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Abstract 
 

 Graphene, a two-dimensional material composed of carbon honeycomb 
structure, possesses remarkable electric and optical properties such as 
broadband photoabsorption, high carrier mobility and ultrafast optical 
response. These anomalous properties stem from massless Dirac Fermions 
showing a linear energy-momentum dispersion called ‘‘Dirac cone”. Since a 
recent discovery of graphene, studies of fundamental properties of graphene 
have been always center of the attention in the wide range of academic fields. 
Owing to accumulation of many researches, some graphene-based devices 
started to be used in a commercial way. An opto-electronic application of 
graphene is also highly promising, but a comprehensive understanding of 
carrier dynamics in graphene is still missing.  

In the present study, we systematically studied carrier dynamics in graphene 
on SiC substrate by time-resolved photoemission spectroscopy. First, a 
characteristic carrier scattering of Dirac Fermions was examined for the first 
time in graphene on Si-face SiC(0001) surface, which shows strong electron 
doping and electron-electron scattering in the time scale of several hundred 
femtoseconds. Furthermore, electron-phonon scattering and electron-defect 
scattering are circumstantially investigated in graphene on C-face SiC(0001). 
A combination technique of time-resolved photoemission spectroscopy and 
numerical model analysis revealed the whole relaxation picture within the 
time scale of femtoseconds to several picoseconds. Finally, charge transfer 
dynamics at graphene/SiC interface and the influence of the interface structure 
was examined up to sub-microsecond region utilizing a laser-pump 
synchrotron radiation-probe time-resolved photoemission measurement.  

As a consequence of a series of time-resolved photoemission measurements, 
we clearly identified individual relaxation pathways and uncover the overall 
time structure of carrier dynamics in graphene/SiC system ranging from 
femtosecond to microsecond time scale.  
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Chapter 1

Introduction

1.1 Background

Graphene, a two-dimensional carbon sheet, is a material that is the thinnest, lightest,

and strongest material with prominent electrical and optical properties. The history of

graphene is quite old in the field of theoretical physics. However, experimental studies

were launched from 2004, triggered by the first discovery of manufacturing graphene

sheet by A. K. Geim and K. S. Novoselov, who were the Nobel Prize winner in

2010 [1]. Since then, many researches have been dedicated to understand fundamental

properties of graphene for future device applications.

Opto-electronic device is one of the most promising candidate for graphene appli-

cation owing to its unique electrical and optical properties. In spite of the growing

demand for opto-electronic applications, however, there exist many difficulties for re-

alizing them. For example, understanding of ultrafast phenomena in graphene, such

as carrier scatterings, phonon scatterings and charge transfer with other materials is

lacking. Moreover, extrinsic effects arising from sample qualities, e.g. defects, strain,

carrier doping, substrate etc., further complicate the problem.

Recently, developments in both experimental and fabrication methods allow us

to investigate details of carrier dynamics occurring in graphene. Here, I will briefly

overview some previous studies.

In 2013, K. J. Tielrooij et al. studied carrier-carrier scatterings by performing
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visible-pump terahertz (THz)-probe experiment in an n-doped monolayer graphene

[2]. They found an anomalous transient absorption in the graphene which shows

strong dependence on excitation energies. They concluded that the observed results

can be explained by cascade carrier scattering, called “carrier multiplication (CM)”.

This is a unique phenomenon in graphene because the linear energy dispersion of

graphene enhances carrier-carrier scatterings, resulting in efficient photon-carrier con-

version, which is available for photodetectors and photoelectric conversion devices.

In the same year, J. C. Johannsen et al. reported the first direct observation

of photo-excited carrier dynamics in a p-doped monolayer graphene [3]. They used

a combined technique of a pump-probe method and angle-resolved photoemission

spectroscopy. However, they could not achieve multiple carrier generation probably

due to the excitation energy because fluence were not optimum.

As for a theoretical study, J. C. Song et al. pointed out that the presence of de-

fects has significant influence on carrier relaxation dynamics in substrate-supported

graphene samples which are usually used in pump-probe experiments [4]. They

claimed the importance of defect-mediated carrier scattering, called “supercollision”,

giving new insight into carrier relaxation mechanics in graphene.

Until now, the study of carrier dynamics in graphene is only half done; in spite

of a number of studies so far, comprehensive understanding of carrier dynamics is

still not obtained. For example, there is no consistency among reported relaxation

time constant; some studies reported it to be several hundred femtoseconds while

others reported one hundred picosecond, which has a difference of several orders of

magnitude within these reports.

1.2 Purpose of the present study

To comprehensively investigate and give new insight into carrier dynamics in graphene,

we systemically studied the carrier dynamics of graphene, especially grown on a SiC

substrate. There are two types of graphene samples depending on a grown surface of

SiC: (1) graphene grown on SiC(0001), whose top most surface is terminated by Si
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atoms (we will refer to it as Si-face graphene in this thesis) and (2) graphene grown

on SiC(0001), whose top most surface is terminated by C atoms (we will refer to it

as C-face graphene).

Si-face graphene accompanies a characteristic interface structure during its fab-

rication process, called “buffer layer”. Due to the presence of a buffer layer at the

graphene/SiC interface, excess electrons are transferred from SiC to graphene, result-

ing in strong n-type doping. Therefore, carrier-carrier scattering plays an important

role in relaxation of photo-excited carriers because there are dense electrons near the

Fermi level, which can participate in electron-electron scattering.

On the other hand, graphene grown on SiC(0001) exhibits a nearly ideal graphene

feature due to the absence of a buffer layer. In this case, electron-phonon scattering

and electron-defect scattering compete as a main relaxation channel. This allows us

to access both intrinsic and extrinsic carrier dynamics which has been uncovered by

effects of a carrier doping and/or a strain, etc.

Moreover, the presence of the buffer layer affects charge transfer dynamics at

graphene/SiC interface which occurs in the photo-excited graphene/SiC system with

a time scale of picoseconds to microseconds.

Based on these facts, I set the purposes of the present study as follows:

(1) observing carrier-carrier scattering in graphene on Si-face SiC(0001) (femtosecond

dynamics);

(2) uncovering whole relaxation dynamics in graphene on C-face SiC(0001) (femtosec-

ond to picosecond dynamics);

(3) clarifying the effect of a buffer layer on charge transfer dynamics of photo-excited

carriers at graphene/SiC interface (picosecond to microsecond dynamics).

1.3 Outline

In this thesis, I will report systematic studies of carrier dynamics in graphene espe-

cially grown on a SiC substrate by time-resolved photoemission spectroscopy.

First, fundamental properties of graphene are introduced in Chapter 2.
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Chapter 3 overviews experimental techniques used in this thesis.

Chapter 4 describes a first demonstration of a direct observation of photo-excited

carrier dynamics in epitaxial graphene on Si-face SiC(0001). By using a high harmonic

generation as a probe light, ultrafast carrier dynamics of graphene is revealed within

the time scale of several hundreds of femtoseconds.

Detailed mechanism of ultrafast carrier dynamics in graphene on C-face SiC(0001)

is then discussed in Chapter 5. A combination study of time- and angle-resolved

photoemission spectroscopy and numerical simulation allows us to access intrinsic

and extrinsic relaxation processes individually, which has been a challenging problem

so far.

Chapter 6 describes the charge transfer dynamics at graphene/SiC interface. I will

report a significant influence of the presence of a buffer layer on carrier recombination

processes.

Finally, general overview and future prospect are given in Chapter 7.
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Chapter 2

Fundamental properties of graphene

2.1 Crystal structure

Graphene consists of a two-dimensional (2D) honeycomb lattice of carbon sp2 network

as described in Figure 2-1. A 2D unit cell of graphene involves two carbon atoms,

one of which is usually referred to as a site-A carbon and the other is a site-B carbon

as illustrated by black and gray circles in Fig. 2-1, respectively. In Fig. 2-1, a1 and

a2 represent the primitive translation vectors with norm |a1,2| = 2.46 Å and t1, t2, t3

denote the vectors to the nearest neighbor carbon atoms with norm |t1,2,3| = 1.42 Å.

One carbon atom creates three sp2 hybrid orbitals and these orbitals covalently bind

next carbon atoms forming strong σ bonds. The sp2 hybrid orbitals consists of an s

orbital, a px orbital, and a py orbital and oriented in the same plane with orientation

angle 120◦ while the remaining pz orbitals form π bonds.

The σ bonds maintain the framework of honeycomb structure of graphene and

the electrons are localized between carbon atoms resulting in deep binding energy.

On the other hand, the electrons in π bands are delocalized from the parent carbon

atom. In graphene, these delocalized electrons form a characteristic band structure,

namely the Dirac cone, which gives abundant properties to graphene as seen in the

following sections.
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Figure 2-1: Schematic drawing of the crystal structure of graphene. A unit cell is
shown by the shaded area. Black (gray) circles represent carbon atoms on a site A
(B).

2.2 Electronic structure

2.2.1 Monolayer graphene

As shown in Fig. 2-1, carbon atoms form the honeycomb structure by sp2 hybridiza-

tion. The unit cell consists of two fundamental unit vectors (a1, a2) making a diamond

shape and contains two carbon atoms (labeled A and B in Fig. 2-1).

We denote the wave function of electrons in the valence band by φ (r) and consider

that φ (r) is represented by the following form:

Ψk(r) = CA

∑

RA

eik·RAφ(r − RA) + CB

∑

RB

eik·RBφ(r −RB), (2.1)

where k is the wave number vector, CA and CB are constants for atoms A and B, and

RA and RB denote the positions of carbon atoms A and B in the unit cell, respectively.

The phase factors eik·RA and eik·RB come from the periodic phase matching condition
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of the Bloch theorem. This wave function satisfies the following Schrödinger equation:

HΨk(r) = E(k)Ψk(r). (2.2)

Then, we obtain the following relation:

CA

∑

RA

eik·RAHφ(r−RA) + CB

∑

RB

eik·RBHφ(r− RB) =

CAE(k)
∑

RA

eik·RAφ(r− RA) + CBE(k)
∑

RB

eik·RBφ(r− RB). (2.3)

Integrating Eq. (2.3) in the whole space after multiplication of φ⋆(r −RA′) from the

left side, we obtain the following two equations:

the left-hand side = ⟨φ(r − RA′) |H |Ψk(r)⟩

= CA

∑

RA

eik·RA ⟨φ(r− RA′) |H |φ(r −RA)⟩

+ CB

∑

RB

eik·RB ⟨φ(r −RB′) |H |φ(r −RB)⟩ , (2.4)

the right-hand side = ⟨φ(r− RB′) |E(k) |Ψk(r)⟩

= CAE(k)
∑

RA

eik·RA ⟨φ(r −RA′) |φ(r −RA)⟩

+ CBE(k)
∑

RB

eik·RB ⟨φ(r −RB′) |φ(r− RB)⟩ . (2.5)

Under the tight-binding approximation, the matrix elements have non-zero values
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when the bra and the ket vectors are for the nearest-neighbor pairs or for the same

site, i.e.

⎧

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎪

⎩

⟨φ(r− RA′) |H |φ(r −RA)⟩ = αAδA′,A,

⟨φ(r− RB′) |H |φ(r− RB)⟩ = αBδB′,B,

⟨φ(r− RA′) |H |φ(r −RB)⟩ = ∆, A′ and B are the nearest-neighbor atoms,

⟨φ(r− RA′) |H |φ(r −RB)⟩ = 0, otherwise,

⟨φ(r− RB′) |H |φ(r− RA)⟩ = ∆, B′ and A are the nearest-neighbor atoms,

⟨φ(r− RB′) |H |φ(r− RA)⟩ = 0, otherwise,

⟨φ(r− RA′) |φ(r− RA)⟩ = δA′,A,

⟨φ(r− RB′) |φ(r − RB)⟩ = δB′,B.

Inserting the above results to Eqs. (2.4) and (2.5), we obtain

CA(αA − E(k)) + CBΓ(k)∆ = 0, (2.6)

where Γ(k) is

Γ(k) = eik·t1 + eik·t2 + eik·t3. (2.7)

In the same way, we obtain the following result from the integration of φ⋆(r − RB′)

times Eq. (2.3):

CAΓ
⋆(k)∆+ CB(αB −E(k)) = 0. (2.8)

In order for arbitrary values of CA and CB to satisfy Eqs. (2.6) and (2.8), the following
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equality should hold:

det

∣

∣

∣

∣

∣

∣

αA − E(k) Γ(k)∆

Γ⋆(k)∆ αB − E(k)

∣

∣

∣

∣

∣

∣

= 0.

From this, we obtain the band dispersion E(k) of a valence electron of graphene in

the form

E(k) =
αA + αB

2
±

√

(
αA − αB

2
)2 +∆2|Γ(k)|2. (2.9)

Especially in the case of ideal graphene, carbon atoms at the site A and site B are

equivalent, and therefore αA = αB ≡ α. Hence we can rewrite Eq. (2.9) in the

following simple form:

E(k) = α±∆|Γ(k)|. (2.10)

Let us consider detailed calculation of |Γ(k)| in Eq. (2.7). The nearest-neighbor

vectors ti (i=1, 2, 3) are represented by the following expressions:

⎧

⎪

⎪

⎪

⎨

⎪

⎪

⎪

⎩

t1 =
a√
3
(
√
3

2
,−1

2
),

t2 =
a√
3
(0, 1),

t3 =
a√
3
(−

√
3

2
,−1

2
),

from which we have

|Γ(k)| =

√

3 + 2 cos kxa + 4 cos
kxa

2
cos

√
3kya

2
. (2.11)

This gives the band structure (2.10) as follows:

E(k) = α±∆

√

3 + 2 cos kxa+ 4 cos
kxa

2
cos

√
3kya

2
. (2.12)
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For example, E(k) has the following values at the high symmetry points:

E(Γ) = α± 3∆,

E(M) = α±∆,

E(K) = α.

Figure 2-2 shows the band dispersion along the Γ−K and Γ−M directions through the

above symmetry points. In Fig. 2-2, one can clearly see gapless and linear dispersion

at the K point.

Γ KM

α + 3Δ

α - 3Δ

α - Δ

α + Δ

α

Γ K

M

Figure 2-2: Band structure of monolayer graphene along the high symmetry direc-
tions, Γ− K and Γ− M. Inset shows the location of these high symmetry points.

As shown in Fig. 2-3 (a), the band structure of graphene is composed of the two

equivalent bands with a plane of mirror symmetry at E(k) = α. Especially near the

K point, Eq. (2.12) can be expanded in E(kK) = ± h̄νF|kK|. Here h̄ is the Plank

constant, νF is the Fermi velocity and kK is the wavenumber measured from the K
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(a) (b)

Figure 2-3: Band structure of monolayer graphene; Band structure (a) within the
first Brillouin zone and (b) near the Dirac point.

point. The crossing point between the upper cone and bottom cone is the Dirac point.

At the Dirac point, the density of state reaches zero and electrons around the Dirac

point behave as massless Fermions because the effective mass vanishes. Electrons in

graphene occupy one of the two bands because it has two electrons per unit cell, and

therefore EF = α.

Up to here, we have assumed that carbon atoms at the sites A and B in a unit

cell are equivalent. However, if the equivalence between two sites is broken by an

external field or a structural defect, α ̸= α′ is expected, which opens a band gap

∆E = 2|α− α′| at the Dirac point.

2.2.2 Bilayer graphene

Unlike a monolayer graphene, the electronic structure of bilayer graphene is signifi-

cantly modified. Figure 2-4 shows two possible stacking patterns of bilayer graphene:

AB (Bernal) and AA stacking. Usually, bilayer graphene forms AB stacking because
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it is slightly stabler than AA stacking.

AB stacking

B

A

B

A

Γ

Γ’

AA stacking

B

A

B

A

Γ

Γ’

Figure 2-4: The crystal structure of two different stacking patterns; AB stacking and
AA stacking.

Figure 2-5 compares the band structures of (a) AB and (b) AA stacking bilayer

graphene. In the case of AB stacking, the hopping energy Γ′ for interlayer carbon

atoms is about 0.4 eV and the band structure is approximately expressed as follows [5]:

E(k) = ±

⎡

⎣

Γ′

2
±

√

(

Γ′

2

)2

+ (h̄νF|kK|)2

⎤

⎦ . (2.13)

The entire band is composed of two pairs of electron and hole bands and one of

these touches at the Fermi energy and the other has the edges at ± 0.4 eV from the

Fermi energy, respectively. Although the former pair keeps inherent gapless property,

its band structure is no longer a linear dispersion but forms a parabolic dispersion

which is proportional to the square of wavenumber k. These parabolic bands are

approximated by the following formula in the vicinity of band touching point:

E(k) ≈ ±
(h̄νF|kK|)2

Γ′ . (2.14)
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Contrary to AB stacking, the band structure of AA stacking is composed of the

following four liner dispersion bands:

E(k) = ±h̄νF|kK| ± Γ′. (2.15)

These bands are considered to be equivalent to those of monolayer graphene with a

shift of ± Γ′.

(a) AB stacking (b) AA stacking

Figure 2-5: Band structures with different stacking patterns; Band structure of (a)
AB and (b) AA stacking bilayer graphenes.
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2.3 Optical properties

Interestingly, in the visible region, optical properties of graphene, such as the optical

conductance G, the transmittance T and the reflectance R, are frequency-independent

and universally defined by fundamental physical constants [6, 7]:

G =
e2

4h̄
≈ 6.08× 10−5Ω−1, (2.16)

T =
(

1 +
πα

2

)−2

≈ 1− πα ≈ 0.977, (2.17)

R =
1

4
π2α2T ≈ 0.00013, (2.18)

where e is the elementary charge and α = e2/h̄c ≈ 1/137 (where c is the speed of

light) is the fine structure constant.

As described in Eq. (2.18), the reflectivity of monolayer graphene is negligibly

small. Thus, the absorption rate in the visible region is determined to be (1 - T ) ≈

πα ≈ 2.3 %. Experimental results show a perfect agreement with these estimates [7].

As shown in Fig. 2-6 (A) and (B), the absorption rate of monolayer graphene is ap-

proximately constant over a wide range of wavelength and proportional to the number

of graphene layers.

2.4 Epitaxial graphene on SiC substrate

Annealing silicon carbide (SiC) is one of the major methods of preparing graphene

sheets on a semi-conducting substrate: when SiC is annealed above 1000 ◦C, Si

atoms are sublimated from the SiC surface and the remaining carbon atoms form a

honeycomb structure. Depending on the surface termination of SiC, i.e. Si-terminated

(0001) face (Si-face) and C-terminated (0001) face (C-face), structural and electronic

properties of the resulting graphene sheets totally differ from each other. In this
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Figure 2-6: Transmittance of graphene sheets in the visible region. (A) Photograph
of a graphene sample in transmitted white light in an optical microscope. (B) Trans-
mittance spectrum of graphene. Figure is taken from [7].

section, the crystalline and electronic structures of graphene on Si- and C-faces are

introduced and compared in Sec. 2.4.1 (Si-face SiC) and Sec. 2.4.2 (C-face SiC).

2.4.1 Epitaxial graphene on Si-face SiC(0001)

On Si-face SiC(0001) surface, graphene layers are epitaxially grown with 30◦ rotation

with respect to the c-axis from the SiC substrate. At the beginning of the growth, Si

atoms are gradually sublimated from the topmost layer in several annealing steps [8]

at 1050 ◦C and 1150 ◦C leading to the Si-rich (
√
3 ×

√
3)R30◦ and the carbon-rich

(6
√
3× 6

√
3)R30◦ reconstruction layer, respectively as illustrated in Fig. 2-7 [9].

This reconstruction layer has nearly the same structure as to a graphene layer but

some bonds with Si atoms of the substrate still remain. By further annealing, the

excess Si atoms are removed from the surface and finally the first graphene layer is

formed. At the interface of the first graphene layer and SiC, another graphene-like

(6
√
3 × 6

√
3)R30◦ layer appears. This reconstruction layer is called the buffer layer

or the zeroth graphene layer. Theoretical studies in 2008 suggested a hypothetical

(
√
3 ×

√
3)R30◦ surface unit cell at the interface between the SiC substrate and the
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(a) CSG model (b) Graphene on bulk-truncated SiC(0001)

Si in top SiC bilayer

C in top SiC bilayer

C in graphene layer

Si atom with dangling bond

Figure 2-7: Crystal geometry of monolayer graphene grown on a Si-face SiC(0001)
substrate. (a) Top view of the covalently bound stretched graphene (CSG) model
on SiC(0001). The unit mesh of (

√
3 ×

√
3)R30◦ of the model surface is indicated

by a large yellow diamond. (b) Top view of a monolayer graphene placed on the
(6
√
3× 6

√
3)R30◦ reconstruction layer. Figure is taken from [9].

first graphene layer [10–12]. This reconstruction requires a dilation of 8 % stretching

of the C-C distance and therefore it is referred to as the “covalently bound stretched

graphene” (CSG) model in Ref. [9], as shown in Fig. 2-7 (a). Figure 2-7 (b) shows

the crystal geometry of monolayer graphene placed on the (6
√
3 × 6

√
3)R30◦ recon-

struction layer.

Many researches have been carried out on the electronic structures of the buffer

layer and graphene on SiC(0001). Figure 2-8 [9] compares how the graphene-like

buffer layer differs from the graphene layer on SiC(0001) electronic-structurally (a,

b) and crystal-structurally (c, d). Figure 2-8(c, d) show that low energy electron

diffraction (LEED) spots of both buffer and graphene layers appear mostly at the

same points with 30◦ rotated from the SiC substrate. These mean that the buffer

layer and graphene are crystal-structurally equivalent.

On the other hand, the electronic band structures of the buffer layer and the

graphene layer have quite different π bands, whereas the σ bands are surprisingly

similar to each other as described in Fig. 2-8 (a, b). The good agreement between
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Figure 2-8: Photoelectron intensity map and LEED patterns of buffer layer and single
layer graphene [9]. Electronic structure of (a) (6

√
3×6

√
3) reconstruction layer (buffer

layer) and (b) monolayer graphene along Γ-M-Γ′ and Γ-K-M directions as shown in
the inset of (b). LEED patterns of the (c) (6

√
3 × 6

√
3) reconstruction layer and

(d) monolayer graphene on SiC(0001). The symbols s⃗1 and s⃗2 denote the reciprocal
lattice vectors of the SiC (s⃗1, s⃗2) and G⃗1 and G⃗2 denote those of the graphene (G⃗1, G⃗2).
Figure is taken from [9].

the σ bands indicates that the in-plane bonds (e.g. C-C bond length) are almost

identical. The difference in the π bands is because the pz orbitals (out-of-plane bonds)

of C atoms in the buffer layer are partially bound to the substrate. In the monolayer

graphene, the Fermi energy is shifted higher about 0.4 eV from a neutral graphene.

This electron-doping is attributed to the charge transfer from the substrate [13].

In 2009, a new fabrication method of wafer-size graphene layers was developed by

annealing a SiC substrate under precisely controlled atmospheric pressure [14]. By

annealing under Ar gas of pressure about 1 bar, the Si sublimation rate is reduced
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because some silicon atoms desorbing from the surface are reflected back to the surface

after collision with Ar atoms. This allows one to precisely control the Si evaporation

rate, and thus morphologically better graphene samples with larger domain sizes

are obtained. Compared to a graphene sample grown under the ultra high vacuum

condition, for which the domain sizes are typically 30-100 nm in diameter, a grapehene

sample grown under the Ar gas atmosphere has much larger domain sizes typically

about 50 µm long and about 3 µm wide.

Figure 2-9 [14] shows microscopic images taken by (a) atomic force microscope

(AFM), (b) low-energy electron microscope (LEEM) and (c) the height profile of the

obtained graphene films. As demonstrated in Fig. 2-9, large domain sizes of mono-

layer graphene is grown perpendicularly to the step direction.
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Figure 2-9: Microscopic morphology of growing graphene on the SiC(0001) substrate
[14]. (a) AFM image of graphene on SiC(0001) with a nominal thickness of 1.2 layer
formed by annealing in Ar gas atmosphere (900 mbar, 1650 ◦C). (b) Monolayer,
bilayer and trilayer graphenes are readily identified by the presence of 1, 2 or 3
reflectivity minima, respectively. (c) The bottom panel shows the height profile along
the line from A to B of the upper panels. Figure is taken from [14].

In summary, a graphene grown on SiC(0001) has a buffer layer at the interface

between the lowermost graphene layer and the topmost SiC surface. Carbon atoms in

the buffer layer are partially coupled to the substrate and as a result, graphene layers

are slightly n-doped due to the charge transfer from the substrate. For the crystal
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structure, graphene layers on SiC(0001) surface have good crystallinity because the

buffer layer plays a critical role as a basal plate for epitaxial growth of graphene

layers.

2.4.2 Epitaxial graphene on C-face SiC(0001)

Because of the absence of a buffer layer, graphene layers grown on the C-face SiC(0001)

surface are different from those grown on Si-face SiC(0001) in many ways [9, 15, 16].

First, the absence of a buffer layer results in rotational stacking faults within each

graphene layer as well as between the first graphene layer and the topmost SiC sur-

face. Second, graphene layers are almost decoupled from the substrate. Therefore

the band structure is not affected by charge transfer from the SiC substrate.

Figure 2-10 compares the (a-d) electronic and (e-h) crystal structures of graphene

layers at different growth stages. At the beginning of the growth stage (Fig. 2-10 (b)),

the π and σ bands which are characteristic of a graphene layer already appear. Then

the photoelectron intensity of the π and σ bands gradually increases (Fig. 2-10 (c, d))

and at the same time, the signatures of rotated domains, which are labeled π′ and σ′,

are observed. This rotational faults also emerged in LEED patterns (Fig. 2-10 (e-h)),

appearing as diffraction arcs around graphene (1 × 1) spots. For these reasons, the

stacking structure of graphene layers grown on SiC(0001) is considered not to be AB

or AA stacking, but turbostratic stacking.

In 2009, M. Sprinkle et al. performed an angle-resolved photoemission spec-

troscopy (ARPES) measurement on multilayer graphene grown on C-face SiC(0001)

and reported the first direct observation of a nearly ideal graphene band structure [17].

This fact indicates that each layer of multilayer graphene grown on SiC(0001) can

be regarded as an electronically isolated graphene sheet. This result also supports

turbostratic stacking.

In 2014, on the other hand, L. I. Johansson et al. reported clear evidence of

graphite-like AB stacking by using nano-ARPES measurement [18]. This difference

in observations may arise from their fabrication procedures, such as the substrate

treatment, the annealing temperature and the annealing time.
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Figure 2-10: (a-d) Photoelectron intensity map at different stages of graphene layers
grown on SiC(0001). (e-h) LEED patterns for various growth stages of graphene
layers. Figure is taken from [9].

As for the uniformity of graphene layers grown on C-face SiC(0001), coexistence of

different numbers of graphene layers within several tens of µ meters was reported [18]

over the range of 2 to 5 layers. This is because compared to slow growth rates of Si-

face graphene, high growth rates in C-face graphene make thin film growth much more

difficult. Even today, precise control of the number of graphene layers is challenging

and fabrication of a uniform monolayer graphene on C-face SiC(0001) is yet to be

realized.

2.4.3 Quasi free-standing epitaxial graphene

The presence of the buffer layer in Si-face SiC(0001) is sometimes unfavorable because

it modifies the electronic structure and affects transport properties of graphene grown

on it. For these reasons, an ideal graphene which is fully decoupled from the SiC

substrate is strongly demanded.
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Recently, C. Riedl et al. succeeded in preparing quasi-free-standing (QFS) epitax-

ial graphene on a Si-face SiC(0001) surface, i.e., graphene layers are nearly decoupled

from the SiC substrate [19]. Figure 2-11 illustrates side-view models for (a) the buffer

layer, (b) the buffer layer with monolayer graphene, (c) QFS monolayer graphene and

(d) QFS bilayer graphene, respectively. QFS monolayer graphene is prepared by inter-

calating H atoms into the buffer layer and terminating the dangling bonds of topmost

Si atoms as shown in Fig. 2-11 (c). In the same way, QFS bilayer graphene is prepared

from monolayer graphene on buffer layer (Fig. 2-11 (d)).

H

Si

C

)b()a(

)d()c(

Dangling
bond

Figure 2-11: Side view models for (a) the buffer layer, (b) the buffer layer with
monolayer graphene, (c) QFS monolayer graphene and (d) QFS bilayer graphene.
Figure is taken from [19].

Figure 2-12 [19] shows a series of ARPES spectra of QFS monolayer graphene

(top panels) and QFS bilayer graphene (bottom panels) at different growing stages.

As shown in the top panels of Fig. 2-12, the zeroth-layer graphene (the buffer layer)

is gradually decoupled from the SiC substrate, forming nearly decoupled graphene

represented by a single Dirac cone in Fig. 2-12 (b). After following annealing steps

described in Fig. 2-12 (c-e), intercalated hydrogen atoms are gradually desorbed from

the interface resulting in turning back to the original zeroth-layer graphene.

Similarly to the case of QFS monolayer graphene, QFS bilayer graphene is pre-

pared by decoupling the buffer layer from SiC substrate as schematically shown in
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Fig. 2-11 (d). After the hydrogen treatment, a double Dirac band appeared (Fig. 2-

12 (g)) but then gradually disappeared by the subsequent annealing steps (Fig. 2-12

(h-j)).

Compared to the band structure of monolayer graphene with a buffer layer (Fig. 2-

12 (f)), because of the lack of the buffer layer which is partially coupled with the

substrate, the band structure of QFS monolayer graphene has a nearly neutral Dirac

cone with the Dirac point located near the Fermi energy, indicating no charge transfer

from the SiC substrate. However, a small amount of p-doping caused by the sponta-

neous polarization of the substrate was reported [13]. Because of this, QFS graphene

is not regarded as ideal graphene but “nearly” ideal graphene.

Figure 2-12: ARPES images for a series of annealing processes under hydrogen at-
mosphere. (a-e) Formation of QFS monolayer graphene and desorption of hydrogen
atoms by the subsequent annealing steps. (f-j) Formation of QFS bilayer graphene
and desorption of hydrogen atoms by the subsequent annealing steps. Figure is taken
from [19].
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Chapter 3

Experimental method

3.1 Measurement

3.1.1 Photoemission spectroscopy

Properties of a material such as the electric conductivity, the thermal conductivity

and the chemical reaction are characterized by electrons, especially in a valence band.

Therefore, the most important thing in understanding material science is to reveal

the electronic structure of the material. Photoemission Spectroscopy (PES) is an

experimental technique widely used not only in the field of physics but also in the

field of chemistry and engineering in order to investigate an electronic structure of

solid-state materials.

When light with specific wavelength is applied to an atom, electrons in the atom

absorb the energy hν of photon and can be emitted from a material surface owing to

the photoelectric effect, which was primarily explained by Albert Einstein in 1905.

In this phenomenon, the total energy of the electron and the photon is conserved as

in the following equation:

Ek = hν − Eb − φ, (3.1)
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Figure 3-1: Schematic drawing of photoemission spectroscopy [20]. Vertical axes
shows (left) the binding energy of electrons in a sample and (right) the kinetic energy
of photo-excited electrons from the sample surface. Horizontal axes shows (left) the
number of electrons in a sample and (right) the number of photoelectrons reached at
the detector.

where Ek is the kinetic energy of the photoelectron, Eb is the mechanical energy

(the Coulomb and kinetic energy) of electrons at the initial state, which is called the

binding energy, and φ is the work function of the material. If one already knows the

value of the incident photon energy hν and the work function φ, the binding energy

Eb is obtained by measuring the kinetic energy Ek of the photoelectron.

However, in the actual photoemission measurement, the sample and the electron

analyzer are electrically grounded, resulting in aligning their Fermi levels with the

ground level as shown in Fig. 3-2. The kinetic energy of photo-excited electrons are

modified during traveling from the sample to the analyzer and measured as E ′
k at the

detector. The relation of the kinetic energy Ek and the work functions φ and φ′ for
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the sample and the analyzer are given by the following:

Ek + φ = E ′
k + φ′. (3.2)

Each measurement system has an inherent φ′ and it can be determined by measuring

the kinetic energy E ′
k(Fermi) of the electron excited from the Fermi level where Eb

becomes zero, given by φ′ = hν − E ′
k(Fermi). The values of φ′ for the photoemission

beamlines described in Sec. 3.3.1 and Sec. 3.3.2 are calibrated to be 4.5 eV and 4.7

eV, respectively. Thus one can know the binding energy Eb of the sample using the

obtained φ′ and the measured E ′
k as

Eb = hν − E ′
k − φ′. (3.3)

In a usual PES measurement, a He discharge lamp, an X-ray tube, a laser light

source, and synchrotron radiation is used as a light source, and the number of emitted

photoelectrons which have a specific energy is counted by a detector. By sweeping

the energy window of the detector, the density of state in a sample N(E) can be

estimated as described in Fig. 3-1.

Nowadays, a “three-step model” developed by Berglund and Spicer is widely used

to explain a photoemission process [21]. As described in Fig. 3-3, the three-step model

assumes that the following three processes happen independently:

Step 1 Photoexcitaion process of electrons in a sample;

Step 2 Transportation of photo-excited electrons to the sample surface;

Step 3 Photoelectron emission process by penetrating the sample surface.

In the step 1, in the photoexcitaion process, the optical transition between elec-

tronic levels takes place in the order of 10−16 s, which is shorter than atomic oscillation
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Figure 3-2: Energy diagram of the sample and the analyzer in the photoemission
measurement. The sample and the analyzer are grounded each other.

period (10−12 ∼ 10−14 s). Therefore, one can view atoms in the sample to be static

during the photoelectron emission process. For this reason, one does not need to

consider the modulation of the electronic structure during a photoexcitation process.

This is called the Franck–Condon principle.

In the step 2, during the transport process to the sample surface, some photoelec-

trons lose a portion of their kinetic energy via scattering with phonons and electrons.

Thereby the background of these secondary electrons appears on the photoemission

spectrum (see the middle spectrum of Fig. 3-3). On the other hand, photoelectrons

which are not affected by the scattering do not loss their energy. Therefore, an actual

photoemission spectrum is a superposition of the spectra of the primary electrons and

the secondary electrons.
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In the step 3, during the penetration process, photoelectrons which have higher

kinetic energy than the work function can be emitted from the sample surface to vac-

uum but others with lower kinetic energy can not. Finally a photoemission spectrum

is obtained like the top spectrum of Fig. 3-3.
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Figure 3-3: Schematic drawing of the three-step model [21]: (step 1) Photoexcitaion
process of electrons in a sample. (step 2) Transportation of photo-excited electrons
to the sample surface. (step 3) Photoelectron emission process by penetrating the
sample surface.

3.1.2 Angle-resolved photoemission spectroscopy

Angle-resolved Photoemission Spectroscopy (ARPES) is a powerful tool for inves-

tigating the energy dispersion in the momentum space i.e. one can experimentally

know the band structure of a sample. When an electron on a valence band of a crystal

is excited from initial state Eb to final state Ek by excitation light with the photon

energy of hν, the energy conservation law is given by Eq. (3.1). Given that the final

state of the photoelectron is a free electron, the energy of the final state is written by
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the following equation,

Ek =
h̄2(K2

∥ +K2
⊥)

2m
, (3.4)

where K∥ and K⊥ are the wavenumbers of the emitted photoelectron parallel and

perpendicular to the crystal surface (see Fig. 3-4), respectively, and m is the mass

of the electron. Thus, K∥ and K⊥ are described by the kinetic energy Ek and the

emission angle θ as the following:

K∥ =

√
2mEk

h̄
sin θ, (3.5)

K⊥ =

√
2mEk

h̄
cos θ. (3.6)

As shown in Fig. 3-4, the parallel component of the momentum vector is conserved

along the crystal surface, because of the translation symmetry, we have,

k∥ = K∥, (3.7)

where k∥ is the parallel momentum of the electron in the crystal (see Fig. 3-4). On

the other hand, the perpendicular momentum is not conserved during photoemission

processes; it is affected by the inner potential of the crystal V0. Using these relation,

we have the initial energy and the momentum of a photoelectron in the crystal as
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follows:

k∥ =

√
2mEk

h̄
sin θ, (3.8)

k⊥ =

√
2m

h̄

√

Ek cos2 θ + V0. (3.9)

In particular, for two-dimensional materials such as graphene, we can only con-

sider the parallel momentum because k⊥ = 0 in two-dimensional materials. Collecting

photoelectrons emitted from various angles θ and using the relation (3.8), one can

obtain the band dispersion (E(k∥)) on a two-dimensional Brillouin zone.
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Figure 3-4: Schematics of the in-plain symmetry of the momentum of a photoelectron.
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3.1.3 Time-resolved photoemission spectroscopy

Time-Resolved Photoemission Spectroscopy (TRPES) is a combined technique of

photoemission spectroscopy and a pump–probe method, which requires a pulsed light

source. The pump–probe method is a typical experimental technique for various

time-resolved measurements. Figure 3-5 shows a schematic drawing of time-resolved

photoemission spectroscopy in (a) the real space and (b) the reciprocal space.
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Sample

e-

Analyzer
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P
u

m
p

Probe

Figure 3-5: Schematic drawing of time-resolved photoemission spectroscopy in (a) a
real space and (b) a reciprocal space.

First, a pump light excites an electronic system of a sample and a subsequent

probe light having a specific time delay investigates the excited electronic system. By

sweeping the delay time, a series of relaxation processes of the electron population is

traced in various time scales. In the pump–probe method, there are two ways to make

a time delay ; (1) using the same light source for both the probe and the pump light

and (2) synchronized different light sources. The former is widely used in laser based
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TRPES experiments (laser pump and laser probe) [22–25] and the latter is usually

used in synchrotron radiation facilities (laser pump and synchrotron probe) [26–28].

In the case of (1), the delay time is determined by the difference between the optical

paths of pump and probe light and usually the delay stage is used to control the

difference. Thus, the time resolution is governed by the pulse width of the probe

and pump light. On the other hand, in the case of (2), the timing of both lights is

electrically controlled. Thus, the time resolution is governed by the production of the

pulse width and electrical jitter.

By using TRPES, one can trace a relaxation dynamics of photo-excited electrons

on a time scale of femto-seconds to micro-seconds. From the temporal evolution of

the relaxation dynamics, such as the carrier distribution, the electronic energy and

the momentum, one can know various information including carrier-carrier scattering,

carrier-phonon scattering, phonon-phonon scattering, and so on.

3.2 Light sources

In this section, light sources used in this thesis are introduced.

3.2.1 High-harmonic generation

High harmonic generation (HHG) is an extreme nonlinear process which occurs in

a strong field regime. This process requires the laser intensity at least 1013 W/cm2,

which can be obtained by focusing a high power femtosecond laser. Since the discovery

of HHG, many theoretical studies have been dedicated to explain the mechanism of

the HHG. To precisely describe the HHG process, one has to numerically calculate the

time-dependent Schrödinger equation. However, the physical picture of HHG can be

understood by a quasi-classical model called the three-step model, which describes the

interaction between atoms and strong laser fields and the resulting HHG process [29].

In the first step, a strong laser field modifies a nucleus potential of an atom and

accordingly an electron can ionize by tunneling through the modified barrier (Fig. 3-

6, step 1). After the tunneling process, the electron is then accelerated in the laser
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Figure 3-6: Schematic drawing of the three-step model: (step 1) Tunnel ionization
induced by a strong laser field; (step 2) Acceleration of the free electron in the electric
field; (step 3) Recombination to the ionic parent and resulting photoemission.

field and gains momentum (Fig. 3-6, step 2). After the reverse of the laser field, the

electron is accelerated back toward the ionic parent. Resulting in the recombination

of the electron with the parent ion, the electron releases a photon in the energy range

of extreme ultraviolet (XUV) to soft X-ray (SR) region (Fig. 3-6, step 3). A typical

HHG spectrum of our HHG beamline is shown in Fig. 3-8(b), Sec. 3.3.1.

3.2.2 Synchrotron radiation

Synchrotron Radiation (SR) is the only light source which can provide tunable wave-

length light over the range from infrared light to hard X-ray with high brightness. SR

is emitted when the trajectory of an electron accelerated close to the speed of light

is bended by a magnetic field (Fig. 3-7). The performance of SR is characterized by

relativistic parameters,

β =
v

c
, (3.10)
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γ =
1

√

1− β2
= 1957 E [GeV], (3.11)

where v is the velocity of an electron, c is the speed of light in vacuum and E is

the kinetic energy of an electron. Here, γ is called the Lorentz factor and represents

the relative energy compared to a static electron. For example, in SPring-8, electron

beams are operated at 8.0 GeV, resulting in β = 0.999999998 and γ = 15656. Using

these parameters, the divergence angle θd at SPring-8 is calculated as

θd ≈
1

γ
=

√

1− β2 = 0.06 [mrad]. (3.12)

Thus, SR has remarkable directionality due to the relativistic effect.

electron

Trajectory

Magnetic  field

SR

1- β2

Figure 3-7: Generation of SR from an accelerated electron in a magnetic field.

3.3 Measurement systems

In this section, I will present a brief description of photoemission beamlines used

in this thesis: the HHG photoemission beamline for Chapters 4 and 5 and the SR
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photoemission beamline for Chapter 6.

3.3.1 HHG beamline

HHG beamline used in Chapters 4 and 5 belongs to Laser and Synchrotron Research

Center at Institute for Solid State Physics, The University of Tokyo. This beamline

is mainly composed by the followng five components as illustrated in Fig. 3-8.

Ti:Sapphire Laser System 1 kHz, 90 fs, 

1.7 W, 400 nm or 3.3 W, 800 nm

VG Scienta 
R4000

 Polarizer and λ/2
(2 set)

Delay Stage

MLM 
Chamber

Sample

Fundamental
        

EUV Beam

Pump Beam

Al (Sc/Al)
Filter

Aperture

Gate 
Valve

HHG
Chamber

Movable
Au  MirrorGas Cell

Slit
Al Filter

Spectrometer

(a)

(b) (c)

Figure 3-8: Schematic drawing of the HHG beamline [30]. (a) Overall view of the
HHG beamline. (b) The energy spectra of high harmonics taken under different
conditions. (c) The refractivity spectra of equipped Al and Sc filters.

I. Laser source
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We use a commercial Ti:Sapphire regenerative amplifier system (Coherent Inc.,

Astrella) with the central wavelength of 800 nm, the repetition rate of 1 kHz, pulse

duration ∼ 30 fs, and the laser power of 3.3 W. The fundamental laser can be con-

verted to the second-harmonic wave (laser power : 1.7 W, wavelength : 400 nm)

by passing though a β-BaB2O4 (BBO) crystal. At the end of the laser systems, the

laser beam is divided into a probing laser and a pumping laser by a perforated mirror.

II. Gas-cell chamber

Gas-cell chamber contains a plano-convex lens with a focal length of 300 mm.

This lens is used to focus the laser beam into a gas-cell. For a gas medium, Ne or Ar

are used depending on the required HHG energy. The gas-cell is equipped with xyz-

stages, which allow for accurate alignment of the gas-cell with respect to the beam

and focus in order to maximize the HHG efficiency. Figure 3-8 (b) shows HHG spectra

at different wavelengths using Ne gas. The spectra were taken by the spectrometer

located after the gas-cell chamber.

III. Multilayer mirror chamber

The generated HHG beam is then monochromated at a multilayer mirror (MLM)

chamber. This chamber contains a pair of custom-order MLMs (NTT-AT). The re-

flectance spectrum of the mirror is optimized to the HHG energy depending on the

layer period and materials of the mirror (for example, SiC/Mg, Zr/Al and Mo/Si).

After the MLM chamber, Al and Sc-doped filters are equipped to cut the fundamental

laser while transparent for the HHG energy region (Fig. 3-8 (c)).

IV. Pumping laser line

The fundamental laser from Ti:sapphire laser systems is divided into two optical

paths by a perforated mirror and the initial laser power of 1.7 W is clipped into several

hundred milliwatt as a pumping laser. As shown in Fig. 3-8, two sets of a λ/2 plate

and a polarizer are installed on the pumping laser path to attenuate and continuously

adjust the laser fluence. A fine-tunable delay stage is mounted on the fixed plate.
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The step size of this delay stage is precisely controlled by a pulse generator with a

minimal delay step of 2 µm (6.67 fs for optical path length). In the real case, one has

to consider round-trip paths and therefore the actual minimal step is 4 µm (13.3 fs

for optical path length). At the end of the pumping laser line, the incident pumping

laser is loosely focused by a collective lens.

V. Photoemission chamber

In the last part of the beamline, the probe and pump lights converge onto a sam-

ple both spatially and temporally. The electron analyzer is VG Scienta R4000 with

30 degree acceptance angle. The sample position is precisely and reproducibly ar-

ranged by pulse-controlled x, y, z and θ manipulators. These four-axes (x, y, z, θ)

manipulators plus a fixed tilt angle allow one to conduct Fermi surface mapping. In

the photoemission chamber, He discharge tube is equipped to perform static photoe-

mission measurement. The photoemission measurement can be performed at various

sample temperatures in the range of several Kelvin to room temperature under the

control of a temperature regulator.
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3.3.2 SR beamline

Time-resolved photoemission experiments in Chap. 6 were conducted by using angle-

resolved time-of-flight (ARTOF) apparatus in BL07LSU beamline at SPring-8 (Fig. 3-

9). In contrast to the HHG beamline, different light sources are utilized: SR for the

probing light and laser for the pumping light. The timing between pump and probe

are monitored by a high-speed oscilloscope and controlled electrically. Combination

of a Ti:Sapphire oscillator and an amplifier provides ultrafast laser pulses with wave-

length centered at 800 nm and pulse width of 35 fs. By tuning undulators and a

monochromator, the photon energy of 250 to 2000 eV is available. A probe SR and

a pump laser are focused on sample position and the timing can be monitored by

photodiode (PD) located close to the sample position. The typical energy and the

temporal resolution are 400 meV and 50 ps, respectively. More details about ARTOF

apparatus can be found in Ref. [28].

M0
 

PD

e-M1
M2

M3 M4
PG

  
y

x

Analyzer

DLD
Laser
(BL07LASER)

Ti:S Oscillator

Ti:S Amplifier
electron
bunches

bunch train
RF cavity Monochromator

zeroth order
beam monitor

SPring-8 BL07LSU
sample

Undulator

Figure 3-9: Schematic drawing of SR beamline. Figure is taken from [28].
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Chapter 4

Ultrafast carrier dynamics in

epitaxial graphene on Si-face

SiC(0001)

4.1 Introduction

Monolayer or single-layer graphene [1,31,32] has recently attracted attentions in the

research and technological fields of optoelectronic devices [2,3,7,33–41]. While it has

been necessary to unveil detailed mechanisms of the photo-induced phenomena of

graphene [2, 35–38] for the development, the direct study of non-equilibrium carrier

dynamics has been still rare. In this chapter, our graphene research on carrier dynam-

ics is presented. We made time-resolved photoemission experiments to track varia-

tions of the Dirac electrons in real time after optical pumping. Temporal evolution of

the spectral features, reflecting the hot carrier distribution of the linearly dispersing

band, are well-characterized by the electronic temperature. The relaxation seems to

be associated with the cascade carrier multiplication as reported previously [2].
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4.2 Experimental

We carried out the photoemission experiment with the high-harmonic generation

(HHG) laser system described in Sec. 3.3.1. We chose the photon energy at 28.26

eV, which we generated with Ar gas by ultrashort laser pulses of hν = 3.14 eV. We

recorded the time-resolved data by the pump (3.14 eV, 170fs-pulse duration) and

probe (28.26 eV, 170fs-pulse duration) method. We set the repetition rate at 1 kHz.

We determined the delay time of 0 by the reference graphite sample [24, 42]. The

total time resolution during the experiment was 180 fs.

We prepared epitaxial graphene on an SiC substrate by annealing at 1650 ◦C under

an Ar atmosphere (∼ 1bar) [14, 43] for one minute. In Fig. 4-1(a), a picture of the

graphene sample is shown. After installation into an ultrahigh vacuum chamber, we

made the clean surface by annealing at 500 ◦C. We verified crystallinity of the surface

by low-electron-energy diffraction (LEED) (see Fig. 4-1(b)). We associated LEED

spots with those of graphene (1 × 1), SiC (1 × 1) and the buffer layer (6
√
3×6

√
3) [14].

Graphene on SiC(0001)

(a) (b) Graphene (1 × 1) spot

SiC (1 × 1) spot

Buffer layer (6√3 × 6√3) spot

10 mm

10 m
m

Figure 4-1: (a) Picture of n-type graphene sample on SiC(0001) substrate mounted
on the sample holder. (b) LEED pattern of the graphene sample taken at the electron
beam energy Ebeam = 77.3 eV.
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4.3 Results and discussion

4.3.1 Space Charge Effect

A set of time- and angle-resolved photoemission spectra, taken at a delay time of

133 fs, are shown in Fig. 4-2. We recorded the individual data with various pumping

powers. As indicated by an arrow in Fig. 4-2(a), the Dirac point (DP) is located

at the binding energy of 0.39 eV before the pumping. As apparent in the spectra,

the graphene on a SiC(0001) surface is n-type, which is consistent to the previous

reports [14, 43].
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Figure 4-2: (a-c) Time- and angle-resolved photoemission diagrams of epitaxial
graphene taken at a delay time of 133 fs and at pumping powers of (a) 0, (b) 2.5, and
(c) 8.0 mW [44]. The data correspond to the wavenumber range around the K point
(cut along a line vertical to the Γ−K direction) of the two-dimensional Brillouin zone.
The upper Dirac band (UDB) and the lower Dirac band (LDB) are labeled in the fig-
ure, and the Dirac point (DP) is indicated by an arrow. (d) Series of angle-integrated
spectra taken at a delay time of 133 fs at various pumping laser powers.

As shown in Fig. 4-2(b), the Fermi edge becomes broad with the pumping power

of 2.5 mW due to the rise in electronic temperature. When the power is 8.0 mW
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(Fig. 4-2(c)), the photoelectron spectrum expands to a higher kinetic energy and, at

the same time, the observed Dirac band structure is deformed largely. The spectral

change with the pumping laser power can be systematically identified in Fig. 4-2(d).

One can find that the spectrum, recorded at 2.5 mW, keeps the spectral feature

of the Dirac bands but those with ≥ 3.5 mW show a distinctive energy shift and

large spectral broadening toward higher kinetic energy. This feature originates from

the space charge effect [45]: photo-excited electrons are accelerated by the Coulomb

repulsion from other photoelectrons, which are generated by the pumping laser. This

space charge effect becomes pronounced with increasing the pumping laser power and

becomes non-negligible when pumping power is above 3.5 mW. In order to extract

only genuine information from the photoemission data, we carried out time-resolved

measurement with a laser power of 2.5 mW.

4.3.2 Time evolution of the electronic temperature

Figure 4-3 shows comparison of photoemission spectra at the Fermi level (EF) for

two-dimensional fermions calculated using (a-c) the Schrödinger and (d-f) the Dirac-

Weyl equations [32]. The density of states D(E) for the former case is constant with

energy E, while D(E) for the latter case has linear dependence. The photoemission

spectrum is proportional to the product of (a, d) D(E) and (b, e) the Fermi–Dirac

function fFD. Thus, the spectrum has a slope at the Fermi edge that decreases with

increasing temperature and the spectral tail extends to a smaller binding energy, as

shown in Fig. 4-3(c). The feature is typically found in metal samples. On the other

hand, in the case of the Dirac Fermions in graphene, the Fermi edge has a peak-

like structure (Fig. 4-3(f)) and, at higher temperatures, the peak top shifts toward a

higher binding energy.

On the other hand, a set of the time-resolved energy distribution curves (EDCs)

of a graphene is shown in Fig. 4-3(g). In the figure, raw experimental data are

traced with thin colored lines while the fitting results (see Eq. (4.2), described below)

are drawn with bold colored lines. At the delay time of 0 fs, the photoemission

intensity of the upper Dirac band reduces significantly but that of the lower Dirac
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band remains constant. As shown in the inset of Fig. 4-3(g), the slope of the spectral

edge simultaneously becomes small, which is apparently confirmed by taking the

derivative. Thus, observed spectral changes are identical to the computed results

with various temperatures (Fig. 4-3(f)) and therefore, Fig. 4-3(g) describes the time

evolution of the electronic temperature (the transient distribution of photo-excited

carriers) in graphene.
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Figure 4-3: Caluclation of the energy spectra in the two cases of (a-c) the Schrödinger
and (d-f) the Dirac free electrons [44]. The inset shows their two-dimensional band
dispersion. (a, d) The density of states (D(E)), (b, e) the Fermi–Dirac function
(fFD), and (c, f) the resulting spectra. (g) Comparison of the spectra at different
delay times. The experimental spectra were taken at the photon energy of 28.26
eV at various delay times with pumping laser irradiation (hν = 3.14 eV, 2.5 mW).
The intensity variation for the upper Dirac band (UDB) is clearly reproduced by the
simulation result (f) while the intensity for the lower Dirac band (LDB) is unchanged.
The inset in (g) shows the derivative spectra near the Fermi level (EF).

4.3.3 Transient chemical potential

In the time-resolved photoemission spectra, one can also recognize that there is an-

other interesting phenomenon due to the linear D(E) shape, namely the “chemical
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potential shift” in non-equilibrium states. In the case of the n-type graphene, there is

a non-zero slope in the D(E) at the Fermi level. Thus, as the electronic temperature

is raised, the chemical potential µ moves towards the Dirac point to maintain the

number of electrons within the graphene monolayer.

Figure 4-4(a, b) shows the chemical potential shift. We determined these values of

µ numerically from the conservation of the electron number described by the equation

∫

D(E ′)fFD(E
′, 0, 0)dE ′ =

∫

D(E ′)fFD(E
′, T, µ)dE ′. (4.1)

We thus obtain the µ-T curve shown in Fig. 4-4(c). Note that the symbol EF so far

denoted the equilibrium chemical potential value µ (300 K).
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4.3.4 Carrier multiplication in n-type monolayer graphene

Figure 4-5(a) shows the deley-time-dependence of the electronic temperature (left

axis) and peak intensity of the EDC derivative (right axis, see the inset of Fig. 4-

3(g)). We determined the electronic temperature by curve fits of the TRPES spectra

I(E, t) for a specific delay time with the following function [24, 46]:

I(E) =

∫

D(E ′)fFD(E
′, T, µ(T ))G(E −E ′, σ)dE ′, (4.2)

where I(E) is the photoemission intensity of the TRPES spectra and G(E−E ′, σ) is a

Gaussian with the width σ which is corresponds to the experimental energy resolution,

including that of the electron spectrometer and of the laser pulses; fFD(E ′, T, µ) is

the Fermi–Dirac function at the electronic temperature T and the chemical potential

µ. The results of the fitting are shown in Fig. 4-3 by bold colored lines over the raw

data (thin colored lines).

As shown in Fig. 4-5(a), the electronic temperature becomes as high as 900 K

with a pumping laser power of 2.5 mW and, subsequently, relaxes on the fs time

scale. The relaxation time, as determined from the exponential fit, was ∼ 400 fs for

the present n-type graphene layer on the SiC substrate. These results are comparable

to the relaxation time of several hundreds fs, which was previously reported for p-type

graphene on an H-terminated SiC substrate [3, 39].

From the experimental data I(E, t), we also observe the chemical potential shift

for each value of the delay time by fitting the data I(E, t), as shown in Fig. 4-4(a, b).

In Fig. 4-5(b), we show the transient variation of the chemical potential shift from

EF. To make quantitative evaluation of the shift, the estimated shift values were plot

together with yellow circles in the graph. These values are taken from the µ-T curve

in Fig. 4-4(c) at the corresponding electronic temperature of Fig. 4-5(a).

From the data, we can clearly identify the chemical potential shift relative to

the chemical potential of the electrical ground of the measurement system. In the
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equilibrium state, chemical potential of the sample have sufficient time to be aligned

to the chemical potential of the ground by charge transfer. The observed chemical

potential shift in time-resolved spectra indicates that the carrier redistribution takes

longer than picoseconds to reach the equilibrium state.
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Figure 4-5: (a) Temporal evolution of the electronic temperatures (red circles) and
intensity derivative values at the Fermi level (blue squares, taken from the inset of
Fig. 4-3(g)) for epitaxial graphene on a SiC substrate [44]. Broken and solid curves
are exponential curve-fits, exp(-t/τ), for the electronic temperatures (1/τ = 2.6± 1.0

ps−1) and the derivative values (1/τ = 2.3 ± 1.0 ps−1), respectively. The pumping
laser power was set at 2.5 mW. (b) Chemical potential shift corresponding to the
electronic temperature at each delay time shown in (a) (yellow circles). These values
are determined from the µ-T curve in Fig. 4-4(c). Green diamonds indicate the
experimental µ shift in this work with an error bar of ±15 meV.

It has been reported previously that relaxation of photo-excited carriers in graphene

accompanies cascade carrier multiplication (CM) via the Auger process [2]: when an

electron is photo-excited in n-type graphene, the electron with a high energy (hot elec-
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tron) multiply excites other electrons near the Fermi level through electron-electron

scatterings, resulting in the generation of multiple carriers. The phenomenon was

described in terms of the hot electron distribution that is characterized by the rise of

the electronic temperature. The electronic temperature in the previous report [2] was

estimated to be 1215 ±165 K for n-type graphene with | EF−ED | = 0.17 eV when the

system was optically pumped with hν = 3.1 eV and the absorbed photon density of

1011 cm−2. Since the present research was made with | EF −ED | = 0.39 eV, we have

to compensate the electronic heat capacity Cel for a comparison. The electronic heat

capacity is given [2] as Cel =
π2

3
D(| EF −ED |)k2

BT and | EF −ED | is proportional to

energy (Fig. 4-3(d)). Then, the electronic temperature is evaluated to be 833 ±105

K in the previous study [2], which is close to 900 K that was measured in the present

research. The consistency between the previous and present researches indicates that

our time-resolved photoemission experiment also traces the hot carrier distribution

which involves carrier multiplication process in n-type monolayer graphene.

4.4 Conclusion

In the research of this chapter, we made femtosecond time- and angle-resolved pho-

toemission measurements for the Dirac band of epitaxial graphene on a SiC substrate.

The delay-time-dependence of the spectra corresponded to the hot carrier dynamics

in the linearly dispersing band. The carrier distribution was well-characterized by

the electronic temperature. The dynamical phenomena was likely associated with

cascade carrier multiplication as reported previously [2].
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Chapter 5

Ultrafast carrier dynamics in

epitaxial graphene on C-face

SiC(0001)

5.1 Introduction

Continued from Chapter 4, the research in this chapter is devoted to uncovering the

carrier dynamics in graphene. To know the carrier dynamics is essential not only for

designing graphene-based optoelectronic devices but also for improving their perfor-

mance [33,47–54]. Understanding carrier dynamics in graphene has been tried by var-

ious spectroscopic experiments, such as time- and angle-resolved photoemission spec-

troscopy (trARPES) [3,39,44,55–58], transient transmissivity (reflectivity) measure-

ments [2,37,59–62], and time-resolved photoluminescence spectroscopy [63–65]. These

previous researches unveiled that hot carriers lose most of their energy via electron–

optical-phonon scattering in the first several hundred femtoseconds and then get cold

through electron–acoustic-phonon scattering or optical-phonon–acoustic-phonon de-

cay [59, 60]. However, the reported values on the carrier lifetime in graphene are

quite different among literatures. Table 5.1 shows the reported carrier lifetimes of

some graphene samples. One can recognize the large variations in carrier lifetime
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even for the same type of graphene samples, indicating the existence of extra cooling

pathways that may exhibit a strong sample dependence.

Table 5.1: Reported carrier lifetimes in graphene.

Sample Lifetime (fs) Measuring method Ref.

Si-face graphene 400 trARPES [44]

Si-face graphene 500 trARPES
[56]

Si-face graphene (H-intercalated) 2700 trARPES

Si-face graphene (H-intercalated) 700 trARPES [39]

CVD graphene on SiO2 4000 transient transmissivity [62]

Recently, a new energy dissipation mechanism, called supercollisions (SCs), was

predicted by Song et al. as a cooling channel in graphene via disorder-mediated

electron–acoustic-phonon scattering [4]. The SC is a three-body collision that involves

an electron, a defect, and an acoustic phonon. In general, a scattering channel by

an acoustic phonon transfer much lower energy than that by an optical phonon.

The phase space available for the acoustic-phonon scattering is restricted because of

the momentum conservation in the linear dispersion, and hence the acoustic-phonon

scattering becomes an inefficient cooling channel. When disorders induce additional

exchanges for acoustic phonons to use a much wider phase space, the photo-excited

carriers can have a larger energy dissipation. In this way, SC can become an efficient

cooling pathway. Observation of the SC channel was indeed reported in suspended [66]

and substrate-supported [3, 67–69] graphenes. It has now become highly called to

clarify interplays between carriers, optical phonons, acoustic phonons and defects in
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photo-excited carrier dynamics in graphene.

We carried out trARPES on graphene on a SiC(0001) C-terminated surface that

has the intrinsic carrier mobility exceeding 100,000 cm2 V−1 s−1 [70]. This high

carrier mobility indicates the defect density of the graphene is much fewer than other

graphene samples studied so far (for example, the intrinsic carrier mobility of Si-

face graphene is reported to be ∼ 1,000 cm2 V−1 s−1 [14, 71]). Thus, we expect the

suppression of the SC cooling process in the high mobility graphene, and this feature

make it possible to reveal intrinsic carrier dynamics in graphene such as electron–

phonon scattering and phonon–phonon scattering.

5.2 Experimental

The experiments were made on trilayer graphene on SiC(0001). By annealing semi-

insulating 6H-SiC(0001) at 1320 ◦C for 10 minutes under an Ar atmosphere (1 bar),

the trilayer graphene is epitaxially grown on the substrate. The sample was trans-

ferred into an ultrahigh vacuum chamber and subsequently cleaned by annealing at

500 ◦C for removing contamination. We verified crystallinity of the cleaned surface by

observation of a low-electron-energy diffraction (LEED) pattern. Analyzing ARPES

spectra with a He Iα source showed our sample consists of 3 layers of graphene and

there is no carrier doping from the SiC substrate i.e. EF = ED where ED denotes the

energy position of the Dirac point. The intrinsic carrier mobility of the sample was

evaluated to be 100,000 cm2 V−1 s−1 from transport measurements of a top-gated

graphene field-effect transistor [70].

We carried out the photoemission experiment with the high-harmonic generation

(HHG) laser system as described [30, 42] in Sec. 3.3.1. In the time-resolved photoe-

mission experiments, we used a pulse of the 27.9-eV HHG laser as a probe and the

fundamental laser (hν = 1.55 eV, 360 – 1650 µJ/cm2) as a pump. The temporal reso-

lution was 80 fs, while the energy resolution was 250 meV. We made the measurements

at 20 K and at room temperature.
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5.3 Results and discussion

5.3.1 Transient hot carrier distribution in the Dirac cone

We present a series of trARPES spectra, measured at room temperature, in Fig. 5-

1(a-f). The graphene sample was pumped by 1.55 eV laser (660 µJ/cm2). At the

equilibrium state before irradiation, only the lower Dirac cone is visible for the present

graphene sample (Fig. 5-1(a)). After optical pumping, the upper Dirac cone appears

at the previously unoccupied region (Fig. 5-1(b–f)). In order to highlight the non-

equilibrium feature, we subtract trARPES photoemission band diagram from the

original equilibrium state. The differential data are displayed in Fig. 5-1(g–k) where

the scaled red/blue dots mean the increase/decrease of photoemission intensities from

the original. Figure 5-2(b–e) shows a set of the transient electronic temperatures

measured under different pumping fluences. The initial temperature was set at 20 K.

The electronic temperatures can be extracted from the angle-integrated spectra, as

described in the last chapter [24, 44]:

I(E) =

∫

D(E ′)f(E ′, Te)G(E − E ′, σ)dE ′, (5.1)

where I (E ) is the photoemission intensities spectrum, D(E ′) is the density of state

(DOS) of graphene, G(E − E ′, σ) is the Gaussian of width σ as determined by the

experimental energy resolution and f(E ′, Te) is the Fermi–Dirac function at electron

temperature Te. The colored dots in Fig. 5-2(b-e) show the fitted results by Eq. (5.1)

(see Appendix A for the fitting procedure). One can find two distinctive decay regimes

in all fluence data: fast (70 fs < t < 800 fs) and slow (t > 800 fs) which are appar-

ent from the double exponential fitting in Fig. 5-3. These results help us to unveil

energetic interchanges between the electronic and phononic systems including energy

dissipation via SCs.
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Figure 5-1: Time evolution of ARPES images taken along the Γ− K − M direction.
(a–f) Series of trARPES spectra taken at specified delay times [72]. The sample is
excited with pumping energy of 1.55 eV at 660 µJ/cm2. All spectra are measured at
room temperature. (g–k) Difference spectra at the corresponding delay times given in
(b–f) obtained by subtracting (a) from each spectrum; the scale red/blue dots indicate
increase/decrease from the photoemission intensities at the equilibrium state.

5.3.2 Relaxation model for electron-phonon and electron-defect

scatterings

The optical-phonon modes in electron-phonon scattering in graphene is governed by

the doubly degenerate intravalley E2g modes at the zone center (Γ point) and the

intervalley A′
1 mode at the zone corners (K or K′ point). All the other phonon modes

at the Γ and K points contribute negligibly [73, 74]. Energies for the intravalley

E2g and intervalley A′
1 modes are 196 meV and 160 meV, respectively. The carrier

recombination (optical-phonon emission) rates (R) and the carrier generation (optical-

phonon absorption) rates (G) for electron–optical-phonon scatterings are proposed by

Rana et al. [74], as in the following expressions (in units cm−2s−1):
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Figure 5-2: Time evolution of the electronic temperatures and the results of the
fittings [72]. (a) Energy flow diagrams between the electronic and phononic systems
corresponding to the rate equations (5.5)–(5.6). (b–e) The electronic temperature
relaxations under several excitation conditions. Electronic temperatures extracted
from Eq. (5.1) are shown in colored solid dots with fitting error bars of ± 100 K. The
curves for Te and Tph at each fluence data are obtained by solving the rate Eqs. (5.5)–
(5.6), under the carrier mobility µ = 100,000 cm2/Vs and deformation potential D =
30 eV. (f–h) Influence of the SC process on the cooling of the photo-excited carriers.
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Figure 5-3: Semi-logarithmic plot of Fig. 5-2(b) and the result of the double exponen-
tial fitting shown as a solid line consisting of fast and slow components (broken lines).
The relaxation time constants for fast and slow decays are 270 ± 30 fs and 5200 ±
500 fs, respectively. The fast decay line is offsetted to follow the double exponential
line for eye-guide.

R =
9

2

(

∂t

∂b

)2 1

πρωphh̄
4v4F

∫ ∞

−∞
dE | E || E − h̄ωph |

×f(E, Te)(1− f(E − h̄ωph, Te))(1 + nph), (5.2)

G =
9

2

(

∂t

∂b

)2 1

πρωphh̄
4v4F

∫ ∞

−∞
dE | E || E + h̄ωph |

×f(E, Te)(1− f(E + h̄ωph, Te))nph. (5.3)
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Here, vF = 1 × 106 m/s is the Fermi velocity, ρ = 7.6 × 10−7 kg/m2 is the density,

ωph is the angular frequency for intravalley (196 meV/h̄) and intervalley (160 meV/h̄)

optical-phonon modes and nph is the phonon population. nph follows the Bose–

Einstein distribution at the phononic temperature Tph. ∂t/∂b is related to the elec-

tronic energy change by the bond length displacement. A quantity t represents the

transfer integral, while b is the distance between nearest carbon atoms.

It has been argued [4] that carrier dynamics is affected not only by electron–

optical-phonon scattering but also by SC cooling events. The energy loss rate of SCs,

which we denote by JSC, depends on the electrical transport properties, such as the

mean free path, the electric conductivity, and the carrier mobility [4]. The expression

for JSC takes the form

JSC ∼ 8.8× 1014 ×
D2

µ
(T 3

e − T 3

ac)

[

eV
cm2 K3 s

]

, (5.4)

where D ∼ 10 − 30 eV [67, 75–78] is the deformation potential, µ is the intrinsic

carrier mobility (with units cm2V−1s−1), and Tac is the acoustic phonon temperature,

which is assumed to be unchanged from the equilibrium state [3] (see Appendix B for

details of the derivation of Eq. (5.4)).

Using these factors, we built a comprehensive relaxation model for photo-excited

carriers in graphene based on phenomenological two-temperature models [59, 61, 62]:

dTe

dt
=

Gpump

Ce
−

RNeth̄ωph

Ce
−

JSC

Ce
, (5.5)

dnph

dt
=

RNet

M
−

nph − n0
ph

τ
. (5.6)

In Fig. 5-2(a), we schematically summarizes the energy interactions (transferred en-
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ergy per unit area and unit time) among above coupled rate equations. Here RNet

is the total balance between the recombination rate and the generation rate; RNet

= R – G. M denotes the number of phonon modes in the available phase space for

the carrier–phonon scattering. Its magnitude is determined by the pumping laser

energy Epump, given as [59] 2 × [(Epump/2)/h̄vF]2/4π. Gpump represents the energy

injected into the sample during laser irradiation that is assumed to be of Gaussian

form with a full-width at half-maximum of 70 fs. Ce represents the specific heat

of the electronic system assumed to be proportional to the square of the electronic

temperature [79]. Therefore, for undoped graphene, Ce = αT 2
e where α equals 8.14

× 10−17 J K−3 cm−2. n0
p is the initial phonon population at 20K. τ dominates the

anharmonic decay process of the optical phonon to the acoustic phonon [80]. Gpump,

M , ∂t/∂b, and τ are the fitting parameters for these rate equations. The phonon

population nph is converted to a phononic temperature Tph by inverting the equation

for nph, specifically, Tph = h̄ωph/kB ln[(1 + nph)/nph].

5.3.3 Suppression of supercollision carrier cooling process

Figure 5-2(b–e) presents the fitted results for Te and Tph for each pumping fluence

by setting µ = 100,000 cm2V−1s−1 and D = 30 eV. Applied fitting parameters are

almost identical for all fluence data except for Gpump (see Appendix C for details

of fittings). This confirms that Eqs. (5.5)–(5.6) are valid for describing the carrier

dynamics in graphene. It is of note that temporal evolution of these temperatures

includes a Gaussian function of width 80 fs that corresponds to the temporal resolu-

tion. Figure 5-2(f–h) compares individual terms in the calculation results for dTe/dt

(right-hand side of Eq. (5.5)) at the pumping power of 1650 µJ/cm2. To be spe-

cific, the heating/cooling rates using the pumping laser (Gpump/Ce), optical phonons

(RNeth̄ωph/Ce) and SCs (JSC/Ce) are presented separately. When one compares the

cooling power by SCs (integral of the blue area) with respect to the total cooling power

(sum of integral of the yellow and blue areas), we found that SCs contribute with car-

rier cooling ratio of only about 0.1, 0.5, and 1.1 % for deformation potential values of

D = 10, 20, and 30 eV, respectively. This fact indicates that SCs do not have essential
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roles in decreasing the electronic temperature in extremely high-mobility graphene.

The result is reasonable considering the mean free path l and scattering time τs. If

one assumes l of the present C-face graphene to be ≥ 200 nm, reported previously for

highly oriented pyrolytic graphite (HOPG) with mobility µ = 50,000 cm2V−1s−1 [81],

we obtain τs ≥ 200 fs with the relation l = vFτs. This time scale is comparable

with the fast decay process found in Fig. 5-2. Namely, SC is expected to occur

several times during the fast decay regime. On the other hand, as for a Si-face

graphene, the mean free path is estimated at 4 nm [3]. This much shorter scattering

time (τs = 4 fs) results in a large energy dissipation via hundreds of SC events.

Therefore, the observed transient electronic temperature in the Si-face graphene could

not be quantitively described without including the SC term in their rate equations,

as reported previously [3]. It is of note that recent trARPES study [82] showed that

optical-phonon decays describe the energy relaxation with no SCs during the carrier

cooling in HOPG. This is closely related to the our findings and scenario.

5.3.4 Carrier cooling mechanism in high mobility graphene

We can now fairly derive our discussion that the carrier dynamics of the present

graphene sample is sufficiently described by considering only electron–optical-phonon

and optical-phonon–acoustic-phonon scatterings. Thus, we elaborate the electron–

optical-phonon scattering by making evaluation of the R and G integrands. In Fig. 5-

4(b-f), the calculated emission (absorption) rate of the intravalley E2g optical-phonon

modes is presented at each energy level (value of D is set to 30 eV). In the case of the

optical-phonon emission, three initial electron energy regimes are found in Fig. 5-4(a).

They are (i) E−EF > 196 meV (intraband scattering), (ii) 196 meV > E−EF > 0 meV

(interband scattering), and (iii) 0 meV > E − EF (intraband scattering).

By making comparisons of the number of electrons emitted at individual energy

regime, we can model hot-electron relaxation and explain the origin of the relaxation

bottleneck after t = 800 fs. At the initial decay (70 fs < t < 800 fs), the number of

the emitted optical phonons (integral of red shaded area) exceeds that of absorbed

optical phonons (integral of blue shaded area) (Fig. 5-4(b,c)). This indicates that
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Figure 5-4: Calculated rates for electron–optical-phonon scattering [72]. (a)
Schematic curve for the hot electron distribution has three characteristic energy
regimes: electrons at energies below h̄ωph = 196 meV step over the conduction band
to valence band via optical-phonon emission (labeled (ii) interband) whereas others
are scattered within the same band ((i, iii) intraband). (b–f) The energetic distri-
butions of the number of electrons that participate in optical-phonon emission (red)
and absorption (blue) per unit time (ps) and unit area (cm2) are obtained from the
integrand of Eqs. (5.2) and (5.3), respectively, as a function of E−EF. (g) Transient
energy distribution of emitted photoelectrons excited by a 1.55-eV pumping laser at
1650 µJ/cm2. (h) Temporal variation of the photoemission intensities (colored cir-
cles) collected every 0.2 eV step from -0.2 eV to 1.2 eV, for example, dashed boxes
in (g). Colored lines indicate the fitting curves. (i) Photoemission decay rates, i.e.,
temporal differentiations of (h) at specified delay times are displayed as a function of
E − EF.
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Figure 5-5: (a, b) Calculated electronic temperatures Te and carrier densities ne for
several pump conditions are displayed in the long time domain. The insets show
enlarged views for delay times of 50–100 ps.

the optical-phonon system obtains energy from the electronic system, resulting in a

rapid rise (fall) in the phononic (electronic) temperature (see Fig. 5-2(b)). On the

other hand, after t = 800 fs, the optical-phonon emission and absorption reach almost

equal to each other (Fig. 5-4(d-f)). Since the net optical phonon emission decreases,

the energy transfer is restrained between these systems. Thus, after t = 800 fs, the

relaxation of the electronic temperature is strongly suppressed because of this reason.

This is, in fact, also apparent from Fig. 5-2(b-e) where the electronic and phononic

temperatures become almost the same at t = 800 fs. It is of note that this kind of

the bottleneck effect were also reported in the consistent time scale in the previous

studies [3, 59–62].

To make comparisons with results of the calculation, Fig. 5-4(g-i) shows the ex-

perimental data of the energy-resolved decay rate for hot electrons excited by fluence

of 1650 µJ/cm2 (corresponding to Fig. 5-2(b)). Figure 5-4(h) shows transient pho-

toelectron intensities I(t) that are separately collected from specified energy region;

0.2-eV step (close to the Γ and K optical phonon energies) from -0.2 eV to 1.2 eV

as illustrated by dashed boxes in Fig. 5-4(g). As we evaluate intensity decay rate

dI(t)/dt, we can determine the energy distribution of the hot electron decay rates as

displayed in Fig. 5-4(i) where the decay weight moves from intraband (t = 70 fs) to

interband (t = 5000 fs) scattering regime. This shows a similar trend to the calculated
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electron–optical-phonon scattering rates (Fig. 5-4(b-f)).

In addition, it is of note that when the electron distribution approaches the Dirac

point, the cooling of the electronic system may be further reduced through the bot-

tlenecks effect [65,83]. In the condition of ED = EF, an electron in the initial energy

state well above the Dirac point can easily relax to a lower energy state. On the

other hand, it is not possible for an electron initially near the Dirac point since the

DOS of the final state is much smaller than that in the former case. Thus, for the

electron distribution at the Dirac point, relaxation of the electronic temperature is

significantly limited (see Fig. 5-4(f), for example).

In Fig. 5-5(a, b), the calculated results are shown for the electronic temperatures

Te and carrier densities ne at the pumping fluence of 360 – 1650 µJ/cm2 in the long-

time domain (-1 ps ∼ 100 ps). These results after 6 ps are calculated from the fitting

parameters derived from Figs. 5-2(b-e). As shown in the inset of Fig. 5-5(a), Te has

still remained unrelaxed from the initial temperature of 20 K even until 100 ps. This

is due to the fact that cooling of Te further stagnates around 5 – 10 ps where the

bottleneck effect of the Dirac point likely becomes effective. The electron distribution

indeed accumulates near the Dirac point and the scattering channel is dominated by

the interband optical-phonon emission (Fig. 5-4(f)). Results of the long time-domain

measurement exhibits fair agreement with Fig. 5-5(b) (see Appendix D).

5.4 Conclusion

In this chapter, we describe trARPES experiment on C-face epitaxial graphene on

SiC(0001). The observed transient electronic temperature is composed of fast (70 fs

< t < 800 fs) and slow (t > 800 fs) decay regimes. These temporal features are suc-

cessfully reproduced by a numerical calculation based on coupled rate equations. The

model calculation of the phonon emission/absorption rate shows that the slow decay

process originates from the suppression of energy exchanges between carriers and op-

tical phonons as well as from the suppression of zero DOS near the Dirac point (the

bottleneck effect). The present research revealed the influence of SCs on carrier cool-
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ing in graphene. Through comparison of its effect with competing cooling processes,

such as optical-phonon scattering, we proved that the SC has negligible contribu-

tion to the carrier cooling in high-mobility graphene. This is the first demonstration

of the suppression of SC carrier cooling in graphene. Our results provide apparent

guidelines not only for designing graphene-based devices but also for improving their

performance.
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Chapter 6

Charge transfer dynamics at

graphene/SiC interface

6.1 Introduction

It has been discussed how an interface structure, such as a buffer layer, affects elec-

tronic and optical properties of graphene on SiC substrate. In fact, the carrier mo-

bility of graphene grown on C-face SiC(0001) shows ∼ 10,0000 cm2 V−1 s−1 at room

temperature, which is close to that of an ideal free-standing graphene, while that of

graphene grown on Si-face SiC(0001) is reduced to ∼ 1,000 cm2 V−1 s−1 [14,71]. Re-

cent studies revealed that these large differences originate from interface structures,

such as a buffer layer of Si-face graphene [84–86]. According to the microscopic analy-

sis by Yamasue et al., electric polarization arises due to the bonding between a buffer

layer and SiC substrate, acting as charge impurities for carrier transport [87]. Thus,

electric properties of graphene largely depend on its interface structure.

On the other hand, the presence of an interface layer is also unignorable for op-

tical properties of graphene/SiC system. For instance, charge transfer from SiC to

graphene becomes important for SiC photodetector, which utilizes graphene as a

transparent electrode [88]. Figure 6-1 shows a band diagram of graphene/SiC system

and its photo-excited processes. We assume graphene on an n-doped SiC which is

the same as graphene/SiC samples used in Chapters 4 and 5 and these show upward
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band bending as described in Fig. 6-1. First, carriers are excited in SiC bulk. Due to

the band bending at space charge region, electrons move to the bulk side while holes

move to the graphene (Fig. 6-1(a)). As a result of the charge separation, photovoltage

emerges at the graphene/SiC interface and cancels the band bending (Fig. 6-1(b)).

This is called surface photovoltage (SPV) effect, which is universally observed at a

semiconductor surface. Electrons then move back to the surface side due to the diffu-

sion effect (Fig. 6-1(c)). Finally, when an electron overcomes the surface barrier (band

bending) by thermal excitation, the electron recombines with a hole at graphene, re-

sulting in the relaxation of SPV. Experimentally, this can be observed as a spectral

shift of photoemission spectrum and the charge transfer dynamics can be traced by

time-resolved technique.

In this chapter, we investigate the effect of the interface buffer layer on opti-

cal properties of graphene/SiC system by time-resolved photoemission spectroscopy

utilizing synchrotron radiation (SR) and ultrafast laser.
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Figure 6-1: Schematic drawing of surface photovoltage effect for graphene/SiC sys-
tem. (a) Generation of photo-carriers and carrier separation due to the surface band
bending. (b) Emergence of surface photovoltage (SPV). (c) Carrier redistribution by
diffusion process. (d) Electron-hole recombination results in relaxation of SPV.

6.2 Experimental

We prepared epitaxial graphene on SiC(0001) (Si-face graphene) and SiC(0001) (C-

face graphene) for comparison. The sample properties and fabrication methods are
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almost similar to the one described in Chap. 4 for Si-face graphene and Chap. 5 for

C-face graphene. The samples were annealed at 500 ◦C for 30 minutes to remove

surface contamination.

We performed the time-resolved photoemission experiments at BL07LSU at SPring-

8 (see Sec. 3.3.2). For pump light, to excite carriers in SiC, we used second harmonic

(3.1 eV) whose energy is close to the band gap of SiC (3.2 eV). For probe light, we set

SR energy to 740 eV to sensitively observe photoemission signals of SiC comparable to

that of graphene. We set the repetition frequency of the pumping laser to 208 kHz to

synchronize with SR period. We performed all measurements at room temperature.

6.3 Results and discussion

6.3.1 Surface photovoltage effect in Si-face and C-face graphene

Figure 6-2(a,b) shows time-resolved C1s and Si2p spectra of the C-face graphene.

Black and colored open circles (lines) represent measured data (fitted results) when

pump laser is OFF and ON, respectively. In Fig. 6-2(a), both for graphene (284.5

eV, labeled by G) and SiC (282.5 eV, labeled by SiC) peaks are observed. After the

photo-excitation, the spectrum shifts toward high binding energy while the spectral

shape is unchanged due to a surface photovoltage effect. The energy shift gradually

decreases and goes back to laser OFF position around 100 ps. The same tendency is

also observed in Si2p spectra (Fig. 6-2(b)). Figure 6-2(c,d) shows temporal evolution

of the SPV shift for C1s and Si2p, respectively, extracted from Fig. 6-2(a,b). We

observed almost identical relaxation for C1s and Si2p spectra.

In the same way, Fig. 6-3(a,b) shows time-resolved C1s and Si2p spectra of the Si-

face graphene. In Fig. 6-3(a), graphene and SiC peak is not well decoupled within the

energy resolution due to the small differences in graphene and SiC binding energies

for C1s core levels. Figure 6-3(c,d) shows the temporal evolution of the SPV shift

for C1s and Si2p core levels. The SPV relaxation of Si-face graphene is much shorter

than that of C-face graphene and relaxes within 10 ns.
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Figure 6-2: Temporal evolution of SPV shift for C-face graphene. Time-resolve pho-
toemission spectra for (a) C1s and (b) Si2p core levels. In (a), graphene peaks (labeled
G) and SiC peaks (labeled SiC) were observed due to the large band bending. The
spectral shift measured from the laser OFF was extracted and shown as a function of
time for (c) C1s and (d) Si2p core levels.

6.3.2 Analysis by thermionic emission model

For understanding of these SPV relaxation processes, we assume that photo-excited

electrons in SiC bulk side thermally overcome the potential barrier (band bending)

at the graphene/SiC interface as shown in Fig. 6-1(d). This process can be well

described by the following equation [89, 90],
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Figure 6-3: Temporal evolution of SPV shift for Si-face graphene. Time-resolve pho-
toemission spectra for (a) C1s and (b) Si2p core levels. The spectral shift measured
from the laser OFF was extracted and shown as a function of time for (c) C1s and
(d) Si2p core levels.
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ηkBT
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}

e−t/τ

]
∣

∣

∣

∣

, (6.1)

where VSPV(t) is the amount of SPV at the delay time t, η is an ideality factor in a

Schottky diode, V0 is the initial SPV shift and τ is the relaxation time constant when

VSPV is zero. The experimental results are fitted by Eq. (6.1) as shown in Fig. 6-2

for C-face graphene and Fig. 6-3 for Si-face graphene. The fitting parameters are

summarized in Table 6.1 for C-face graphene and Table 6.2 for Si-face graphene.
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Table 6.1: List of the fitting parameters for C-face graphene.

C1s (G) C1s (SiC) Si2p (SiC)
η 10.0 ± 0.8 9.3 ± 0.8 9.1 ± 1.0

V0 (eV) 0.77 ± 0.01 0.84 ± 0.02 0.82 ± 0.02
τ (ns) 42 ± 4 46 ± 6 53 ± 8
τ0 (ps) 39 25 24

Table 6.2: List of the fitting parameters for Si-face graphene.

C1s (G) Si2p (SiC)
η 3.8 ± 0.9 3.1 ± 1.1

V0 (eV) 0.27 ± 0.02 0.25 ± 0.04
τ (ns) 3.1 ± 0.7 4.2 ± 1.7
τ0 (ps) 6.3 2.1

6.3.3 Comparison of carrier lifetime and effect of the interface

layer

We found that Si-face graphene has shorter carrier lifetime than C-face graphene.

However, this comparison is inaccurate because the initial band bending (barrier

hight for carriers) is different. Therefore, to compare both carrier lifetimes, one has

to compensate the initial band bendings. Figure 6-4 describes the energy diagram for

graphene/SiC system. The amount of the initial band bendings are obtained from

the difference between C1s core position of bulk SiC (284.3 eV [91]) and SiC surface,

which are experimentally obtained in this measurement (C-face : 282.5 eV, Si-face :

283.7 eV). We obtained the initial barrier height of 1.8 eV for C-face and 0.6 eV for

Si-face graphene. Using these values, the compensated lifetime τ0 called “flat-band

lifetime” can be defined as,

τ0 = τ exp
(

−V0

ηkBT

)

. (6.2)

τ0 describes the lifetime under the flat-band condition (when the initial band bending

is zero). We obtained τ0 (C-face) = 24 - 39 ps and τ0 (Si-face) = 2 - 6 ps as shown in
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the bottom lines of Tables 6.1 and 6.2.

As for the flat-band lifetime, we clearly observed large difference. The shorter

lifetime in Si-face graphene may mostly come from its interface structure because

the bulk properties of SiC are almost identical for both samples, but the interface

structure differs substantially. Fig. 6-5 summarizes the expected relaxation pathways

for (a) C-face and (b) Si-face graphene. In C-face graphene, electrons and holes

recombine through the electronic states of graphene. However, in Si-face graphene,

large density of Si dangling-bonds may act as recombination centers for photo-excited

electrons and holes. Considering the fact that one-third carbon atoms in the buffer

layer bind with Si atoms of the SiC, the density of Si dangling-bonds corresponds to

the order of 1015 cm−2. On the other hand, the density of states of graphene near

the Dirac point is in the order of 1012 cm−2 – 1013 cm−2, that is several orders of

magnitude smaller than that of Si dangling-bonds (interface states). Therefore it is

plausible that the interface states of the buffer layer promote carrier recombination

and determine the relaxation time constant in Si-face graphene.
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Figure 6-4: Band diagrams for (a) C-face and (b) Si-face graphene. The vertical and
horizontal axes show the binding energy and depth, respectively.

69



CB

E
g

SiCGra.

VB

Gra. SiC

Interface states

hole

electron

(a) C-face Graphene (b) Si-face Graphene

Figure 6-5: Carrier recombination models for (a) C-face and (b) Si-face graphene.
The vertical and horizontal axes show the binding energy and depth, respectively.

6.4 Conclusion

In this chapter, we investigate the effect of the interface (buffer layer) on optical re-

sponses in Si-face graphene. For the comparison, we used Si-face graphene (with buffer

layer) and C-face graphene (without buffer layer) and employed time-resolved photoe-

mission spectroscopy on these samples. We successfully observed surface photovoltage

effect as a spectral shift of C1s and Si2p core level states. The relaxation time con-

stants are quite different due to the difference between the amount of initial band

bendings. By introducing flat-band lifetime, we can clearly observed the difference

of the charge transfer dynamics between these samples. The short lifetime observed

in Si-face graphene may be attributed to large densities of Si dangling-bonds at the

buffer layer, acting as trapping sites for photo-excited electrons and holes. These re-

sults are consistent with previous studies reporting that the Si dangling-bonds disturb

transport properties of Si-face graphene [84–86].
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Chapter 7

Summary and future prospect

7.1 Summary

In summary, we systematically investigated the whole carrier dynamics in graphene/SiC

system.

In Chapter 4, we have observed ultrafast carrier dynamics in an n-type graphene

grown on Si-face SiC(0001) for the first time. The observed spectral dynamics reflects

both ultrafast changes in the electronic temperature and chemical potential within

the time scale of several hundred femtoseconds. The fitting model for the electronic

temperature well reproduced the observed spectral features. The obtained electronic

temperature was consistent with the previous study by K. J. Tielrooij et al. [2],

indicating the occurrence of cascade carrier multiplication.

In Chapter 5, we performed time-resolved photoemission measurement on high

mobility graphene grown on C-face SiC(0001). Compared with Si-face graphene as

described in Chapter 4, we observed longer carrier lifetime lasting above several pi-

coseconds. To separately analyze each relaxation pathway of photo-excited carrier, we

built a comprehensive relaxation model that includes electron–optical-phonon scatter-

ing, optical-phonon decay and supercollision. By the fitting of the relaxation model,

we reported that the effect of the supercollision cooling is negligible in high mobility

graphene whose carrier mobility exceeds 100,000 cm2 V−1 s−1 and we can successfully

extract the contribution from the cooling rates by electron–optical-phonon scattering.
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In Chapter 6, we prepared two graphene samples (C-face and Si-face graphene)

with different interface structures and compared charge transfer dynamics of these

samples. By comparing the dynamics at flat-band condition, we can clearly find

large differences in carrier lifetimes. The shorter carrier lifetime observed in Si-face

graphene may be due to Si dangling-bonds at a buffer layer with large density of

states, acting as recombination centers which promote the SPV relaxation in Si-face

graphene.

7.2 Future prospect

In the discussion above, we can know the mechanism of carrier relaxation processes

such as carrier–optical-phonon scattering, supercollison, charge transfer dynamics.

So far, many studies have been dedicated to carrier dynamics in typical semiconduc-

tors (Si, Ge, GaAs, etc.), while research on carrier dynamics in graphene has just

started recently. Therefore, as the first comprehensive study of carrier dynamics in

graphene/SiC system, this research will help other related studies to understand car-

rier dynamics in the Dirac Fermions and charge transfer dynamics from a semiconduc-

tor to a Dirac material, such as a surface state of a topological insulator and a Weyl

semimetal. Our discovery also will help one to design and develop opto-electrical

devices utilizing graphene and graphene/semiconductor junctions since carrier dy-

namics in graphene and charge transfer dynamics between other materials are the

most fundamental phenomena in the operation of these devices.

We also mention that, in this thesis, we can not access the detailed mechanism of

carrier-carrier scattering, which occur within the time-scale of few femtoseconds. This

process is interesting from the aspect of non-equilibrium dynamics, which can not be

described by the Fermi-Dirac distribution. It has been theoretically predicted [33,50,

51] that population inversion can be realized using the gapless Dirac cone, indicating

that graphene might be utilized as a laser medium operating at the terahertz (THz)

region. Recent trARPES study on Si-face graphene conducted by I. Gierz et al.

observed the carrier-carrier scattering in graphene with a time resolution of 14 fs.
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They observed non-equilibrium dynamics, which can not be described by the Fermi-

Dirac distribution function, but they can not observe the population inversion may be

because the inherent n-type doping from the SiC substrate maintains large electron

density above the Dirac point (small hole density below the Dirac point) and make

the population inversion difficult. Based on the result of the previous study, we

tried to observe the population inversion in C-face graphene, on which we expected

the population inversion due to the electron-hole symmetry originating from its non-

doped property. However, we can not observe it may be due to the time resolution is

not sufficient to trace such femtosecond dynamics with our time resolution of 80 fs.

In the near future, we will again try to observe the carrier-carrier scattering in C-face

graphene by improving the time resolution of our HHG system and will completely

reveal the whole carrier dynamics of graphene/SiC system from few femtoseconds to

nanoseconds time regime.
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Appendix A

Electronic temperature fitting

Figure A-1 shows some examples of the electronic temperature fittings by using Eq. 5.1

in Sec. 5.3.1. The energy dispersion curves (EDCs) were measured under the pumping

fluence of 1650 µJ/cm2 (corresponding to Fig. 5-2(b)) and obtained by integrating

photoemission intensities around the K point. The density of states used in Eq. 5.1

were obtained by the following procedures. First, EDCs before t = 0 fs were averaged.

Then the averaged EDC was divided by the Fermi-Dirac function f(E, Te = 20

K) which was convolved with the Gauss function G(E, σ = 250 meV). Finally, the

obtained curve was symmetrized at the Dirac point (E = EF = 0 eV) because our

graphene sample is non-doped and the density of states should be symmetric with

respect to the Dirac point. The inset of Fig. A-1 shows the DOS that we used. By

applying this DOS to Eq. 5.1, we successfully reproduced experimental results as

illustrated by red circles (raw data) and black solid lines (fittings) in Fig. A-1.
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t = 50 fs
T

e
 = 3180 K

t = 200 fs
T

e
 = 2200 K

t = 600 fs
T

e
 = 1480 K

t = 1180 fs
T

e
 = 1180 K

t = 3000 fs
T

e
 = 720 K

Figure A-1: Examples of the electronic temperature fitting. The raw EDCs (red
circles) were measured under the pumping fluence of 1650 µJ/cm2 and at specified
delay times. The fitting results by using Eq. 5.1 are illustrated with black solid lines.
The inset represents the assumed DOS of the trilayer graphene sample.
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Appendix B

Derivation of the supercollision

cooling rate

We give details of how we derived Eq. (5.4) in Sec. 5.3.2. First, the original expression

for the SC cooling rate formulated by Song et al. [4] is given in the form

JSC = A(T 3

e − T 3

ac), A = 9.62
g2ν2(EF)k3

B

h̄kFl
, (S4)

where g is the electron-phonon coupling constant, ν(EF) is the density of states

at the Fermi level, and kF is the Fermi velocity measured from the K point. The

electron–phonon interaction originates from the deformation potential interaction,

g = D/
√

2ρs2, where s denotes the velocity of sound. The density of states at the

Fermi energy is approximately represented as ν2(EF) ∼ n/(πh̄2v2F), where n is the

carrier density. A is therefore expressed as,

A ≈ 2.9× 10−3
D2n

kFl
(W/m2K3). (S5)
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Note that in the above equation D is in eV and n is in units of 1012 cm−2. Taking kFl

= σ(h/2e2) and σ = neµ, where σ is the conductivity, A is expressed as a function

of the deformation potential D and the carrier mobility µ,

A ≈ 8.8× 1014
D2

µ
(eV/cm2K3s), (S6)

where µ is in units of cm2 V−1 s−1.
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Appendix C

Details of the fitting parameters

In the rate equations (5.5)–(5.6) in Sec. 5.3.3, Gpump, ∂t/∂b, M , and τ are the fitting

parameters. Gpump has a Gaussian form with a full-width at half-maximum of 70 fs:

Gpump = G0 exp
[

−4ln2
(

t

70 fs

)2]

, (C1)

where G0 is the scaling parameter (in units of J cm−2 s−1). The fitting parameters

for Te and Tph in Figs. 5-2(b–e) in Sec. 5.3.3 are summarized in Table C.1, under µ

= 100,000 cm2V−1s−1 and the deformation potential values D = 30 eV.

The total injected energy P =
∫

Gpump dt is estimated to be 100, 610, 1190, and

1410 nJ/cm2 for a pumping fluence of 360, 850, 1100, and 1650 µJ/cm2, respectively.

However, an absorption coefficient for graphene on SiC(0001) substrate of 1.3 % per

each graphene layer [92] results in the actual injected fluence to be 14, 33, 43, and

64 µJ/cm2 for a pumping fluence of 360, 850, 1100, and 1650 µJ/cm2, much larger

than what were obtained from the fitting. This large difference may be caused by the

absorption saturation, known as Pauli blocking [36]. Similar disagreements between

actual applied fluence and observed electronic temperature have been reported in

trARPES measurements performed on Si-face p-doped graphene [39] and Si-face n-

and p-doped graphene [56].
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Table C.1: Fitting parameters used for the calculations of Figs. 5-2(b–e) in Sec. 5.3.3.

Pump fluence G0 ∂t/∂b M τ
(µJ cm−2) (J cm−2 s−1) (eV nm−1) (cm−2) (ps)

360 1.4 × 106 100 1.6 × 1014 1.3

850 8.2 × 106 100 1.8 × 1014 1.3

1100 16.0 × 106 100 1.6 × 1014 1.2

1650 18.9 × 106 100 1.8 × 1014 1.3
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Appendix D

Long-delay data

We shall further discuss the carrier relaxation mechanism beyond the delay time of

6 ps. After the electronic and phononic systems reach their thermal equilibrium (t >

800 fs), there are three possible pathways for the cooling of the electronic tempera-

ture; specifically, electron–acoustic-phonon scatterings, anharmonic decays of optical

phonons, and SCs. However, of these, electron–acoustic-phonon scatterings are very

inefficient (with typical decays of nanoseconds [93]) and hence we only consider the

other two channels.

In previous studies, debate has arisen over what causes the electronic cooling of

graphene after electron–optical-phonon thermalization, and whether SCs [4,67–69] or

optical-phonon decay [59–61], but not both, explains the experimental results. There-

fore, taking these previous reports into account, we separately simulated electronic

cooling by either SCs or optical-phonon decays. The electronic coolings via these

mechanisms are then written as

dTe

dt
= −

JSC

Ce
(t ≥ 1 ps), (D1)

dTe

dt
= −

RNeth̄ωph

Ce
(t ≥ 1 ps). (D2)
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For the calculations of net optical-phonon emission rate RNet in the Eq. (D2), we used

the values of Tph obtained by solving Eq. (5.6) in Sec. 5.3.3. Figure D-1(a) and (b)

compare the experimental results with the simulated electronic cooling via SCs (Eq.

(D1)) and optical-phonon decays (Eq. (D2)), respectively. The values for the fitting

parameters used for Fig. D-1(a) are the same as those in Table C.1. Moreover, to fit

the experimental results using Eq. (D1) (Fig. D-1(b)), the value of the deformation

potential must be 105 eV, for which the value is larger than the reported range of

10–30 eV [67, 75–78]. However, considering the reported fitting value of ∼ 70 eV by

Betz et al. [69], this may not be improbable for the deformation potential of graphene.

We further simulated the electronic cooling beyond t > 6 ps using fitting param-

eters from Fig. D-1(a) and (b), as seen in Fig. D-1(c). The differences between SC

cooling and optical-phonon decay cooling are clear in the long decay regime (t > 6 ps):

SCs give a fast decay of ∼ 20 ps to the ground state (Te = 20 K) whereas the decay in

electronic temperature with optical-phonon decays has not relaxed after 80 ps. The

corresponding carrier densities are also displayed in Fig. D-1(d) obtained using the

relation between ne and Te; specifically, ne = π(kBTe)2/(6h̄
2v2F).

In Fig. D-1(e), we present the experimental result of the time-resolved photoe-

mission spectra for the delay range of −24 ps to 72 ps (at a pumping fluence of

360 µJ/cm2). The averaged spectrum before t0 is subtracted from all spectra: the

scaled red/blue dots indicate the increase/decrease in carrier densities generated by

the photo-excitation. The integrated intensities within the dashed rectangle in Fig. D-

1(e) are shown in Fig. D-1(f), as a function of the delay time. The simulated result

is also shown for comparison. As previously reported in Ref. [58], we note that the

sample is pumped again by the reflected light from the back side of the SiC substrate.

We observed this multi-pumping signal at least twice as indicated by the red arrows

in Fig. D-1(f). Even considering this multi-pumping process, photo-excited carriers

have longer lifetimes than the SC expected lifetime of ∼ 20 ps. This indicates that,

in regard to the electronic cooling of the high mobility graphene, the optical-phonon

decay scenario is more likely than SC scenario.

In summary, electronic cooling proceeds with the following steps. Initially the
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electronic system rapidly thermalizes with the optical-phonon systems via electron–

optical-phonon scattering. As these systems reach their thermal equilibrium, elec-

tronic cooling is gradually suppressed with the cooling rate dictated by the decay

constant τ , which describes anharmonic decay processes of the optical-phonon to

acoustic-phonons. Finally the cooling further stagnates because of a bottleneck ef-

fect arising from the Dirac point, leading to a long carrier lifetime of more than a

hundred picoseconds. This long carrier lifetime indicates a negligible SC influence on

electronic cooling in high mobility graphene for which the carrier mobility is above

100,000 cm2 V−1 s−1.
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(a)

(b)

(c) (d)

(e) (f)

2nd pump (6.2 ps)

3rd pump (12.4 ps)

Figure D-1: Comparison of the electronic cooling in the long decay regime: SCs vs
optical-phonon decays. (a) Experimentally determined decays of the electronic tem-
perature (colored circles) and simulated results for the optical-phonon decay cooling
(colored solid lines) for a specified pumping fluence. The parameters used are listed
in Table C.1. (b) Simulated electronic cooling via SCs (colored dotted lines). The
values of µ and D are set to 100,000 cm2 V−1 s−1 and 105 eV, respectively. (c, d)
Simulations of Te and ne beyond t ≥ 6 ps for two pumping fluence values. (e) Differ-
ence data of time-resolved photoemission spectra for the delay time range of −24 ps
to 72 ps. The scale red/blue dots indicate increase/decrease from the photoemission
intensities at the equilibrium state (t ≤ 0 ps). (f) Comparison of the experimentally
determined photo-excited carriers (black circles) and the simulated decay curve (blue
solid line) for the pumping fluence of 360 µJ/cm2. Red arrows indicate the second
and third photo-excitation due to the reflected light from the back side of the SiC
substrate. The inset presents a magnified plot.
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R. Stȩpniewski, and J. M. Baranowski, Phys. Rev. B 81, 245410 (2010).

[93] R. Bistritzer and A. H. MacDonald, Phys. Rev. Lett. 102, 206410 (2009).

92


