has been presented in chapter 2 and 3.
The graphene samples were excited by ultrashort laser pulses with a photon energy of 1.5
eV from an 80-MHz model ocked Ti:sapphire oscillator. The pulse FWHM at the sample
was 30 fs, as determined by a second-harmonic autocorrelation measurement. The spatial
profile of the focused laser beam was characterized by scanning a sharp edge across the
beam in the plane of the sample. The effective spot size was then determined by
weighting this profile using the measured nonlinear fluence dependence of |uminescence
discussed below. The absorbed laser fluence F was measured directly under the
experimental excitation conditions [3]. It includes a modest absorption saturation effect
observed at high fluences [11]. We measured the light emission under excitation both by
individual pulses and by pairs of pulses. For the latter case, we recorded the light

emission as a function of the temporal separation between two equivalent excitation
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pulses, which were orthogonally polarized to eliminate interference effects. The emission
was collected in both transmission and reflection geometries and analyzed by a
spectrometer coupled to a cooled charge-coupled device (CCD) array detector. The

emission spectra were calibrated with a quartz tungsten halogen lamp. The emission

strength is presented in terms of the spectral fluence F(iw), i.e., total radiant energy

emitted in all directions per unit area per unit photon energy as a function of the photon
energy Aiw. Thereis an estimated uncertainty of a factor of 10 in the absolute calibration
of the emission strength. All measurements were performed under ambient conditions at
room temperature. More detalls of the experimental techniques and apparatus can be

found in Chapter 2.
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Figure 4.1 (a) Spectral fluence of light emission from graphene for excitation with 30-fs pulses of absorbed
fluences of F = 0.17 and 0.33 Jm. The spectra are compatible with the predictions for thermal emission
(dashed blue lines), with T, = 2760 K and 3180 K, respectively. A full calculation using the two-
temperature model described in the text also gives a good agreement (solid green lines). The predicted
emission fluence here and in (b) has been multiplied by a factor of ~ 0.2 to match the scale of the
experimental data. (b) The behavior of graphene light emission as a function of absorbed laser fluence,
presented on a log scale. The red circles display experimental values for the total radiant fluence for
photons from 1.7 to 3.5 eV. The overal fluence dependence of data can be described phenomenologically
by a power-law relation with an exponent of 2.5 (dashed blue line) and is consistent with predictions of the
two-temperature model (solid green line). The magenta squares correspond to the experimental emission
temperatures for different absorbed fluences, which aso agree well with the prediction of the two-
temperature model (orange solid line).
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4.3 Light Emission by Single-Pulse Excitation

Under excitation by femtosecond laser pulses, the graphene samples produced
readily observable light emission over the entire spectral range from the visible to near-
ultraviolet (1.7 - 3.5 eV). The emission was unpolarized and angularly broad. Two
emission spectra for different absorbed laser fluences are shown in Figure 4.1(a). Over
the observed spectral range, the luminescence quantum efficiency was ~ 10°°. In contrast,
for continuous-wave excitation of the same photon energy (1.5 €V), we could not detect
any graphene light emission over the indicated spectral range (quantum efficiency < 10°
12)'

Another distinctive feature of the light emission process is its nonlinear
dependence on the pump laser fluence. Figure 4.1(b) displays the integrated radiant
fluence (red circles) over the observed spectral range (1.7 - 3.5 eV) as a function of the
absorbed pump fluence. The emission varies with the absorbed fluence F as a power law
of F#° [dashed blue ling]. For light emission in different spectral windows we find a
power-law relation, but with different exponents: an exponent of 2 for photons near the
lower end of our spectral range and of 3.5 for photons at its upper end.

The experimental observations above immediately preclude several mechanisms
for the light emission process. The emission of photons at energies above that of the
pump photons and the nonlinearity of the process imply that we are not observing a
conventional hot-luminescence process. Similarly, hot luminescence driven by a two-
photon absorption process can also be excluded by the strong variation of the emission
spectrum with pump fluence. We see a steady decrease of light emission with increasing

photon energy. This suggests comparison with the spectrum expected for thermal
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emission. For a system at an effective emission temperature Ten, We obtain from Planck’s

law, a spectral radiant fluence (integrated over all angles and polarizations) of

j]—"(ha),Tem)=rmg(ha))%23cz{exp(lf?w}—l} . 4.1)

Here ¢(hw) is the sample emissivity, which we determine directly from the measured
absorption spectrum of graphene corrected for the influence of the mica substrate. Since
we are describing the emitted energy, not the emitted power, the expression also contains
aparameter zem to characterize the effective emission time for each laser excitation pulse.

This ssmple phenomenological description of the emission provides an excellent
match to the experimental data [dashed blue curves in Figure 4.1(a)]. The inferred
emission temperatures Tem fOr our measurements lie in the range of 2000 K to 3200 K and
vary sublinearly with pump fluence [Figure 4.1(b)]. As for the absolute magnitude of the
experimental radiant fluence, our data can be reproduced using EQ. 4.1) for zem in the
range of 10 - 100 fs.

The analysis implies that carriers in graphene are well thermalized among
themselves during the period of light emission. This finding suggests very rapid carrier-
carrier scattering. The electrons and holes are initialy created with a nearly
monochromatic energy of 0.75 eV. During the period of light emission, which may occur
on atime scale as short as that of the 30-fs excitation pulse, alargely thermalized energy
distribution is apparently established for electrons and holes that contribute to the
observed emission spectrum. This rapid thermalization is compatible with recent
estimates of electron-electron scattering times [15,24,25]. For instance, for electron

densities of ~10" cm?, the scattering times have been estimated to be tens of
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femtoseconds [24,25]. Still shorter times would be expected under our experimental
conditions with carrier excitation densities in the range of 10* cm™.

The observed emission temperatures allow us to gain considerable insight into the
emission mechanism. The emission temperature reflects the behavior of the electrons in
the graphene, since they interact strongly with visible photons. Now if all absorbed laser
energy were retained in the electronic system, the low electronic specific heat of
graphene would lead to an electronic temperature of ~ 9000 K for the absorbed pump
fluence of 0.33 Jm™. Thisis incompatible with the temperature of 3180 K extracted from
the experimental emission spectrum. Therefore, even in this ultrafast light emission
process, a significant fraction of the deposited energy must leave the electronic system.
Since latera diffusion of energy away from the excited region of the sample can be ruled
out given the spatial dimensions and time scale, we conclude that efficient energy transfer
to other degrees of freedom must occur. We note that in the limit of full equilibration of
the excitation with all phonon degrees of freedom, i.e., considering the full specific heat
of graphene [26], we predict a temperature rise of only 380 K. Thus partia equilibration
with the phonons must be considered.

The optical phonons in graphene serve as the most natural channel for energy
relaxation from the excited electronic system, since electrons in graphene are strongly
coupled to optical phonons near the I' and K points in the Brillouin zone [13,27].
Investigations of phonon dynamics in graphite and carbon nanotubes by time-resolved
Raman spectroscopy have directly demonstrated energy transfer from photoexcited
electrons to these strongly coupled optical phonons (SCOPs) within 200 fs [28,29].

Various theoretical and experimental studies have also obtained ultrashort (< 100 fs)
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emission times for optical phonons in graphene [24,30], graphite [14,16,31], and carbon

nanotubes [32,33].

4.4 Analysisby Two-Temperature Model

To analyze the results further, we introduce a model of excitations in the
electronic system and in the SCOPs, each characterized by its respective temperature, Ty

and Top, and linked by the electron-phonon coupling:

dT, (t) | (t)-T(Ty.T,p)
dt c.(Ty)
(4.2)
d OPTt) _ F(Td ’TOP) _Top (t)_TO
at Cop (Top) Top ’

In this description, the graphene is excited by the absorbed irradiance I(t), which initialy
excites the electronic system. Energy then flows into the SCOPs at a rate described by
I(Ty, Top). The specific heat of the electrons (per unit ared) is denoted by cq, while that
of the SCOPs is cqp. In addition to energy flow between the el ectrons and the SCOPs, we
have included a slower coupling of the SCOPs to other phonons in the system through
anharmonic decay. This channel for energy flow is described simply by a relaxation time
Top- We neglect the heating of these more numerous secondary phonons and assume that
they remain at the ambient temperature of To = 300 K.

We model the temporal profile of the ultrafast excitation pulse using the form

| (t)=(F/2z,,)sech®(t/z,, ), where F denotes the absorbed fluence and 7e. the duration

of the exciting laser pulse. The pulse duration was determined by a second-harmonic

autocorrelation measurement and yielded a value of 7z = 19 fs. The absorbed fluence
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was established by measurement of the absorbed energy combined with a determination
of the spatial profile of the beam.
For the electronic specific heat cq (per unit area), we used the following anal ytical

result derived from the linear dispersion of the graphene bands:

oy (1) =22 pore

2

1

Here ¢(3) = 1.202 is the zeta function, vy =1.1x10°ms™ is the Fermi velocity of

electrons in graphene, and k is the Boltzmann constant.

The electrons in graphene couple to only asmall fraction of optical phononsin the
Brillouin zone near the I and K points with particularly high efficiency; these are the
strongly coupled optical phonons (SCOPs). The SCOPs scatter electrons from one part of
the Dirac cone to another (I' point phonons) or between the Dirac cones (K point
phonons). In our model, we assumed that only these SCOPs are directly excited by the
electrons through the electron-phonon interaction. The coupling of these SCOPs to other
phonon modes is described by a phenomenological parameter, the lifetime of the SCOPs
Top- INOUr analysis, we used 7oy = 1.5 ps, based on the measured anharmonic decay rates
in carbon nanotubes (1.1ps) [28] and graphite (2.2ps) [29]. Further, for simplicity, we
neglected the (weak) dispersion in the phonon energy and considered all phonons to have
the same energy of 200 meV as the I'-point phonon.

The specific heat ¢y, (per unit area) of the SCOPs in graphene was determined
from the time-resolved Raman studies of graphite [29]. These measurements yielded the
population of the SCOPs (before any significant anharmonic decay occurred) as a

function of the deposited laser excitation density per graphene layer. The SCOP
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temperature extracted from the phonon population is found to increase sublinearly with
the excitation power, i.e., the specific heat increases nonlinearly with temperature. Figure
4.2 displays the plot of the absorbed fluence versus zone-center-phonon temperature in
graphite. Fitting these data provides the following expression for the specific heat of the

SCOPs as afunction of Ty, in the temperature range between 500 K and 2500 K:

Cop (Top ) = —4.79x10° +9.09x10°T,,, + 445312 +1.29T; (4.4)

op

(in units of eVem?K™).
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Figure 4.2 The plot of average absorbed fluence per graphene layer as a function of temperature of
zone-center phonons in graphite. The red dots are experimental data and the green line is the fit by a
cubic function.

We construct the electron-SCOP energy exchange rate [(Ta, Top) using the
available phase space for scattering of electrons near the K point of the Brillouin zone.
The complete expression of (T, Top) includes both the emission of a phonon (the first

term) and the absorption of a phonon (the second term):
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F(Td,Top)=ﬂ{[1+n(Top)MD(E)D(E—hQ)f(E,Tel)[l— f(E-nQ,T,)]d
—n(Top)jD(E)D(EmQ)f(E,Td)[l—f(E+hQ,Td)]d$ . (45)
Here D(E)=(2E/x)(hv: )2 is the density of states of electrons in graphene, including
the spin and valey (i.e, K and K' points) degeneracies. The term

n(Top):[exp(hQ/ kTOp)—l]f1 represents the SCOP population a temperature Top, and

f(ETy)= [exp(E/de )+1Tis the Fermi-Dirac distribution for electrons at electronic

temperature Ty. In the later expression, we assume that the electrons and holes are in

equilibrium with one another and have zero chemica potential. The only adjustable

90004 7 pmmmmmmm———— = —
8000- el / Decoupled Electrons
70004 op I

6000 I
5000- ,’
4000+ '
3000-
2000
1000- 4

O-:'I'I'I'I'I'I'I'I'

Model

Temperature (K)

i
ga o U
.27

Irradiance (KWm?)

Time (fs)

Figure 4.3 Simulations using the two-temperature model (described in the text) of the temporal
evolution of the electronic temperature Ty (red ling), the SCOPs temperature T, (black ling), and of the
resulting graphene light emission (green line) for photon energies from 1.7 to 3.5 eV. The absorbed
fluence F of the 30-fs pump pulse is 0.33 Jm? For comparison, the upper panel also shows the
calculated electronic temperatures for completely decoupled electrons and for full equilibrium of all
degrees of freedom of the graphene sample (dashed red lines).
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parameter in our model then is the proportionality constant 5 that represents the overall
electron-phonon coupling strength. Throughout the analysis in this work, we have used
the value of # =5 eVZem?s™ that represents the best fit to all the data.

We note that in our model, we neglected decay channels for the electronic
excitation involving the substrate. Electron scattering by substrate phonons has been
invoked to explain transport data in graphene [34]. However, under excitation by high
intensity ultrafast laser excitation, similar behavior for light emission was observed for
graphene on different (silicon dioxide and mica) substrates, as well as from bulk graphite.
This suggests that substrate coupling plays a secondary role in the relevant material
response for our measurements.

Figure 4.3 displays the predicted tempora evolution for the temperatures of
electrons (Tg) and SCOPs (Tqp), as well as the corresponding light emission from
graphene, for our experimental conditions. For comparison, we also show the electronic
temperatures for the completely decoupled electronic system and for full thermal
equilibrium of the graphene sample. These limits are, as discussed above, clearly
incompatible with the experimental results. Within the two-temperature model, rapid
energy transfer from electrons to SCOPs occurs during the laser excitation process. This
results in a significant decrease in the electronic temperature compared to the case of
uncoupled eectrons (from a peak of ~9000 K to ~3800 K for F = 0.33 Jm?).
Equilibration with the SCOPs is amost complete within 50 fs, with the electronic system
having lost over 95% of its energy to the SCOPs. Using the temporal evolution of Ty, we
can calculate the expected integrated graphene emission from Eq. (4.1). We find a good

agreement with experiment for the predicted spectral shape, effective emission



85

temperature Tey and emission strength [lines in Figure 4.1(a) and (b)]. We note that Tem
approximates the peak value of the electronic temperature because of the strongly
nonlinear dependence of the emission on the electron temperature [28]. The sublinear
increase of Tey With absorbed fluence, which reflects the corresponding sublinear growth
of the peak electronic temperature, arises from the quadratic temperature dependence of
the electronic specific heat, as well as of the strong dependence of the electron-phonon

coupling on the electronic temperature.

4.5 Role of Time Integration on the Form of Emission Spectra

In the experimental measurements, the recorded spectra for light emission from
graphene were integrated over time. Within our description of the emission process, these
time-integrated spectra thus correspond to light emission occurring at differing electronic
temperatures of the excited graphene. However, over the observed spectral range [Figure
4.1(a)], the experimental data are found to be described quite well by therma emission
spectra at a single effective temperature. Here we discuss the origin of this behavior. The
essential factor is that we are probing only the high-energy tail of the emission spectrum,
which increases strongly with increasing temperature. This causes the integrated emission
spectrum to weight predominantly the behavior near the peak temperature.

To examine this behavior in more detail, we consider the predicted emission for
the temporal evolution of the electronic temperature Tq(t) in Figure 4.3, as derived from
the two-temperature model for our experimental parameters. We present this result over
alonger time range in Figure 4.4(a). We see that Ty reaches the peak value of 3800 K

and drops to 2700 K within 50 fs. This rapid response corresponds to the electronic
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system remaining out of equilibrium with the SCOPs. Once equilibrium is established
between these two subsystems, the temperature falls below 1000 K on the time scale of a
few picoseconds. Using the expression for thermal emission from graphene (Eq. 4.1), we
calculated the expected spectra for photon energies in the range of 1.75 - 35 eV
integrated for different time intervals, as shown in Figure 4.4(b). We find that the
emission for this range of photon energies arises primarily from emission near the peak
electronic temperature. As can be seen in the figure, emission occurring after 50 fs
changes the spectrum only modestly. Further, for times greater than 400 fs, hardly any
emission is expected for the given spectral range. Since the range of temperatures for
which strong emission occurs is relatively limited, we anticipate that a fit of the
integrated spectrum to that of an effective emission temperature (by Eg. 4.1) will work
rather well. This is shown to be the case in Figure 4.4(b), which yields effective
temperatures of 3550 K and 3150 K, respectively, for the spectra obtained for emission

over 50 fsand 10 psintervals.
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Figure 4.4 (a) The tempora evolution of the electronic temperature Tq(t) obtained from the two-
temperature model for our experimental parameters as described in the text. (b) Integrated emission spectra
calculated for the electronic temperature profile Ty(t) of (a) over times from -100 fsto 50 fs, 400 fs, and 10
ps. The integrated spectra at 50 fs and 10 ps are described well by thermal emission spectra, respectively, at
constant effective temperatures of 3550 K and 3150 K, as shown.
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4.6 Two-Pulse Correlation M easur ement
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Figure 4.5 Total radiant fluence emitted by graphene over photon energies of 1.7-3.5 eV (red circles), 1.7-
2.0 eV (blue squares) and 2.5-2.75 eV (magenta triangles) as a function of temporal separation between two
identical laser excitation pulses. The absorbed fluence F of each pulse is 0.17 Jm. The data for positive
and negative delays were averaged to increase the signal-to-noise ratio. The data of 2.5-2.75 €V has been
multiplied by afactor of 6 for clarity. The symbols are experimental data; the green lines are the predictions
of the two-temperature model, multiplied by a factor of ~ 0.2 to match the magnitude of the experimental
data.

To probe the dynamics of the light emission process more directly, we performed
two-pulse correlation measurements in which the total radiant fluence (over photon
energies in the range of 1.7 - 3.5 eV) was measured as a function of the temporal
separation between a pair of laser excitation pulses. This approach has previously been
applied to investigate nonequilibrium dynamics in metals by the detection of emitted

electrons [35] and desorbed molecules [36]. Figure 4.5 shows the resulting correlation
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trace (red circles) for an absorbed fluence of F = 0.17 Jm. A dominant response on the
time scale of 10's fs is observed, with a weaker, slower decay extending over 100’s fs.
The form of the correlation trace, with its dominant short response time, is seen under all
conditions. The details, however, vary with the spectral range of the detected photons, as
well as with the pump fluence. If we restrict detection to the high-energy photons (blue
squares in Figure 4.5), we observe a shorter response time than that obtained by detecting
only the low-energy photons (magenta triangles in Figure 4.5). This effect can be
understood as a consequence of the dependence of the emission strength on the electronic
temperature for different photon energies, i.e., the relation is more nonlinear for higher
photon energies than for lower photon energies.

We have applied the two-temperature model presented above to analyze the two-
pulse correlation data. The underlying origin of the correlation feature can be understood
from the calculation of the electronic temperature under two-pulse excitation (Figure 4.6).
When the two pul ses are sufficiently close to one another, the peak electronic temperature
achieved by the second pulse exceeds that from one pulse alone. Since the light emission
process is strongly nonlinear in temperature, we then observe a greater signal than for the
two fully separated pulses. The enhancement is strongest at very short pulse separations,
where electrons remain partially out of equilibrium with the SCOPs. A weaker
enhancement of the emission persists during the slower decay of the subsystems of
equilibrated electrons and SCOPs. Carrying out full calculation within the model yields
good agreement with the measured two-pulse correlation function in all three spectral

ranges (green linesin Figure 4.5).
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Figure 4.6 Simulations as in Figure 4.3, but with excitation by a pair of laser pulses, each yielding an
absorbed fluence of F = 0.17 Jm? and separated in time by 150 fs.

4.7 Conclusion

In conclusion, the observed spectrally broad light emission from graphene can be
understood as a direct consequence of a transient regime in which the electron
distribution is driven strongly out of equilibrium with the phonons by ultrafast laser
excitation. The existence of such energetic electron distributions has been reported in
many different condensed-matter systems. Our work suggests that light emission may
also be observable from such hot electrons in these materials. Characterization of spectra
and dynamics of light emission would then provide a new and valuable window to

probing el ectron dynamics.
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Chapter 5

| maging Stacking Order in Few-Layer Graphene

The previous two chapters have been devoted mainly to investigation of single-
layer graphene (SLG). In our experiments, we find that adding extra graphene layers on
SLG can bring forth new interesting properties to the material. The rest of the thesis will
be devoted to investigation of Few-layer graphene (FLG). FLG has been predicted to
exist in various crystallographic stacking sequences, which can strongly influence the
materia’s electronic properties. In this chapter, | present an accurate and efficient method
to characterize stacking order in FLG using the distinctive features of the Raman 2D-
mode [1]. Raman imaging allows us to visualize directly the spatial distribution of Bernal
(ABA) and rhombohedral (ABC) stacking in tri- and tetra-layer graphene. We find that
15% of exfoliated graphene tri- and tetra-layers is comprised of micrometer-sized
domains of rhombohedral stacking, rather than of usual Bernal stacking. These domains

are stable and remain unchanged for temperatures exceeding 800 °C.

5.1 Introduction

Graphene-based materials have stimulated intense interest because of their
remarkable electronic properties and potentia for novel applications. With the impressive
progress in research on graphene mono- and bi-layers, recent attention has also turned to
graphene’s few-layer counterparts [2-8]. In few-layer graphene (FLG), the

crystallographic stacking of the individual graphene sheets provides an additional degree
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of freedom [5,9-12]. The distinct lattice symmetries associated with different stacking
orders of FLG have been predicted to strongly influence the electronic properties of FLG
[4,5,9-24], including the band structure [9,11,13-20], interlayer screening [21], magnetic
state [23,24], and spin-orbit coupling [22]. Experimentally, the strong influence of
stacking order on the low-energy electronic structure of FLG was recently demonstrated
by infrared (IR) spectroscopy [5]. For graphene trilayers, two stable crystallographic
configurations are predicted: ABA and ABC stacking order [9-11,13,14] (Figure 5.1). In
the absence of direct evidence of ABC stacking order in trilayers, ABA stacking order
has generally been presumed in most studies of exfoliated materials, as this structure is
believed to be dightly more stable thermodymically than the ABC stacking order. Recent
studies [4,9-11,13,15,17,18,20,21,25], indicate, however, distinct properties for these two
types of graphene trilayers. ABA trilayers are semi-metals with an electrically tunable
band overlap [4,11,13,17-19], while ABC trilayers are predicted to be semiconductors
with an electrically tunable band gap [11,13,16,20]. In view of these differences, research
on FLG requires the development of convenient and accurate methods for characterizing
stacking order and its spatial distribution.

While IR spectroscopy provides a means of identifying stacking order in FLG [5],
it requires somewhat specialized instrumentation and cannot provide high spatial
resolution. Raman spectroscopy, on the other hand, has the potential to overcome these
limitations and serves as an effective general approach for characterization and spatia
imaging of stacking order. The technique has already proved to be areliable and efficient
method for determining many physical properties of graphene layers[7,26]. The intensity

of D-mode indicates the defect density [26]; the peak position and lineshape of G-mode
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reflect the doping [26,27] and strain level [28,29]. In addition, the 2D (G’) mode, arising
from a double-resonant electronic process [7,26,30,31], is sensitive not only to the
vibrational features of graphene, but also to its electronic structure. As such, its lineshape
provides an accurate signature of graphene mono- and bi-layers[7,26,32,33].

In this chapter, we demonstrate that stacking order in tri- and tetra-layer graphene
samples can be readily identified by means of Raman spectroscopy [1]. We find that
both Bernal (ABA) and rhombohedral (ABC) stacking order are present in exfoliated
samples and the different structures are associated with distinctive lineshapes in the
Raman 2D mode. The rhombohedral samples show a more asymmetric 2D feature with
an enhanced peak and shoulder, compared with the feature seen in Bernal samples.
Taking advantage of this difference in lineshape, we were able to visuaize stacking
domains in exfoliated tri- and tetra-layer graphene with micrometer spatial resolution.
Even in samples of completely homogeneous layer thickness, we observed domains of
different stacking order, with approximately 15% of the total area displaying

rhombohedral stacking.
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Figure 5.1 Lattice structure of trilayer graphene with ABA (left) and ABC (right) stacking sequence.
The yellow and blue dots represent carbon atoms in the A and B sub-lattices of the graphene
honeycomb structure.
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5.2 Experiment

In our experiment, we prepared FLG samples by mechanical exfoliation of kish
graphite (Toshiba) on both bulk SIO, (Chemglass, Inc) and Si substrates covered with a
300-nm-thick oxide layer. The substrates were cleaned by etching in piranha (sulfuric
acid and hydrogen peroxide) solution. The typical area of our graphene samples varied
from several hundreds to thousands of pm? We first examined the samples by IR
spectroscopy. This technique permits accurate determination of layer thickness in FLG
and, through the differences in the low-energy electronic structure, also of the stacking
order [5]. We observed two distinct groups of IR spectra both for the trilayer and
tetralayer graphene, corresponding to Bernal (ABA) and rhombohedral (ABC) stacking.
We then performed Raman measurement on the same FLG samples. Raman spectra were
collected in a backscattering geometry using linearly polarized laser radiation at
wavelengths (photon energies) of 633 nm (1.96 €V), 597 nm (2.09 eV), 514 nm (2.41
eV), and 458 nm (2.71 eV). The laser beam was focused to a spot size of ~1 um on the
graphene samples. We obtained Raman spatial maps for an excitation wavelength of 514
nm by raster scanning with a precision two-dimensional stage having a step size of 0.5
um or 1 um[34]. For such spatial mapping of the Raman response, we generally used a
spectral resolution of ~8 cm™ (obtained with a 600 grooves'mm grating). For the
measurement of key spectra, however, a spectral resolution of ~2 cm™ (1800 grooves/mm

grating) was chosen to elucidate the details of the lineshape.
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5.3 Identifying Stacking Order by Infrared Spectroscopy

In our experiment, the exfoliated FLG samples on bulk SIO, (quartz) and Si/SiO;
substrates were first examined by IR spectroscopy. The measurements were performed in
both reflection and transmission geometry using a micro-Fourier Transform Infrared
spectrometer with a globar source and a HgCdTe detector. Asthe intrinsic IR response of
FLG on bulk SIO, and Si/SIO, substrates is the same, here we only present results for the
bulk SIO, substrate since the analysis of the optical measurements is simpler. To
determine the optical sheet conductivity ¢ of the FLG samples as a function of photon
energy sw, we follow the same method as our previous work in monolayer [35] and
tetralayer [5] graphene. We recorded the reflectance spectra of both the FLG films on the
quartz substrate (Rr.g) and of the bare substrate (Rsn). We obtain the optical conductivity

o(hw) directly from the fractional change of the reflectance as

é‘R:RFLG_RSJb: 24 4_7[0__
Rsub nsub_l c

(5.1)

Here ¢ denotes the speed of light in vacuum and ngy is the frequency-dependent
refractive index of the quartz substrate. The IR optical conductivity provides an effective
probe to the electronic structure of FLG. While the low-energy (< 0.7 V) conductivity
reflects the details of electronic structure and doping level, the high-energy (> 0.7 eV)
part provides a precise identification of layer thickness. For photon energies well above
the interlayer coupling (~0.4 eV), FLG graphene behaves much like independent
graphene monolayers and its optical conductivity is nearly independent of the stacking

sequence. Since graphene monolayer has an optical conductivity of ze?/2h in this spectral
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range, we can identify the trilayer graphene by the expected conductivity vaue of
3xze?/2h. Taking this as guidance, we found in total 45 trilayer graphene samples.

We observed two distinctive groups of IR response in the optical conductivity
spectra of trilayer graphene, as shown in Figure 5.2 (). The first kind of spectrum (green
line) shows an absorption peak at 0.53 eV, which matches the result of ABA trilayer
graphene [3]. The second kind of spectrum (red line) exhibits two narrow peaks at 0.33
and 0.39 eV. This distinct IR response spectrum of trilayer graphene, which isfound in ~
10% of our samples, has not been reported previoudly. It indicates the presence of a low-
energy electronic structure different from that of ABA trilayer graphene. In addition, we
have also observed IR spectra with both the features of the previous two kinds of spectra.
This third type of spectrum, found in ~30% of our trilayer samples, can be described as a
linear combination of the first two kinds of spectra [Figure 5.2 (b)].

These observations immediately lead to the consideration of the different
crystallographic stacking sequences in trilayer graphene. The possible |ow-energy

arrangements of adjacent layers of graphene are obtained by displacement of one layer
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Figure 5.2 Optical conductivity of different trilayer graphene samples. (a) Spectra of trilayer with ABA
(green line) and ABC (red line) stacking order. (b) The spectrum of a trilayer sample with mixed
stacking order (orange line). The spectrum can be described as a linear combination of 67% ABA
stacking and 33% ABC stacking (dashed blue ling). The dight discrepancy may reflect different doping
and strain levels.
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aong the direction of the honeycomb lattice by a carbon-carbon bond length. We
associate these two basic types of spectra with the two distinct low-energy
crystallographic structures of trilayer graphene [11]: ABA (Berna) or ABC
(rhombohedral) stacking (Figure 5.1). The existence of different stacking order in FLG
and its strong impact on electronic structure have been demonstrated experimentaly by
IR spectroscopy [5]. Following this work we assign the first and second kind of spectrum
to trilayer graphene with ABA and ABC stacking order. The third kind of spectrum is
attributed to the trilayer samples with mixed stacking order.

For tetralayer graphene, we also observed two distinctive groups of IR responsein
the optical conductivity spectra, as shown in Figure 5.3. The first kind of spectrum (green
line) shows two absorption peak at 0.25 and 0.60 eV, which matches the result of ABAB
tetralayer graphene [3]. The second kind of spectrum (red line) exhibits two narrow and
strong peaks at 0.26 and 0.36 €V. This distinct IR response spectrum of tetralayer
graphene is associated with the ABCA-stacked tetralayer according to our previous IR

study on tetralayer graphene [5].
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Figure 5.3 Optical conductivity spectra of tetralayer graphene samples with ABAB (green line) and

ABCA (red line) stacking order. The shape line of the ABCA spectrum near 0.2 eV is due to Fano
resonance of zone-center G-mode phonon with the continuum €l ectronic transitions.
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5.4 Imaging Stacking Order in Trilayer Graphene

5.4.1 Raman 2D-Mode of ABA and ABC Trilayer

We observed consistent differences in the lineshape of the Raman 2D-mode
between samples with Bernal and rhombohedral stacking. Figure 5.4 displays results for
trilayer samples. For all excitation photon energies, the ABC trilayers displayed more
asymmetric and broader lines than ABA trilayers. In particular, we observed a sharp peak
and an enhanced shoulder in the ABC spectra for al excitation photon energies. This
signature of stacking order is clear in al pristine trilayer samples. (We note that
chemically processed samples may exhibit broadened 2D-mode spectra from doping and

disorder. This may obscure the stacking-order signature.)
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Figure 5.4. Raman spectra of the 2D-mode of ABA (green line) and ABC (red line) trilayer graphene
samples at four different laser excitation wavelengths. The increase in the average Raman shift with
excitation photon energy is an expected consequence of the double-resonance process that selectively
couples phonons with different momenta around the K-point.
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The 2D band arises from a double-resonance process that involves inter-valley (i.e.
between the K and K’ point) scattering in the Brillouin zone and resonant electronic
transitions. As trilayer graphene has three valence and three conduction bands, many
electronic transitions can contribute to the 2D band. A recent study by group theory
shows that up to 15 peaks in the 2D band are possible in ABA trilayer graphene [36]. In
practice, however, we may consider fewer transitions, since many of them have close
energy separations. We have fit the 2D-mode Raman spectra of ABA and ABC trilayer
graphene with multiple Lorentzian functions. The FWHM of al the Lorenztian functions
are fixed to be the same as that of the 2D band of monolayer (~25cm™). We only vary the
peak positions and intensities. We found that a good fit can be achieved with 6
Lorentzian functions. Figure 5.5 (a-h) shows such for both ABA and ABC trilayer
graphene samples for all excitation energies. The differences in the spectra and,
correspondingly, in the fitting parameters, become more prominent as the excitation
photon energy decreases. This trend presumably reflects the more pronounced differences
in electronic structure at low energies for the two stacking orders. We have also
considered the shift of the 2D band as a function of the excitation energy. We extract the
mean Raman shift by averaging the 2D band spectra weighted with the spectral intensity.
As shown in Figure 5.6, ABA trilayer graphene has a higher mean 2D-band Raman shift
than ABC trilayer, but avery similar dispersion.

While the 2D mode has been applied widely to identify mono- and bi-layer
samples [7,26,32,33], its application to anaysis of trilayers has been more limited
because of the lack of consensus on the 2D lineshape of different trilayer sasmples. This

mode was found to have a more asymmetric shape in some studies [7,36,37] and a less



101

asymmetric shape in others [33]. Our results suggest that such variation may arise from

the difference in stacking order among samples.
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Figure 5.5. 2D-mode Raman spectra of graphene trilayers with ABA (left) and ABC (right) stacking
order at different excitation energies. The black lines are experimental data. The red lines are fits by 6
Lorentzian functions, all with a FHWM of 25 cm’. The lines of other colors are the Lorentzian

components of the fits.
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Figure 5.6 Mean Raman shift of the 2D-mode features for graphene trilayer with ABA (green
triangles) and ABC (red dots) stacking order for different excitation laser energies. The data are
obtained by averaging the Raman shifts weighted by the corresponding spectral intensity in the 2D-
mode spectra.

5.4.2 Raman G-Mode of ABA and ABC Trilayer

We have aso examined the Raman G-mode of ABA and ABC trilayer graphene
(Figure 5.7). The spectra were taken in ABA and ABC stacking domains of a single
trilayer sample to maintain similar doping and strain condition. (Detailed information
about the coexistence of such stacking domains is discussed below.) Only dlight
differences are observable in the G-mode frequency and lineshape, as well asin the 2D/G
ratio. As G-mode is not influenced by e ectronic resonances, we ascribe the small red
shift (~1 cm™) of the G-mode frequency of ABC trilayer compared to ABA trilayer to the
dlight difference of their phonon band structures [38]. In addition, the very weak D-mode
feature [D/G<0.005, as shown in the inset of Figure 5.7 (b)] indicates the high crystalline
quality in the trilayer areas of either stacking order.

The similarity of the G-mode features in ABA and ABC trilayers implies that the
greater sengsitivity of the 2D mode to stacking order is the result of differences in

electronic structure. The Raman 2D mode is expected to be affected by the electronic
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Figure 5.7 Raman spectra of graphene trilayers with ABA (green line) and ABC (red line) stacking
order. (a) Raman spectra over a broad energy range. (b) Details of G-mode and D-mode (inset) spectra.
The excitation laser wavelength is 514 nm.

properties since it arises from a double-resonance process that involves transitions among
various electronic states [7,26,30,31]. It is this sensitivity that has rendered the 2D-mode

afingerprint for mono- and bi-layer graphene samples[26,32].

5.4.3 Raman I maging by 2D-Mode Line Width

In order to visudize the spatial distribution of the stacking domains, we
implemented a method for Raman mapping. To this end, we needed to define a quantity
that could effectively encode the differences between the Raman spectra for the two
different stacking orders. We examined several schemes, including ones based on
changes in the centroid and asymmetry of the Raman spectrum. We found, however, that
using the spectral width of the 2D mode captured the differences in a simple and robust
fashion. To extract the width, we fit the spectrum at each pixel in the spatial mapping to a
single Lorentzian function. We then produced spatial images by displaying the full width

at haf maximum (FWHM) of the fit function for each pixel in the image. A direct
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(c)
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Figure 5.8 Optical images (left column) and spatial maps of the spectral width of Raman 2D-mode
feature (right column) for trilayer graphene samples. The homogeneity of the optical images shows
the uniformity of the layer thickness of the four samples. The Raman images, taken with 514-nm
excitation, are color coded according to the width of the Raman feature (FWHM in units of cm™). The
red and yellow regions in the images correspond, respectively, to ABA and ABC trilayer graphene
domains. The step size in the scans is 0.5 pm for (a), and 1 pm for (b)-(d). The scale bars are 10 um in
length. Similar results can be obtained using other wavelengths for the excitation laser.

determination of the width from the spectra can also be used to generate spatial maps.
This procedure led, however, to noisier images.
Figure 5.8 presents examples of Raman mapping of the trilayer graphene samples

that exhibit domains of differing stacking order. For comparison, we also show optical
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images of these samples. No difference in the optical contrast is observed across the full
area of the samples, indicating that each sample is entirely homogeneous in thickness.
We have further performed IR measurements to confirm the results of the Raman
mapping. The IR spectra obtained in the different regions of these four samples

corresponds precisely to those of ABA and ABC trilayers (Figure 5.2).

5.4.4 Doping Effect on 2D-Mode Line Width

We note that exfoliated graphene samples exhibit spatially inhomogeneous carrier
doping effects when deposited on typical insulating substrates [34,39]. Could this
charging effect influence our Raman data? To address this issue, we performed the
Raman measurements on free-standing ABC trilayer graphene samples. The samples are
prepared by mechanical exfoliation of kish graphite on quartz substrates with pre-
patterned trenches. Some parts of the ABC trilayer graphene covering the trenches are
suspended. They are thus isolated from any perturbation induced by the substrates. Figure
5.9 shows the Raman 2D-mode spectra recorded for supported and suspended parts of a
single ABC trilayer sample. Apart from a dlight shift of frequency, both spectra show
essentialy the same lineshape. The difference of FWHM obtained by single-Lorentzian
fits is within 1cm™. According to the literature [34,39-41], such substrates typically
induce an unintentional doping of n ~ 5 x 10" cm™ in graphene, which varies from
sample to sample and is also inhomogeneously distributed on a submicrometer scale
within a given graphene sample. Our results show that the corresponding changes in the
2D-mode lineshape are very slight and do not impair our ability to distinguish between

ABA and ABC stacking order.
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Figure 5.9 Raman 2D-mode spectra from an ABC trilayer sample supported on a quartz substrate (blue
line) and suspended over a trench. The two spectra show very similar lineshapes and widths. The
difference of FWHMs obtained by the single-Lorentzian fits is less than 1 cm™. The excitation laser
wavelength is 532 nm.

5.4.5 Statisticsof ABA and ABC Areasin Trilayers

The coexistence of ABA and ABC stacking order is striking. Among the 45
trilayer samples that we prepared, 26 exhibited purely ABA stacking, while 19 displayed
mixed ABA and ABC stacking. None of the samples showed purely ABC stacking. In the
19 samples of mixed stacking order, only 5 samples contain large (>200 umz),
homogeneous regions of ABC-stacking order, asin Figure 5.8 (a), (¢). If we consider the
total area associated with the two different stacking orders, we find that ~ 85% area of
our samples corresponds to ABA stacking and ~ 15% to ABC stacking. This result is

comparable to that obtained in earlier x-ray diffraction studies of graphite [42,43], which
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indicate that graphite typically contains 80% of the Bernal structure, 14% of the
rhombohedral structure, and 6% of a disordered structure [42]. The similarity of our
results suggests that the different stacking orders observed in trilayer graphene originate
from the pristine structure of the graphite used in the exfoliation process, which is not
modified during the exfoliation of the layers. This claim is supported by the complicated
patterns of stacking domains in our samples. One would not expect these patterns to be

produced by mechanical processing.

5.5 Imaging Stacking Order in Tetralayer Graphene

The method of imaging stacking order by Raman spectroscopy can be generalized
to investigations of FLG of greater thickness. Here we show the results for tetralayer
graphene. Figure 5.10 shows the 2D-mode Raman spectra for ABAB (green line) and
ABCA (red line) tetralayer graphene (Detailed information on the stability and IR
spectroscopy of these two types of tetralayer graphene can be found in the references
[5,11]). By carefully examining the spectra, we observed distinct lineshapes for the two
stacking orders. ABCA tetralayers show more structured, asymmetric lines with greater
widths than the ABAB tetralayers. In particular, we observed a sharp peak and an
enhanced shoulder in the ABCA spectrum at 2680 cm™ and 2640 cm™. Such distinctions
in the 2D-mode spectra are observed in al ABAB and ABCA tetralayer samples. We
note that both the ABC trilayer [Figure 5.4(c)] and the ABCA tetralayer exhibit similar
2D-mode lineshapes, indicating that the asymmetric and broadened features are

characteristics of this stacking order.
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Figure 5.10 Raman 2D-mode spectra for the tetralayer graphene samples of ABAB (green line) and
ABCA (red line) stacking order.
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Figure 511 Optica (left) and Raman images (right) of a specific tetralayer graphene sample. The
optical image shows the uniformity of the layer thickness of the sample. The Raman map of the
spectral width of Raman 2D-mode exhibits domains with different stacking order. The Raman images,
obtained with 514-nm excitation, are color coded according to the FWHM of the Raman feature (in
units of cm™). The red and yellow regions in the images correspond, respectively, to tetralayer
graphene with ABAB and ABCA stacking. The step size for the Raman mapping was 1 um. The
length of the scale bar is 20 um.

Fig. 5.11 (a) and (b) show, respectively, the optical image and Raman image of a
tetralayer graphene sample with mixed (ABAB and ABCA) stacking order. The

homogeneous optical image indicates that the sample is entirely graphene of 4 layersin

thickness. The Raman image, which encodes the 2D-mode spectral width (FWHM)
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extracted from a single Lorentzian fit, shows sharp contrast for regions of different
stacking order. The stacking sequences determined by Raman spectroscopy in these
domains were further confirmed by IR spectroscopy.

The characteristics of the stacking domains based on an analysis of 56 samples,
were found to be similar to those for trilayer graphene. In particular, the ratio of the area
of ABAB to ABCA stacking was 85:15. The similarity of the domains in tetralayer and
trilayer graphene confirms the common origin of the different stacking sequences,
namely, the stacking order of the kish graphite, which remains unchanged during the

exfoliation process.

5.6 Ther modynamic Stability of ABC Stacking Order

The ability to directly visualize the domains of stacking order provides a means of
assessing the thermodynamic stability of the different structures. Our Raman images
show that Bernal and rhombohedral stacking order can coexist in micron-sized domains
of trilayer thickness at room temperature. In addition, we investigated the thermodynamic
stability of the ABC stacking order in trilayer graphene by annealing the samples to high
temperatures. We first chose a piece of pristine trilayer sample with mixed stacking order
and examined its domains of stacking by the Raman mapping of the FWHM of the
Raman 2D mode [Figure 5.12 (&), which is the same as Figure 5.4 (c)]. The ABA and
ABC domains are clearly encoded as the red and yellow colored regions in the Raman
image. We then annedled the same sample in an argon environment at different
temperatures and subsequently examined the structure of the domains by Raman mapping.

We found that the domains of ABC stacking remained stable up to 800 °C, the maximum
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Figure 5.12 Influence of thermal annealing on the domains of different stacking order in trilayer
graphene. Panels (@) and (b) display spatial maps of the spectral width of Raman 2D-mode feature for a
pristine trilayer graphene sample (a) and for the same sample after thermal annealing in an argon
environment at 500 °C for 10 hours (b). The Raman images are color coded according to the width of
the Raman feature (FWHM in units of cm™). The red and yellow regions in the images correspond,
respectively, to ABA and ABC trilayer graphene domains. The scale bars are 10 um in length.

annealing temperature in our experiment. Figure 5.12 (b) displays the Raman image after
annealing the sample at 500 °C for 10 hours. The domains of ABA and ABC stacking,
still recognizable as the red and yellow regions, are unatered. We note that the image
contrast in the Raman mapping between the domains of ABA and ABC stacking is
reduced by the thermal processing cycle. We attribute this to the introduction of excess
doping and disorder in the sample, leading to broadening of the Raman 2D feature. We
further confirmed the stacking order by IR spectroscopy. This result is consistent with the
stability of bulk rhombohedral graphite to over 1000 °C [44,45]. Our result shows that

this stability is retained even for atomically thin rhombohedrally stacked crystallites
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5.7 Conclusion

In conclusion, we have demonstrated Raman spectroscopy to be an effective tool
for the characterization of stacking order in few-layer graphene. Bernal (ABA) and
rhombohedral (ABC) tri- and tetra-layer graphene samples exhibit clear differencesin the
lineshape and width of the Raman 2D line. By Raman spatial mapping, we find that for
typical exfoliated tri- and tetra-layer samples about 15% of the area has rhombohedral
stacking rather than the usual Bernal stacking. The domains of rhombohedral stacking are
generally only of micron length. The Raman technique presented in this paper should
accelerate the research on FLG. For instance, various studies [11,13,16,20] have
predicted that a significant and electrically tunable band gap can be opened in
rhombohedral trilayer graphene by the application of an electric field. However, for
Bernal trilayers with their differing symmetry, this effect will be much smaller. With the
Raman technique presented here, we can readily identify the domains of stacking in FLG
and can test these predictions experimentally by constructing an appropriate gated device.
In addition to assuring the desired crystal structure of samples, the Raman mapping
capabilities allow identification of domain boundaries. This information should permit

detailed exploration of the structural and electronic properties at these interfaces.
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Chapter 6
Electric-Field Induced Changesin the Band Structure
of Trilayer Graphene: The Effect of Crystallographic

Stacking Order

After characterizing the stacking domains in few-layer graphene (FLG) with the
infrared (IR) and Raman techniques presented in the previous chapter, we go forward to
investigating the influence of stacking order on the electronic properties of FLG. In this
chapter, we study the influence of a strong perpendicular electric field on the band
structure of ABA and ABC graphene trilayers by means of IR spectroscopy. Distinct IR
response is observed in the two types of trilayer with different stacking order. We
observe an electrically tunable band gap of over 100 meV in ABC trilayers, while no

band gap isfound for ABA trilayers.

6.1 Introduction

Graphene trilayers are promising materials for both basic science and
technological innovation. While keeping the high carrier mobility and two-dimensional
electronic characters of graphene monolayer, the trilayers have more flexibility in the
electronic structure. They can exist in two stable crystallographic forms: ABA (Bernal)
and ABC (rhombohedral) stacking sequences (Figure 5.1). The distinct crysta structures

associated with these two stacking orders have been predicted to strongly influence
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various electronic properties of trilayer graphene [1-11], in particular the possibility of
opening awide controlled band gap with the application of an electric field perpendicular
to the graphene plane [1,3,9,10,12]. In this aspect, ABC trilayers are gapless
semiconductors. Their low-energy conduction and vaence bands touch one another at a
single Fermi point (or triple Fermi points if trigonal warping is considered) due to the
discrete symmetries (transational invariance, time reversal and space inversion) in ABC
trilayers [13,14]. Cdculations by tight-binding (TB) model [3,8,10] and density
functional theory (DFT) [13] have shown that a perpendicular electric field can break the
inversion symmetry of ABC trilayer and induce a band gap that increases monotonically
with the field strength. This makes ABC trilayer an attractive candidate for novel
electronic devices with a wide tunable band gap. While such band-gap opening is also
possible in graphene bilayer [15,16], ABC trilayer can produce a larger band gap under
the same field strength due to their larger thickness [8]. On the other hand, ABA trilayers
are semimetals with a finite band overlap [17,18]. TB calculations have predicted
essentially no band gap in ABA trilayers for any strength of uniform electric field [9].
Though a small band gap was predicted in ABA trilayer under a strong non-uniform
eectric field [1], it has only minimal influence on the transport and optical properties
because the Fermi level is well above the band edge due to excess doping introduced by
non-uniform field. These predictions are consistent with a recent transport measurement
that showed a tunable band overlap in gated ABA trilayers [18]. Therefore at all practical
points of view, ABA trilayers are essentially semimetals under external potential. While

these distinct properties of ABA and ABC trilayer has been intensively studied
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theoretically, experimenta evidences of these stacking order effects have, however, been
lacking up to date.

In this chapter, we carry out a detailed experimental study of the electronic
response of trilayer graphene, both of ABA and ABC stacking order, to a strong
perpendicular €electric field ~0.2 V/nm. The éectric field is applied by using an
electrolyte top gate or SIO, back gate that induce high density of doping and different
potential in each graphene layer. The resultant change of the band structure is probed by
infrared (IR) conductivity measurements. Our results show direct spectroscopic
signatures of the opening of a large and tunable band gap up to ~120 meV on ABC
trilayer graphene. Such a band gap is not observable ABA trilayer graphene under an
electric field of similar strength. On the other hand, we observed a significant asymmetry
in the optical conductivity upon electrostatic doping of electrons and holes in ABA
trilayer, which is stronger than those observed in bilayer and ABC trilayer. These
findings directly reveal the critical role played by crystallographic structure on the band-

gap-opening capability as well as the band structure asymmetry in trilayer graphene.

6.2 Experiment and Analysis

6.2.1 Sample Preparation and Char acterization

In our experiment, we investigated graphene trilayer samples that were prepared
by mechanical exfoliation of kish graphite (Toshiba) on silicon substrates coated with a
300-nm oxide layer. We characterized the samples by both IR and Raman spectroscopy,
as described in details in Chapter 5. The IR measurements were made by the U12 IR

beam line of the National Synchrotron Light Source at Brookhaven national Laboratory.
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The optica radiation passing through or reflected by the sample was detected with a
micro-Fourier Transform Infrared apparatus equipped with an MgCdTe detector under
nitrogen purge. The beam size on the sample is about 10 pm. The transmission and
reflectance spectra of the sample were obtained by normalizing the sample spectrum with
that from the bare substrate. The optical conductivity in the spectral range of 0.2-1.2 eV
was then extracted. The high-energy part (>0.8 eV) of the conductivity alows us to
determine the sample thickness and the low-energy part (< 0.7 eV) determines the
stacking order. The trilayer samples were later examined by Raman spectroscopy as
described in chapter 5. Using the stacking-order signature of the 2D-mode feature, we
can visualize the spatia distribution of the ABA and ABC stacking domains in trilayer
samples. We then chose samples with large (>200 pm?) homogeneous domains of ABA

or ABC stacking order to fabricate devices for gating measurements.

6.2.2 Device Fabrication

Electrical contacts to the samples were made by electron-beam lithography and
electron-beam evaporation of Au (50 nm). The measurements were carried out either
with SIO, back gate or polymer electrolyte top gate. For the top gate measurement, a
large Au electrode was deposited within 100 um of the trilayer samples to serve as a top
gate through a transparent polymer matrix. The polymer electrolyte (poly(ethylene
oxide)(PEO): LiClQ,, 8:1, dissolved in methanol) was cast onto the sample and dried at
110 °C in ambient [16]. The optical image and schematic drawing of atrilayer graphene
device with PEO top gate is displayed in Figure 6.1. The capacitance of the top gate was

~1.0 pFem™? and alowed us to induce a charge density of ~10™ cm™ We used the



119

electrolyte top gate for ABA trilayer samples due to their high gating efficiency. For
ABC samples that showed main absorption features in a lower energy ~0.3 eV, we
preferred using SiO, back gate because the polymer top gate caused some background
absorption in this lower-energy range. SIO, back gate had, however, a lower gating
efficiency and we therefore could only make the measurement on the hole side. On the
electron side, we used the polymer top gate and removed the background absorption from
the polymer by comparing the spectra at the charge neutrality (CN) point with that in

SO, back gate.
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Figure6.1 (@) Optical images of atrilayer graphene device. (b) Schematic drawing of the experimental setup. The
arrow represents the incident IR beam and the circles represent the ions in the PEO top gate.

50 pm
]

6.2.3 Extraction of Optical Conductivity

For the graphene trilayer devices, we measured the transmission spectrum by
normalizing the sample spectrum with that from the bare substrate. We then obtained the
real part of the optical conductivity (o) in the spectral range of 0.2-1.0 €V from the
transmission spectra by solving the optical problem concerning a thin film on the

SiO2(300-nm)/Si substrate. In our calculation, we neglected the interference at the
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sample/PEO interface and considered only the much stronger interference at the SiO./Si
interface. We aso neglected the contribution of the imaginary part of the optica
conductivity. The above simplifications were estimated to induce 10% errorsin o, mainly
in the spectral range below 0.3 eV, which had negligible influence on the peak positions

of 6.

6.2.4 Self-Consistent Calculation of Potentialsat Individual Layers

We followed the self-consistent approach of Avetisyan et al [1,9,10] to calculate
the charge density at each layer of the ABA and ABC graphene trilayers for different
total charge density with the consideration of only yo and y1. A full calculation with y,and
& showed that the influence of y,and 6 on the self-consistent result was negligible. For a
single-gate configuration, the potential difference between 1% and 2™ layer and between
2" and 3" layer as a function of total charge density n and charge density at 2™ (n,) and
3 ('ng) layer were Arp(n)=a(nz+nz) and Ax(n)=ans, Where a=e’Co/sqx, With ¢o=0.335 nm
as the interlayer distance in trilayer. We used the dielectric constant of SiO; in the
calculation (x=2.3). By including these potential differencesin the ABA or ABC trilayer
Hamiltonian, we calculated the band structure and the associated eigenfunctions, from
which we obtained the charge density at each layer again. The calculation was iterated

with the new charge distribution until a self-consistent result was reached.

6.3 Optical Conductivity of Gated ABA and ABC Trilayers

Figure 6.2 displays the optical conductivity o(%w) of trilayer graphene samples

with ABA and ABC stacking order under different gating conditions. For the ABA
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trilayer on electrolyte top gate [Figure 6.2 ()], its conductivity spectrum o(%w) exhibits
two peak-like features at 7w = 0.53 and 0.60 eV at the charge neutrality point Ven = -0.65
V. Aswe increase the bias V (electron side), the amplitude of the higher-energy transition
(0.60 eV) grows and the peak position red shifts, while the lower-energy transition (0.53
€V) subsides and disappears for V - Vey> 0.2 V. As we decrease V (hole side), the [ower-
energy peak was enhanced with dlight shift of the peak position, while the higher-energy
peak subsides. We observe that the electron and hole transition peaks evolve differently

with the gate voltage [Figure 6.2 (a) and 6.4(a)].

(a)ABA trilayer (b) ABC trilayer (c) ABC trilayer
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Figure 6.2 Optical conductivity o(fiew) of graphene trilayers at different gate voltages. (a) o(7iw) of ABA
trilayer graphene by electrolyte top gate. The spectra are displaced for 0.3 units. The charge neutrality (CN)
pointisat V =-0.65 V. The gate voltage V varies from top to bottom as: 0.9, 0.7, 0.5, 0.3, 0.1, -0.1, -0.3, -
0.4, -0.5, -0.6, -0.65(CN), -0.7, -0.75, -0.8, -0.9, -1.0, -1.1, -1.2, -1.4, -1.6 and -1.8 V. (b) ABC trilayer
graphene by SiO, back gate with CN point at V = 40 V. (c) ABC trilayer graphene by electrolyte top gate
with CN point at V = 0.05 V. In (b) and (c), the spectra are displaced for 2 units, with the gate voltages V
denoted on the spectra. The arrows are guides of peak positions.

In contrast, ABC trilayer shows very different conductivity spectra and distinct

electric-field response [Figure 6.2(b, c)]. At Vcn, ABC trilayer conductivity o(%w) shows
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asingle peak at 7w = 0.35 eV, which is of much lower energy than the main transition
energies 7iw = 0.53 and 0.60 eV in ABA trilayer. This reflects the different low-energy
band structures in ABA and ABC trilayers due to the distinct nature of their interlayer
interactions. Aswe increase V (electron side) in ABC trilayer, its behaviors stand in sharp
contrast with those of ABA trilayers. We observed that the amplitude of transition
increases and the main peak splits into two peaks P1 and P2. The two new peaks shift in
opposite directions and broaden with increasing the gating bias. Corresponding effects
are aso observed in the hole side [Figure 6.2(b)]. We note that the transition peaks in
ABC trilayer is much narrower than those observed in bilayer [16] due to the singularity

of density of state at the band edges of ABC trilayer.

6.4 Analysis based on Tight-Binding M odels

6.4.1 Simulation of Conductivity in ABC Trilayer

The observed distinct infrared response from ABA and ABC trilayers indicates
that the applied field modifies their band structure and electronic excitations in different
ways. We have analyzed our data in the framework of TB model with suitable hopping
parameters. Figure 6.2(a) presents a schematic description of the electronic structure of
ABC trilayer graphene under electric field based on a TB calculation with yo and v;. In
the absence of an applied field (dashed red line), the ABC trilayer has three valence (v1,
v2, v3) and conduction (cl, c2, c3) bands near the K point in the Brillouin zone. Two of
them (v1, cl) lie in the low energy range and touch one another at a Fermi point, while
the other bands are separated away by ~300 meV. The transitions between the two low-

lying bands (v1, c1) and the four other bands (v2, v3, c2, c3) give the main peak of
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conductivity at #»=0.35 eV. With the application of a strong electric field, the electronic
structure of ABC trilayer graphene changed significantly (green solid line). A gap
develops between valence band v1 and conduction band c1. The absorption peak P1 and
P2 observed in experiment are readily understood as originated from the transition 1 and
2 in the modified band structure.

For a quantitative comparison with the experiment, we have calculated the ABC
band structure at different doping charge density n. We considered by a self-consistent
calculation the different potentials at different layers induced by the uneven charge
distribution in graphene trilayer under a single gate. In the TB calculation, we considered
only the dominant terms yo= 3.4 ¢V (corresponds to ve=1.1x10° mS'l) and y1= 377 meV,
because by carrying out a full-parameter TB calculation we did not find any significant
influence of other TB parameters in explaining the main features of our data. In this case
the electron-hole symmetry was implicitly assumed. To obtain a best fit on the data, we

2 In our caculation, the

assumed a capacitance of the electrolyte top gate C = 1.3 pFem’
predicted band gap Eq4 and the energy gap at the K point 4Ey agreed well with the band
gap extracted from experimental data [Figure 6.3(b)]. For more detailed and direct
comparison, we simulated the IR conductivity spectra by means of Kubo formula. A
phenomenological broadening of 20 meV was adopted. The simulation [Figure 6.3(c)] is
seen to capture the main features of the experimental spectra [Figure 6.2(b,c)]. We aso
show for comparison the predicted conductivity under the neglect of any induced

modification of the electronic structure or band gap opening [Figure 6.3(d)]. The

behavior is completely inconsistent with experiment.
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Figure 6.3 Band structure, energy gap and optical conductivity spectra of ABC trilayer graphene. (a)
Band structure of ABC trilayer graphene with (green) and without (red) the presence of a perpendicular
electric field as calculated within the TB model described in the text. Transitions 1 and 2 are the
strongest optical transitions near the K point for electron doping. (b) Dependence of the energy gap at
the K point (symbols) on the charge doping density of the ABC trilayer graphene. The error bars arise
primarily from uncertainties in determining the peak position of the broad absorption features. The
results of TB model for both 4Ex and the band gap E; are plotted as well to compare with the
experimental data. The inset is a schematic of the ABC trilayer crystal structure. (c,d) Simulated spectra
of the optical conductivity o(hw) of gated ABC graphene trilayers with (c) and without (d) the band gap.
The spectra are obtained from the Kubo formula for ABC graphene trilayer under the same doping asin
Figure 6.2 (c). Pandl (c) show the results obtained with the predictions of TB model for the electronic
structure described in the text. For comparison, panel (d) is a reference calculation in which the ABC
trilayer graphene band structure is assumed to remain unchanged (without an induced gap). In both panel
(c) and (d), the spectra are displaced for 2 units, with the gate voltages V denoted on the spectra. The
arrows are guide of peak positions.
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Figure 6.4 Comparison of optical conductivity o(iw) with theory for ABA graphene trilayers at
different gate voltages. (a) The conductivity peak positions as a function of gate voltage. The blue and
green lines are peak positions extracted from the calculated spectrain (c) and (d), respectively. (b) The
inset is the ABA trilayer graphene band structure with (green) and without (red) considering the
parameters & and y4. (C) The calculated conductivity spectra 6(%iw) by the Kubo formula. The spectra are
displaced for 0.3 units. The gate voltage V varies from top to bottom as: 0.76, 0.52, 0.21, 0.06, -0.08, -
0.34, -0.47, -0.59, -0.65 (CN), -0.71, -0.83, -0.96, -0.80, -1.36, -1.51 and -1.82 V. The arrows are guides
of peak positions. (d) Similar plot as in (c), but with an unchanged band structure in all applied gate

voltages.
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6.4.2 Simulation of Conductivity in ABA Trilayer

The simple TB description with only yo and y; is not sufficient, however, to
describe the ABA trilayer IR conductivity spectra that exhibit a significant electron-hole
(e-h) asymmetry. We attribute the e-h asymmetry to the difference between the valence
and conduction bands, as previously shown in the study of bilayer [19,20]. According to
the TB diagram of ABA trilayer (Figure 1.12), the sites Al, B2, A3 and B1, A2, B3
possess different on-site energies (6) due to the different crystal field environment. This
leads to different transition energies at the electron and hole side. Also, the interlayer
next-nearest-neighbor coupling parameter vy, induces different dispersions for the
conduction and valence bands, which are responsible to the different evolutions of the
electron and hole transition peaks with the gate voltage. The effects of 6 and y4 on the
ABA trilayer energy bands are demonstrated in the inset of Figure 6.4 (b).

The observed e-h asymmetry in ABA trilayer can be understood quantitatively by
a TB model with yo, y1, 6 and y4. We have simulated the ABA trilayer IR conductivity by
means of Kubo formula with a 20-meV phenomenological broadening and the self-
consistent charge distribution. We found that the main features of the experimental
conductivity spectra and the transition energies can be reproduced by y;=370 meV,
6=37meV and y,=170 meV [Figure 6.4 (a, ¢)]. These values are determined, respectively,
by the transition peak position, peak separation and the peak shift with an assumed value
of v0=3.4 eV. We have used a top-gate capacitance C = 0.9 pFem™ to obtain the best
description of the data. The band structure in Figure 6.4 (b) corresponds to a gate voltage
of V=0.9 V. The energy bands shows essentially no gap (<2meV) for the case with y4

and 6. For comparison, we also did the simulation with an unchanged band structure of
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ABA trilayer using the same TB parameters [Figure 6.4 (d)], i.e. assuming zero potential
a all graphene layers for al gate voltages. The prediction did not show any significant
deviations from the experimental data and the previous simulation [green lines in Figure
6.4 (a)], indicating our experimental results did not reveal any significant change in the

band structure of ABA trilayer.

6.4.3 Comparison of Band Gap Opening in ABA and ABC Trilayers

Our analysis revealed markedly different capability of opening a band gap in
ABA and ABC trilayers. We have derived the electric field between the 1% and 2™ layer
E1, and between 2™ and 3" layer Exs. The gate voltage V=1.2 V (n=8.3x10" cm™) in the
ABC sample produces E1,=0.25 V/nm and E»3=0.14 V/nm, and V.= 0.9 V (n = 7.2 x 10*
cm®) inthe ABA sample produces E;,=0.26 VV/nm and E»3=0.08 V/nm. While the applied
electric fields are of similar strength on both samples, the ABC trilayer shows a sizable
band gap of ~ 120 meV and measurements in the ABA trilayer does not reveal any
signature of band-gap opening.

We may understand the different behaviors of ABA and ABC trilayer graphene
by considering their distinct crystal structures (Figure 1.11). Their tendency to open a
band gap can be evaluated by considering the energy states near the K point in the
Brillouin zone, where the intralayer coupling is small and can be neglected (Figure 1.12)
[12]. For ABA trilayer with mirror symmetry, in a simply TB description with only yo
and vy;, the energy states at the K point can be described as a combination of one trimer
(the blue atoms) and three non-bonding monomers, i.e., isolated atoms (yellow atoms).

The trimmer has three states, the bonding and anti-bonding states with finite energy, and
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the non-bonding state with zero energy. The zero energy level in ABA trilayer is then
four-fold degenerate (three monomer states and one non-bonding trimer state). With the
application of an electric field, the degeneracy of the two monomer states at A1 and A3
are lifted as they have different potentials. The degeneracy of the non-bonding trimer
state and the monomer state at B2 is, however, hardly affected because their energies
remained unchanged in a uniform electric field. The degeneracy may only be dlightly
lifted up for non-uniform electric field, because the asymmetric perturbation on the trimer
causes the energy of the non-bonding trimer state to shift. The robustness of the
degeneracy against the electric field makes the band gap opening difficult. The case in
ABC trilayer with inversion symmetry is different. As shown in the TB diagram of ABC
trilayer (Figure 1.12), the zero-energy K-point states consist of two non-bonding
monomers (yellow atoms). The two-fold degeneracy can be readily lifted up with the
application of an electric field because the two monomers are located at different

potentials. This explains the sizable band gap induced in ABC trilayer.

6.4.4 Comparison of Electron-Hole Asymmetry in ABA and ABC Trilayers
Finally we comment on the significant band structure asymmetry in ABA trilayer
graphene. We observed a 70-meV difference between the electron and hole transition
peaks at the charge neutrality point Vcn, which corresponds to & = 37 meV in the TB
calculation. On the other hand, we observed only a single peak in ABC trilayer at Ven.
From the width of the peak (~44 meV), we can restrict the value of 6 to be <22 meV in
ABC trilayer, which is comparable to that observed in bilayer (6 = 18-25 meV) [16,19].

The different e-h asymmetry of ABA and ABC trilayer should arise from their different
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crystal structures. Since the on-site energy difference o arises from the change of local
crystal field by the interlayer coupling, a trimer with two interlayer bonds should have a
larger value of & than a dimer with only one interlayer bond. The ABA trilayer with a
trimer therefore has a larger e-h asymmetry than bilayer and ABC trilayer that have the

dimers.

6.5 Conclusion

In conclusion, we observed distinct IR response on ABA and ABC trilayer
graphene under the application of a strong electric field. ABC trilayers exhibited a sizable
band gap, which was not observable in ABA trilayer. On the other hand, ABA trilayer
showed a more prominent band structure asymmetry than ABC trilayer. These behaviors
could be explained by considering their different crystallographic structures. Our work
revealed the significant effect of stacking order on the properties of trilayer graphene and
demonstrated the opening a band gap in trilayer graphene. It should inspire new research
on FLG that has more flexibility in electronic structure due to the large variations of their

stacking sequences.
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Chapter 7
Probing Out-of-Plane Vibrationsin Few-L ayer
Graphene using Combinational and Overtone Raman

M odes

In the previous chapter, we have investigated how the stacking order influences
the electronic band structure as well as the eectric-field response of few-layer graphene
(FLG). In this chapter, we investigate the influence of stacking order on the out-of-plane
Raman response in FLG. As the out-of-plane phonons are usually of low energy, which
makes the measurements difficult, we probe the vibrations through their overtone and
combinational Raman modes. We observed higher-order Raman features, appearing at ~
1660, 1730 and 1760 cm™, in FLG for both Bernal and rhombohedral stacking. Using
double-resonance theory, we have identified the features, respectively, as the LO+ZA,
LO+Z0O’ combinational modes and the 220 overtone mode, where LO, ZA, ZO, and ZO’
denote, respectively, the in-plane longitudinal optical mode, the out-of-plane acoustic,
optical and layer-breathing modes. All the Raman features are absent in single-layer
graphene (SLG), which lacks ZO' mode and ZA and ZO modes are not Raman active.
The LOZO’ Raman spectra depend on the stacking order of the layers and thus serve for

identifying stacking order in FLG.

7.1 Introduction
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Raman spectroscopy has been a powerful tool to investigate the vibrational and
electronic properties of graphene. Most of the Raman research has been directed to
exploration of the in-plane phonon modes such as the G, 2D (or G’') and D modes [1,2],
since the corresponding Raman signals are strong. In particular, 2D band spectra are
useful for characterizing the layer thickness of FLG since several different wave numbers
g are selected for a dispersive phonon mode so as to satisfy the double resonance Raman
condition for FLG. However, in-plane phonon dispersion is not sensitive to the stacking
order of FLG because of the weak interlayer interaction. An analysis of stacking order on
FLG with layer number greater than four is not well established. On the other hand, since
out-of-plane phonon dispersion is sensitive to stacking order such as the layer-breathing
mode (ZO’) in which the distance between the adjacent graphene layers is vibrating,
Raman spectroscopy for the out-of-plane phonon modes is of interest though the signal is
generally weak. Although the out-of-plane vibrations of a SLG are not Raman active, we
can observe weak Raman signal when the symmetry of lattice structure is lowered. For
example, in the case of carbon nanotube (CNT) [3], because of the curvature of
cylindrical surface, the overtone of the out-of-plane optical (ZO or iTO) phonon which
they call M-mode at ~1750 cm™ has been observed. In the case of FLG, since Berna
(ABA) or rhombohedra (ABC) stacking or turbostratic structure for folded graphene has
lower symmetry than that for SLG, we expect Raman signal of out-of-plane phonon
modes which is useful for characterizing graphene sample.

In this chapter, we identify the out-of-plane acoustic (ZA), optical (ZO) and layer-
breathing (ZO’) modes in graphene layers using their Raman overtone and combination

modes in double resonance conditions. We observed three prominent Raman lines at
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~1660, 1730 and 1760cm™ with the excitation of 532-nm laser. In particular, we
confirmed that these Raman features are absent in SLG. Their frequencies show a
significant dispersion with the excitation laser energy. By detailed analysis based on
double-resonance theory, these three Raman features are assigned as the LO+ZA,
LO+ZO' combinational mode and 2ZO overtone mode, respectively, where LO denotes
the longitudinal optical mode. The bilayer graphene (BLG) layer-breathing mode (ZO’)
dispersions extracted from the combinational LOZO’ mode and from the overtone 220’
mode are found to match well with one another and with the theoretical predictions. This
demonstrates that the combinational and overtone modes in graphene can be used as
effective probes to the low-energy out-of-plane phonon branches. For FL G with thickness
from 3 to 6 layers, the LOZO’ lines in samples with Berna (ABA) and rhombohedral
(ABC) stacking order show unique spectral shapes. In fact, the LOZO’ band in ABA
samples is split into several well-separated narrow bands in ABC samples. Thus the
LOZO Raman mode can be used as an accurate means of identifying the stacking order

in FLG.

7.2 Experiment

The graphene samples which was exfoliated from kish graphite (Toshiba) were
deposited on quartz substrates with pre-patterned trenches (width and depth of 4 um) [4].
The suspended parts over the trenches were thus isolated from any perturbations of the
substrates. For comparison, we have aso studied graphene samples supported on bulk
SO, and SIO,(300nm)/Si substrates. The samples were characterized first by infrared

spectroscopy to determine the layer thickness and stacking order [5,6]. In this experiment,
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we made use of graphene samples with layer number from 1 to 6 with both Bernal and
rhombohedral stacking order. The Raman measurements were carried out in ambient
conditions, using a Horiba Raman confocal microscope equipped with a spectrometer and
a cooled charged-coupled-device (CCD) array. We used laser excitation with photon
energies over a wide spectra range from visible to near-infrared, including wavelengths
(energies) at 488 nm (2.54 eV), 532 nm (2.33 eV), 594 nm (2.09 eV), 633 nm (1.96 eV)
and 785 nm (1.58 eV). In order to obtain weak signals, we measured the signal for over
one hour with the laser power below 3mW in order to avoid the heating effect. In fact,
Raman shift changed within 1 cm™ for laser power from 0.3 to 3 mW for samples
supported on bulk SiO,. Figure 7.1 shows the G- and 2D-mode Raman spectra of free-
standing SLG, BLG and bulk graphite with laser excitation wavelength at 532 nm. Due to
the absence of any substrate-induced doping and impurity scattering, the SLG spectrum
has a larger 2D/G ratio, a broader G mode and an asymmetric 2D mode compared to the
spectrum of supported SLG samples [4]. The free-standing samples also allow us to see

clearly the multiple peaksin the 2D mode of BLG.
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Figure 7.1 G- and 2D-mode Raman lines of free-standing SLG, BLG and bulk graphite.
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Figure 7.2 Raman modes in the frequency range of 1625 to 2150 cm* for free-standing SLG and BLG
and bulk graphite with 532-nm excitation. The spectra are normalized with the respect to the G-mode

peak intensity. The spectra of BLG and graphite are magnified by a factor of 3 and displaced by 0.02
for claritv.

7.3 Graphite

In Figure 7.2 we show Raman features which are normalized by G-band intensity
for SLG and BLG and graphite samples, in the frequency range of 1625 to 2100 cm™.
The Raman intensity in this frequency range is two orders of magnitude smaller than that
for G mode. Their lineshapes differs significantly in samples with different layer
thickness. In graphite, we observe a multi-featured band at 1750 cm™ that shows an “M”
shape, and a broad band at 1900-2050 cm™. They have been previously denoted as the M
mode and the combinationa ZO+LA mode, respectively [3]. In addition, we observe a
small peak a 1660 cm™, which has not been reported before. This peak, while subtle in

supported FLG and graphite samples, becomes more prominent on suspended FLG. For
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convenience, we temporally denote the small peak at 1660 cm™ and the low- and high-

energy peaks of the “M” -shape feature as Peak 1, 2 and 3, respectively.

1.58 eV (785 nm)

1.96 eV (633 nm)

2.33 eV (532 nm)
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Figure 7.3 Raman modes in the frequency range of 1625 to 2050 cm* for free-standing SLG at excitation
photon energies (wavelengths) of 2.33 eV (532 nm), 1.96 eV (633 nm) and 1.58 eV (785 nm). The spectra
are normalized with the respect to the G-mode peak intensity. To evaluate the substrate effect, the spectrum
of an SLG sample supported on quartz surface at 532-nm excitation is also plotted. As the substrate
broadens the G-mode feature, this spectrum is normalized so that its G line has the same integrated
intensity as that of the free-standing SLG. The spectra are displaced by 0.04 for clarity.

7.4 Single-Layer Graphene

As shown in Figure 7.2, the Raman peaks 1-3 are not observable for SLG. One
may argue that Peaks 1-3 may have been shifted and hidden in the two peaks at 1800-
2050 cm™, or perhaps the later two peaks are themselves the shifted “M” - feature. To this
end, we have examined the spectra of free-standing SLG with different excitation photon
energies (Figure 7.3). As the laser energy increases from 1.58 eV (785 nm) to 2.33 eV

(532 nm), the two peaks blue-shift from 1755 to 1853 cm™ and from 1827 to 1976 cm™,
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which correspond to an energy dependence of 130 and 200 cm™/eV, respectively. Such
significant dispersions indicate that these two peaks are not related to the Raman Peaks 1-
3, which exhibit much weaker dispersions as we will show later. From their dispersive
behavior, we can indeed assign the high and low energy peaks as the combinationa
modes of TO (or LO) phonon and the LA and TA phonon, respectively [7,8]. With these
two peaks shifted away, we do not observe any other peaks in 1800-2050 cm™ range. We
can therefore safely exclude the existence of Peaks 1-3 in free-standing SLG.
Furthermore, we do not observe significant deviations between the spectra of free-
standing SLG and supported SLG on quartz substrates, indicating that the absence of

Peaks 1-3 is robust with the presence of a substrate.

7.5 Bilayer Graphene

While Peaks 1-3 are absent in SLG, they are observed in Berna-stacked BLG
(Figure 7.2). Since these higher-frequency Raman modes are understood as overtone or
combinational modes, we can apply a double-resonance theory in which Raman signal
can be seen on the phonon dispersion relation by changing the excitation photon energy
[9,10]. In the measurement, we adopted samples supported on SIO, surface to avoid the
laser heating effect. We find that the frequencies of Peaks 1-3 exhibit moderate
dependence on the excitation photon energy [Figure 7.4 (a,b)]. Their dispersive behaviors,
however, show unique slope for each peak. The frequency of Peak 3 remains largely
unchanged for excitation energies below 2.09 eV, and red shifts dlightly for higher

energies. A linear fit shows an average energy dependence of -9 cm*/eV. In contrast,



138

Peak 1 and Peak 2 blue-shift significantly with increasing excitation photon energy, with

average energy dependence of 39 and 30 cm'/eV, respectively.
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Figure 7.4 (a) Raman spectra of BLG in the range of ~1630 to 1850 cm* for different laser excitation
energies. The spectraare displaced for clarity. The spectra show significant dispersions for the two peaks at
~1660 and 1750 cm*. We note that the strongly dispersed LO+TA band (~1810 cm™ at 1.96-eV excitation)
overlaps with Peak 1 at excitation photon energy of 1.58 €V. (b) The frequency of different peaks at (a) as
afunction of excitation photon energy. The solid dots are peak positions extracted from (). Open dots are
comparisons based on the combination of different lower-energy phonon modes. Open triangles and
squares are the LO and ZO’ phonon frequencies extracted by experiment. The open diamonds are ZA
phonon frequency by theory. (c,d) The 2Z0’-mode (c) and 2LO(2D’)-mode (d) Raman spectra of BLG for
different laser excitation energies. The two peaksin the 2Z0O’ spectra are denoted as 2720’ + and 2ZO'-.
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Peak 3 is assigned to the overtone of ZO (or oTO) phonon (~885cm™) because
both its frequency and energy dependence match the ZO phonon branch that shows a
slight negative dispersion with increasing phonon momentum from the 7-point. The same
assignment has been made on the corresponding Raman mode in CNT (the so-caled M-
mode) [3]. On the other hand, we assign Peak 1 and Peak 2 as the LO+ZA, LO+ZO
combinational modes of near-/-point phonons (intra-valley scattering), respectively. If
we use this combination of two phonons, we can explain dispersive nature of the three
peaks adequately. In the case of SLG, we cannot see LO+ZA or 2Z0 mode because ZA
and ZO phonons are not Raman active. Furthermore, LO+ZO’ should not be observed in
SLG because ZO' mode requires more than two graphene layers.

In order to confirm the phonon dispersion of ZO’' mode experimentally, we have
measured the overtone of ZO' mode (22O’ mode) and the overtone of LO mode (the so-
called 2D’ mode) in BLG [Figure 7.4 (c,d)]. The 22O’ mode was measured by using
free-standing BLG samples in an argon-purged environment, which avoided the large
Raman background of the substrate and the rotational Raman lines of air moleculesin the
frequencies below 200 cm™. We find that both 22O’ and 2LO modes exhibit excitation-
energy dependence due to the double-resonance mechanism. In particular, we observe
two components (2Z0O'+ and 2Z0O’-) in the 2ZO'’ line, which we attribut to resonances
between different electronic bands in BLG. We obtain the LO and ZO’ phonon energies
as half of their overtone values [triangles and squares in Figure 7.4(b)]. We find that the
combination of a LO phonon and a ZO’' phonon [open red dots in Figure 7.4(b)] matches
well with the frequency and dispersion of Peak 2, therefore confirming our assignment of

Peak 2 asthe LO+ZO’ mode. The peak 3 is assigned to the combination LO+ZA mode.
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Since the ZA phonon overtone mode is not accessible in our Raman experiment due to its
low energy, we make use of the theoretical value of ZA phonon energy [11]. Asshownin
Figure 7.4(b), the LO+ZA combination (open green dots) matches well with the
frequency and excitation-energy dependence of Peak 3 (solid green dots).

To substantiate the analysis, we have plotted the LO, ZO, and ZO' and ZA
phonon energies obtained from their overtone modes as a function of phonon momentum,

and compared them with the theoretical predictions (Figure 7.5) [11]. Because the
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Figure 7.5 Comparison with experimental (symbol) and theoretical (lines) values of out-of-plane
phonon dispersions. The red dots (orange squares) are LO (ZO) phonon dispersion from measurements
of their overtone modes. The stars are the ZO' phonon energies obtained by subtracting the LO
phonon frequencies (red dots) from the measured LOZO’ phonon energies (Peak 2 in the Figure 7.4).
The phonon momenta are taken as the average of the dominant intraband transition momenta in both
the high and low lying electronic conduction bands in BLG. The open triangles are ZO' phonon
dispersion derived from the 2ZO’ overtone mode in BLG [Figure 7.4(c)]. The phonon momenta for
ZO'+ and ZO'- are taken as the dominant transition momenta in the low and high lying electronic
bands, respectively.
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double-resonance process in BLG involved intra- and inter-valley transitions in both the
low and high lying electronic conduction bands, we estimate the effective phonon
momenta by averaging the transition momenta in different resonance processes for LO
and ZO mode. For ZO' mode, we use intra-band transition momenta in low- and high-
lying conduction bands as the phonon momenta for the ZO'+ and ZO'- bands,
respectively. We aso present the ZO’ phonon dispersion obtained by subtracting the LO
phonon energies from the LOZO’-mode energies. We obtain a good agreement between

the experimental and theoretical values of these out-of-plane phonon modes.

7.6 Few-Layer Graphene

Since the 2Z0O, LOZO' and LOZA lines are absent in SLG and activated by
interlayer coupling, their behaviors should be sensitive to the nature of the interlayer
interaction. To this end, we have measured and compared their spectra for graphene
samples with layer thickness N = 2 to 6, with both Berna (ABA) and rhombohedral
(ABC) stacking sequence (green and red lines, respectively, in Figure 7.6). While the
270 mode remains largely unchanged in all the samples, we find the LOZO' mode
exhibits distinct lineshapes for samples with different layer thickness and stacking order.

For ABA FLG, the frequency of LOZO' line increases systematicaly with the
layer thickness and approaches the bulk limit of graphite. In particular, the LOZO’
frequency of BLG is much lower (~15 cm™) than those of other FLG. In addition, we
observe the development of small sub-bands in FLG. As the layer number increases, the
number of sub-bands increases, with frequencies blue-shifted towards the main peak, and

the LOZO' lineshape eventually converges to the asymmetric lineshape in graphite.
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Figure 7.6 Raman spectra in the frequency range of 1640 to 1810 cm™ for graphene samples of different
layer thickness with Bernal (green line) and rhombohedral stacking order (red lines). The laser excitation
wavelength is 532 nm. The samples were supported on SiO./Si substrates. The spectra were normalized
with respect to the G-mode peak intensity. To evaluate the substrate effect, we also plot the spectrum for a
suspended BLG. Because the G mode line becomes narrower in suspended samples, we normalize the
suspended BLG spectrum so that the G-mode has the same integrated intensity as that of the supported
BLG.
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For ABC FLG, the LOZO'’ lines exhibit distinct lineshapes from those of ABA
FLG. While the LOZO' mode appears to be a single band in ABA FLG, it is split into
multiple bands in ABC FLG. The number of peaks tends to increase with the layer
number. Their frequencies are found to evolve systematicaly as the layer number
increases. On the other hand, the LOZA line at ~1660cm™, which is largely suppressed in
ABA FLG, appears to be prominent in ABC FLG. These observations show that the
LOZO' mode and LOZA mode are sensitive probes to the nature of interlayer
interactions in FLG and provide us effective means to characterize the thickness and

stacking order of FLG samples.

7.7 Substrate and Curvature Effects

Finally, we want to comment on the substrate and curvature effects on these
Raman features. We have compared the 2Z0O, LOZO’ and LOZA lines on supported and
suspended BLG samples (Figure 7.6). While their frequencies are not influenced by the
substrate, the intensity drops significantly with the presence of a substrate. For instance,
the LOZA mode at 1660 cm™ is strongly suppressed in supported samples but prominent
in suspended samples. We attribute this to the damping effect of substrate on the out-of -
plane vibrations. Also, we want to note that the 2ZO mode has also been observed in
singlewall CNTs, i.e. a rolled SLG [3], and its intensity is found to increase with
decreasing CNT diameter. Therefore, beside inter-layer interaction, the out-of-plane
Raman modes can aso be activated by curvature on the graphene plane. These
observations indicate that the out-of-plane Raman modes can be sensitive probes to both

the interlayer coupling and curvature in the graphene plane.
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7.8 Conclusion

In conclusion, we have assigned three dominant Raman features in the frequency
range of 1630-1800 cm’ as 2ZO, LOZO' and LOZA mode. These out-of-plane
combination and overtone Raman modes were found to be absent in SLG due to its
particularly crystal symmetry and lack of layer-breathing vibrations. The lineshape of
LOZO mode in FLG show dramatic dependence on the layer thickness and stacking

order, and hence, can serve as an accurate stacking order indicator for FLG.
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