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Chapter 1

Introduction

1.1 Motivation

Graphene is a single layer material of carbon atoms with linear dispersion relation
at the K points of the Brilluion zone (Figure 1.8), which leads to high carrier mobility
and unique opto-electronic properties making it useful for a wide range of applications
[22, 23, 24, 25, 26, 27]. The use of the advantageous properties of graphene in application
to opto-electronic devices inevitably entails the generation of hot carriers with energies sig-
nificantly exceeding the Fermi energy [25, 22, 23]. Therefore, carrier relaxation dynamics
plays a central role in many proposed graphene based devices [28, 29, 30, 31]. Especially
with the scale of devices continuing to shrink, power capabilities being pushed to the limit
and efficient heat removal becoming an issue it is hard to overestimate the importance of a
more comprehensive understanding of carrier relaxation dynamics in graphene.

There is an enormous ongoing effort by many groups to study graphene related re-
laxation dynamics using various techniques such as photocurrent measurements, ultrafast
pump-probe spectroscopy, time resolved Raman spectroscopy, etc. [32, 33, 34]. Ultrafast
pump-probe spectroscopy is a powerful technique that allows to monitor the relaxation dy-
namics of photoexcited electrons with femtosecond temporal resolution, which supercedes
the capabilities of modern electronics. Ultrafast pump-probe spectroscopy has been par-
ticularly fruitful in providing valuable insights into electron-electron, electron-phonon and
phonon-phonon interactions [34, 35, 36, 37, 38, 39, 40, 41]. Typically, after electrons and
holes are excited into a non-thermal distribution by an ultrafast laser pulse, they thermal-
ize into a Fermi-Dirac distribution through Coulomb interactions in tens of femtoseconds
[42, 43, 1, 44, 45]. The thermal distribution of photoexcited electrons further cools to

lower temperatures on a picosecond time scale. Brida et al. [1] experimentally investigated



the subpicosecond nonequilibrium electron dynamics in graphene and identified ultrafast
collinear scattering, which enables Auger processes including carrier multiplication, as the
significant fundamental physical mechanism governing the ultrafast dynamics of graphene.
Figure 1.1 depicts thermalization of a narrow hot distribution of photoexcited electrons
and further cooling of the thermalized distribution in a subpicosecond time window. As
illustrated in Figure 1.1, the initial narrow hot electron distribution (red) turns into a broad
nonthermal distribution (black) by 10 femtoseconds, which subsequently thermalizes into a
high temperature Fermi-Dirac distribution (green) by 50 femtoseconds followed by further
cooling of the Fermi-Dirac distribution. The cooling of the hot thermal population of car-
riers occurs through the emission of optical phonons. The processes of thermalization and
further cooling are illustrated in Figure 1.2 [2]. At the point when the temperatures of the
electron and phonon systems equilibrate, the hot phonon bottleneck occurs, which signifi-
cantly lessens the cooling rate [39, 46, 47]. Subsequent cooling primarily results from the
hot optical phonons undergoing anharmonic decay into acoustic phonons. However, in the
case of supported graphene, direct coupling of the charge carriers to surface phonons in the
polar substrates is a possible cooling channel [48, 49, 50, 51]. As predicted by theory and
measured by experiments, the time constant of the hot optical phonon decay in graphene
is of the order of a few picoseconds [46, 39, 52, 33, 41, 40, 38]. The hot phonon bottle-
neck bears far reaching implications for device performance, in particular the timescale
of the photoresponse in opto-electronic devices [25, 53, 54, 55]. Hence, full understand-
ing of the cooling pathways for excited carriers and hot phonons are necessary for device
applications.

A positive transient differential transmission response of graphene in an ultrafast pump-
probe experiment was observed by different groups [2, 39, 56, 57]. The positive transient
differential transmission is attributed to bleaching of the interband transitions due to Pauli
blocking as the time dependent hot electron distribution in the conduction band decreases

absorption. As the distribution of the excited electrons cools down, absorption increases



and differential transmission decreases. Monitoring temporal evolution of the transient dif-
ferential transmission allows to measure the time dependent electron density and electron
distribution.

Malard et al. [41] observed both positive and negative fluence dependent transient dif-
ferential transmission in graphene. The negative transient differential transmission occurs
due to induced free carrier absorption in view of dominating intraband electron transitions
at lower temperatures achieved at lower pump fluences. Microscopic description of intra-
band absorption in graphene was given by Kadi et al. [3]. The fluence dependent studies
showing transient negative differential transmission imply that optical response of graphene
can be accurately described only when contributions from both intra- and interband elec-
tron transitions to the optical conductivity are taken into account. Indeed, as demonstrated
by Kadi et al. in Figure 1.3 [3], switching on and off the intraband transitions has a dra-
matic effect in the range of pump fluences, at which intra- and interband transitions have
comparable contributions to the optical conductivity of graphene.

To summarize, previous measurements of photo-induced ultrafast dynamics in graphene
by pump-probe spectroscopy have yielded a diversity of differential transmission and re-
flection dynamics [58, 59]. It has been shown that differential transmission dynamics
(DTD) depends on carrier scattering time, doping, Fermi level and probe energy [58, 59,
60, 35, 61]. Several different regimes for DTD have been observed: 1) fully positive DTD
[35, 60, 61, 62, 63, 64, 65, 39, 57], ii) fully negative DTD [36, 66, 67, 68], and iii) a com-
plex DTD consisting of a positive peak near zero time delay followed by a negative slow
recovery tail [59, 61, 60, 34, 35, 58, 69]. The transient differential transmission through
graphene is positive in high fluence ultrafast pump-probe experiments due to the bleaching
of dominating interband electron transitions at high temperatures owing to Pauli blocking.
The transient differential transmission drops below zero and becomes negative after the
initial positive spike in low fluence ultrafast pump-probe experiments due to the negative

contribution to the optical transmission of the phonon assisted intraband electron transitions



that are dominant at low temperatures. A natural question that follows is concerned with
the ultrafast pump-probe response of graphene at those pump fluences, when the crossover
from the negative to positive transient differential transmission occurs, which, to the best of
our knowledge, has not been investigated. Consequently, we set out to investigate the tran-
sition from the intra- to interband dominated ultrafast pump-probe response of graphene,
which occurs at the pump fluences ensuring comparable contributions from both processes.

Thus, we conducted a comprehensive study on fluence and wavelength dependent ul-
trafast pump-probe relaxation dynamics of single layer graphene supported on a soda-lime
glass substrate. We were able to observe both intra- and interband dominated response. Our
unique contribution lies in studying the transition from the intra- to interband dominated
relaxation dynamics. Interestingly, we found an order of magnitude faster relaxation of the

ultrafast pump-probe signal.
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Figure 1.1: Temporal evolution of the electron population per unit cell[1].
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Figure 1.2: a) Band structure of graphene with intrinsic electron and hole population near
the Dirac point. b) The nonequilibrium distribution of carriers after photoexcitation. c) The
carrier thermalization process. d) The further cooling of the thermal carrier distribution [2].
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Figure 1.3: The effect of the phonon assisted intraband transitions on the transient differ-
ential transmission in graphene [3].



1.2 Statement of work

In this work, we study fluence dependent ultrafast carrier and phonon dynamics in
CVD graphene on a soda-lime glass substrate using pump-probe spectroscopy in transmis-
sion geometry at the wavelengths of 775 nm, 800 nm, 825 nm and 850 nm. We cover a
range of pump fluences that allows us to observe probe dynamics governed by both intra-
and interband transitions. In our measurements, we examine the transition from complex
DTD to fully positive DTD as a function of pump fluence. At low pumpfluences, after the
initial positive spike arising from the bleaching of the in-terband transitions, the differential
transmission crosses zero and its slow recovery tail is negative due to primarily intraband
absorption processes. An example of such a response and a possible microscopic mech-

anism are illustrated in figures 1.4 and 1.5, respectively. A paper by F. Kadi e al. [70]

10 4 d — 6 ppem?

0.8

0.6 4

MNomalized AT/Tq
=
s

.. i~J L

=2 0 2 4 ]
Time delay (ps)

Figure 1.4: Differential transmission of graphene at low fluence showing the predominant
role of intraband transitions.

explains the observation of transient negative differential transmission, i. €. a zero-crossing
of the differential transmission at about 300 fs, using a microscopic treatment of intraband

absorption in graphene. At high pump fluences, the slow recovery tail of the differential



E A

Figure 1.5: The phonon assisted intraband absorption within the linear band structure of
graphene [3].

transmission is positive due to predominant interband transitions, which is illustrated in

figure 1.6. The response at low and high fluences has already been observed and discussed
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Figure 1.6: Differential transmission of graphene at high fluence showing the predominant
role of interband transitions.

in previous works [41, 3, 71]. Thus, in this work we study the transition from intraband to

interband dominated response of graphene. Thus, this work provides a novel experimental
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observation of an order of magnitude faster relaxation of differential transmission at the
intermediate pump fluences, where the intraband and interband contributions are equal in
magnitude and opposite in sign. A natural question arises as to the physical reasons for a
faster relaxation of the optical signal. We apply a model that relates transmission to the
optical conductivity of graphene depending on the temperature of the Fermi-Dirac distri-
bution of electrons. The temporal evolution of electron temperature is simulated by the rate
equations describing the cooling of the electron system and the coupled optical phonons
via emission of lower energy phonons. The phenomenological relaxation time constant
of the optical phonons does not show any abrupt changes in the vicinity of the transition
pump fluence, whence it follows that the faster decay of the differential transmission is not
due to the change in the relaxation mechanism. The effect is attributed to the opposite and
approximately equal contributions of intra- and interband transitions to the optical conduc-
tivity of graphene in the vicinity of the transition pump fluence. As the relaxation time of
the electron temperature is found to increase monotonically over the range of pump flu-
ences used in this study, comparison with the measured relaxation times of the differential
transmission implies that pump fluence greatly modifies time-dependent optical properties,

while the electron and phonon relaxation processes remain unaffected.

1.3 Thesis outline

The content of this dissertation runs as follows:

Chapter 1 started with a review of the existing literature on ultrafast carrier relaxation
dynamics in graphene studied by pump-probe spectroscopy, naturally followed by motiva-
tion for the study the current dissertation is seeking to present as well as short description of
the achieved results. The last section in this introductory chapter reviews basic properties
of graphene such as band structure and optical transmission.

Chapter 2 describes experimental techniques employed for this study. In particular,

the first section starts off with chemical vapor deposition (CVD) graphene growth and



transfer onto desired substrates. The second section discusses the fundamentals of Raman
spectroscopy and the phonon properties in graphene followed by the Raman peaks of single
layer graphene explained in terms of the underlying Raman processes. Applications of
Raman spectroscopy to characterization of graphene such as determination of layer number,
stacking order, defects and doping are also elaborated on. The last section in this chapter
presents the fundamentals of the pump-probe spectroscopy crucial to this study.

Chapter 3 describes experimental work and data as obtained during the current study.
The first section describes the preparation and characterization of our sample . The second
section presents experimental pump-probe transmission data. The third section describes
the bi-exponential analysis of transmission relaxation curves, which yields our new ob-
servation of an order of magnitude faster relaxation time of differential transmission in
the vicinity of the transition pump fluence, when the crossover from negative to positive
response occurs.

Chapter 4 describes an attempt to explain the new observation by applying a model that
relates transmission to the optical conductivity of graphene with contributions from both
intra- and interband transitions depending on the temperature of the Fermi-Dirac distribu-
tion of electrons. We attributed our new observation to the opposite and approximately
equal contributions of intra- and interband transitions to the optical conductivity in the
vicinity of the transition pump fluence based on the modelling results.

Chapter 5 provides an overview and conclusions for the conducted study as well as

outlines a potential area, where the new observation may find its application.

1.4 Review of graphene properties

Graphene is a hexagonal lattice of carbon atoms with sp? hybridization and the inter-
atomic distance of 1.42 A [72]. Each carbon atom contributes four valence electrons, of
which three participate in the formation of sp? hybridized orbitals, thus producing strong

planar covalent o bonds with each of its three neighbors responsible for the high stiffness



of the graphene lattice with Young’s modulus measured up to 1 TPa [73, 74] and high
thermal conductivity for suspended graphene of approximately 5300 Wm~'K~! [75]. The
remaining p, electron forms the 7 bond oriented out of the plane of graphene. The 7 bonds
further hybridize to form the 7w and ©* bands corresponding to the dispersion of bonding
and antibonding molecular orbital. The m and 7* bands provide the only free electrons
responsible for the conductivity and transport properties in graphene.

The unit cell of single layer graphene consists of two nonequivalent carbon atoms and
is spanned by the two basis vectors a; = ao(‘/Tg, %) and a; = ao(g, —%), where ag = v/3b
with the interatomic distance of b = 1.42 A (see Figure 1.7). The coordinates of the high

symmetry points in the first Brillouin zone of the reciprocal space are I' = (0,0), K =

2 2m _( 2r
(\/ga()?%) and M = (\/ga()?())'

@) (b)

& carbon "~ unit cell ¥ 8‘ )

/unit cell A\atom k ?
y 8

A — Ab

a - N —

// - "\.>. ‘ ZBZ 3;0 - :4i
;\ X - r : 2n | |3a,
2 ~ o i ngﬁ.f’ -

first
Brillouin zone |

Figure 1.7: a) Bravais lattice. b) Reciprocal lattice [4].

Within the nearest neighbor tight binding approximation, the energy dispersion for the

7 electrons is expressed by the following relation [76]:

X k k
E(K) :iy\/l+4cos(@)cos(%‘o)+4cosz(y7ao), (1.1)
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where ¥ = 2.7 eV is the nearest neighbor hopping energy. As seen from Figure 1.8, the
energy dispersion surfaces for the 7 and 7* bands touch each other at the K points of each
Brillouin zone. Electrons have linear dispersion around the point where the conduction
and valence bands meet. The energy dispersion has a saddle point singularity at the M
point. The energy gap between the valence and the conduction bands at the I' point is
approximately 20 eV [22, 77]. The constant energy contour plot is isotropic and the energy
dispersion is parabolic around the I" point.

In the linear approximation near the Dirac point, the energy dispersion relation can be
written as

E(K) ~ +hvpq, (1.2)

where v ~ 10° m/s and q is the wave-vector relative to the Dirac point. Electrons in
graphene are described as massless Dirac fermions by the Dirac equations [22].

The density of states in graphene can be calculated as follows:

D(E):%Zé(E(k)—E) (1.3)
k
D) =35 [ s(E@-E)g (1.4)

By using Dirac approximation near the K and K’ points and intergrating over the first

Brillouin zone:

1 2 [ 2 *
D(E):;//S(hqu_E)dzq:E/o S(hqu—E)qdq:m/o O(x— E)xdx
(1.5)

Hence, the density of states becomes equal to:

D(E) = 2E

= 1.6
Th? v} (1.0

The linear density of states around the zone edges along with the zero band gap of graphene
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Figure 1.8: a) Energy dispersion for the electrons in the £ and 7* bands of single layer
graphene in the first Brillouin zone. b) Dirac cones near the K points. ¢) Constant energy
contour map in the first Brillouin zone for the electrons in the 7 valence band. [5]
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Figure 1.9: Band structure of graphene plotted along the lines connecting high symmetry
points.

result in a high temperature dependent electron mobility up to ~ 170,000cm?/Vs [78].
Moreover, graphene exhibits the ballistic charge transport with the long mean free path of
600 nm [79].

The uniform ~ 2% broad band absorption [80] along with high electron mobility ren-
ders graphene potentially useful in optoelectronic applications, for instance near infrared
and THz detectors and saturable absorbers [81, 82]. The optical absorption in graphene
occurs by means of two fundamentally different processes, namely inter- and intraband
electron transitions schematically illustrated in Figure 1.10. Intraband transitions are dom-
inant in the far infrared region and occur via free carrier absorption in the conduction band.
Interband transitions are prevailing in the mid to near infrared range and occur by direct
electron transitions between the valence and conduction bands [24]. The contribution of
the interband transitions to the optical conductivity for high frequencies is equal to [83, 84]:

o [+ fo(—€) — fole)
inh Jo (w+id)?—4¢€?

Ginter(w) = de (17)

The real part can be further derived [83, 84, 85]:

2 ho —2E¢ ho — 2E}
ReGiner (@) = < {tanh (u) +tanh (u)l (1.8)
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Figure 1.10: Schematic band structure of undoped graphene showing interband and intra-
band electron transitions [6].

At zero temperature and zero doping, the optical conductivity is frequency independent
within used approximations and is referred to as universal conductivity of graphene and
related to the fine structure constant o = Me—;hc (Figure 1.11a). This is responsible for
~ 2% universal absorption in graphene:

ReGinter(w) = E (1.9)

The contribution of the intraband transitions to the optical conductivity can be expressed

as [83, 84]:
2 ~+o0
e eldfy(e
c7intra<(’~)) = % : %%d& (1.10)
where fy(€) = xple=z Fl) Thp T is the Fermi-Dirac function. To account for the scattering

processes we must change @ by @+ it~ !. Further integration yields:

ie*kgT ; 0
Cintra(®) = ijl) [m (1 +eEF/’<BT> +in (1 +eEF/’<BT)] (1.11)

The equation above takes the Drude-Boltzmann form for the case of Er > kpT:
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Figure 1.11: a) Universal absorbance and optical sheet conductivity of graphene. b)
Blocked interband transitions with energies below 2|Er| for hole doped graphene. c) De-
pendence of transmission on hole doping induced by gate voltage[7].
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. 2
ie”|EF|
Ointra(®) = W (1.12)

The real part of the intraband optical conductivity can be further written out as:

1

kgT T E¢ /kgT El [kpT
Gira(@) =t [in (14T ) o (1 RT) | L13)
2

An accurate description of the optical properties in graphene is possible only when both

contributions are taken into account:

ReGlotal (a)) = ReGjurer +Re0jnsra (1 . 14)

2 I
ksT 1 .
ReGjora (0) = 2 ; [ln (1 +eEF/kBT) +1In <1 +eE‘@/kBT>} +

04

ot (1.15)
+e2 (19— 2E + tanh ho —2E}
— (tan —_— an T E—
8h 4kpT 4kpT

Optical transmission at perpendicular incidence through a single layer graphene of

thickness d can be determined by using the magnitude of the electric field:

E = Aexp (k- r) = Aexp (ikoiiz) = Aexp (—kokz) exp (ikonz), (1.16)

where ko = 2 and /i = n+ ik is the complex index of refraction. The transmittance of single

layer graphene ¢ is defined as the ratio of the intensities of the transmitted and incident light:

t=— (1.17)

Intensity of light is proportional to the square of the magnitude of the electric field:

I ~ E? = A% exp (—2kokz) (1.18)
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Hence, transmittance can written as:

1
1 = - =exp(~2kokd) ~ 1 — 2kokd
0

(1.19)

To express k in terms of the optical conductivity we use the following relations between the

polarization density, susceptibility and the the polarization current density:
P(0) = &xE(0)
J(@) = o3p(0)E(0)

9P(7)
It

Jp(7)

Since the time dependence of the electric field is exp (—i®wT), we get

J(0) = —iogy(0)E()

Hence, the relation between the susceptibility and the optical conductivity is:

_io3p()
2(0) = zlo)w

The two dimensional optical conductivity is:
GZD(CO) = dG3D((D)

Hence, for the susceptibility we get:

_ iGzD((D)
gwd

2(0)

(1.20)

(1.21)

(1.22)

(1.23)

(1.24)

(1.25)

(1.26)

The expression for the complex refractive index 7 in terms of the relative permittivity €, =
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1 + x and the relative permeability u, ~ 1 for graphene is given by:

1
= sr,ur:\/1+xz1+§x (1.27)
~ iGQD((D)
=1 1.28
" * 2&ymd ( )

Hence, k is found by taking the real part of the two dimensional optical conductivity:

k(o) = R‘;Z—z)(da’) (1.29)

Hence, the expression for transmittance ¢ becomes:

R R
(o) = 1 KoReow(®) _,  Reow(®) (1.30)
D &c

In the regime of the universal absorption with the constant optical conductivity 6y = 7z
transmittance is equal to:

H@)=1- =1 _7ma~098 (1.31)
&cC

Since the conduction band is empty at zero doping, any incident photon energy can
be absorbed by creation of an electron-hole pair, which ensures broadband absorption in a
wide spectral range. However, as illustrated in Figure 1.11b, the presence of doping, i. e. a
shift in the Fermi level, blocks interband transitions with energies below 2|Er| due to Pauli
exclusion principle. Pauli blocking of the interband transitions with energies below 2|EF |
provides a method for estimating the Fermi level of graphene. As shown in Figurel.1lc,
the estimate for 2|EF | is given by the energy threshold, beyond which absorption increases.

As illustrated in Figure 1.12, optical transmission in graphene deviates significantly
from the universal conductivity behavior, which is relevant only within the Dirac cone ap-

proximation, and peaks at 4.62¢V. The asymmetric peak observed at 4.62 ¢V is explained
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by excitonic effects observed in graphene in a wide spectral range including the 7 band sad-
dle point singularity [86]. Phenomenologically, the observed excitonic effect is explained

as a Fano interference between a band continuum and a strongly coupled excitonic state

[86].
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Figure 1.12: Experimental optical conductivity (solid red line) and universal conductivity
(dashed line) of graphene in the 0.2 to 5.5 eV spectral range [7].
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Chapter 2

Experimental techniques

2.1 Chemical vapor deposition graphene

Chemical vapor deposition (CVD) graphene growth is one of the most promising meth-
ods for transitioning graphene production into the industry due to large area of growth, high
degree of control and reproducibility as well as the electrical properties comparable to ex-
foliated graphene [87, 88, 89, 90]. Since single layer graphene was successfully exfoliated
[91], there have been attempts to grow larger area graphene on metals. Studies have shown
that most transition metals are capable of catalyzing decomposition of hydrocarbons into
graphitic materials [92]. However, copper has been widely used for CVD graphene growth
due to extremely low carbon solubility and low cost. The surface catalysis ensures self-
termination of the growth process, thus producing uniform single layer graphene on the

surface.

2.1.1 CVD graphene growth

The growth of CVD graphene on copper foil is preceded by annealing the copper coil at
high temperatures ~ 1000°C to remove oxides from the surface and subsequent exposure
to a hydrocarbon precursor. The reactants from the precursor catalyzed on copper facili-
tate the nucleation of graphene. Low pressure of a few millitorrs employed in the growth
process provides uniform deposition of single layer graphene membranes. CVD graphene
growth kinetics has been thought to be dominated by crystallization from initially super-
saturated surface with carbon adatoms. This in turn implies that after the nucleation stage
the growth process is independent of hydrocarbon precursor addition. However, Celebi et
al. [8] proposed an alternative growth model based on their observations supporting the

claim that the growth is affected by adsorption-desorption dynamics as well as catalytic
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dissociation and dehydrogenation of hydrocarbon precursors on copper. As illustrated in
Figure 2.1, adsorption of the hydrocarbon precursor with subsequent catalytic decomposi-
tion and dehydrogenation results in a mixture of carbon adatoms, dimers and intermediate
hydrocarbons on the copper surface. The mixture of reactants on the surface of copper can
themselves go through dissociation and hydrogenation until they are attached to the lattice
or desorbed. Desorption is augmented on the exposed surface due to copper sublimation.
The reactants can diffuse around the surface and subsurface region of the copper foil as well
as beneath the graphene flakes. Carbon reactants captured beneath the expanding graphene
flakes are protected from sublimation enhanced desorption. Hence, the reactants on the
surface can accumulate, while the graphene flakes continue to grow after the initial carbon

supersaturation is depleted.
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Figure 2.1: CVD graphene growth scheme and associated mechanisms [8].

2.1.2  CVD graphene transfer

CVD growth method provides high quality, large area graphene to address the need for
mass fabrication, however, reliable transfer of large area single layer graphene onto de-
sired substrates is an equally crucial step in using CVD graphene for practical applications.
Poly-methyl methacrylate (PMMA) method has been widely used for small production of
graphene. PMMA method has been employed as a support material for transferring car-
bon nanotubes [93] and mechanically exfoliated graphene flakes [94, 95] as well as for

transferring CVD grown graphene onto substrates [96, 97]. Shortly described, PMMA is
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spun on top of graphene to serve as a support material. Afterwards, the copper is etched
away resulting in a standalone graphene membrane supported by PMMA. The PMMA/-
graphene membrane can then be mechanically transferred onto a desired substrate. The
PMMA layer is subsequently removed after transfer onto the desired substrate. The de-
scribed transfer process is schematically shown in Figure 2.2. Despite the obvious advan-
tages of the PMMA method such as simplicity and large areas, there are also disadvantages
like the formation of cracks and wrinkles as well as difficulties in removing the PMMA
residue. Previous research in our group addressed the issue and resulted in an optimized
recipe yielding clean graphene with little amounts of the unwanted PMMA residue [5].
The PMMA coating is spun on top of a copper foil at 4500 rpm. The PMMA layer thick-
ness depends on the spin coating speed as well as anisole concentrations as illustrated in
Figure 2.3. In the past research of our group, the role of the parameters such as anisole
concentration and the spin coated PMMA layer thickness was carefully studied [5]. Ac-
cording to the experiments, the thinner layer (40 nm) obtained by using A2 does not ensure
the secure support of graphene required for all steps in the transfer. It was found that 180
nm of PMMA A4 is the optimum balance between support provided by the PMMA layer
and thickness for effective removal [5]. It was noticed that small deformations in the cop-
per foil result in inhomogeneous PMMA layer coverage during the spin coating process,
which compromises the overall quality of transfer. It was found that a thermal release tape
attached to the back of the copper foil helps to mitigate deformations of the copper surface
by the vacuum suction, thus contributing to the improvement of graphene transfer [5].
Etching process of the copper foil is a critical step in the CVD graphene transfer. The
choice of an etchant has implications for the quality of graphene. Ferric Chloride (FeCl3) is
generally favored due to slow etching rate. Absence of bubbles during the etching process
is another advantage of Ferric Chloride, which makes it more favorable when compared to
etchants like HN O3, which generate H, bubbles during the copper etching leading to tears

and cracks. After etching away the copper foil, the floating PMMA/graphene membrane
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floating must be properly cleaned of the copper etchant to ensure high quality transfer. If the
PMMA/graphene membrane is not properly cleaned of the copper etchant residue, a layer
between graphene and the substrate may be formed leading to deterioration of transfer
quality. It is generally suggested to do a few deionized water baths for 10-60 minutes.
However, according to the previous research in the group the suggested amount of time
may not be enough for thorough cleaning. It was found that doing multiple baths and
leaving the PMMA/graphene layer in deionized water for over 24 hour period leads to
better results.

The PMMA removal is the last step in the CVD graphene transfer process, the impor-
tance of which can be hardly underestimated. As illustrated in Figure 2.4, the difference
between a clean graphene transfer and an inferior one with an insufficient PMMA removal
can be quite dramatic. The polymer residue of a few nanometer thickness remaining on the
graphene surface after treatment with organic solvents is considered to be one of the major
disadvantages of the PMMA method. For instance, the remaining PMMA on the surface
has been shown to cause a weak p doping in graphene [98]. The bulk of PMMA is generally
removed by dissolving the polymer in acetone and afterwards rinsing with isopropanol. In
order to enhance the PMMA removal it was experimented with leaving samples in acetone
for different periods of time up to 48 hours, heated acetone baths and sonicating the sam-
ples in acetone, which showed to result in smaller amounts of the PMMA residue, although
a thin PMMA residue still remained on the samples indicating that the use of acetone alone

does not ensure the complete PMMA removal [5].
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Figure 2.2: The CVD graphene transfer process.
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Figure 2.3: PMMA layer thickness dependence on the spin speed for different anisole
concentrations [5].
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Figure 2.4: Single layer graphene on SiO,/Si substrates with and without PMMA residue
[5].

Thermal annealing in gaseous atmospheres is known to complement the solvent clean-
ing for improving the PMMA residue removal. Specifically, there have been studies on
annealing graphene in argon and hydrogen gases as well as their mixtures [99, 100, 101].
Annealing in ultra-high vacuum significantly enhancing the mobility of CVD graphene
[98] complemented by annealing in oxygen and hydrogen/argon has been demonstrated to
be effective in removing the PMMA residue [102]. Experiments performed in the previous
research of the group revealed that the best results are achieved by a two-step thermal an-
nealing after removing the most of the PMMA residue by solvents treatment. The two-step
annealing process is more advantageous in view of lesser contamination of the chamber
due to lower amounts of the PMMA remnants. The best results were obtained by first an-
nealing the samples at 300°C on a hot plate for 30 minutes in ambient air and then hot

furnace annealing in argon or hydrogen at 400°C for 3 hours [5].

2.2 Graphene characterization by Raman Spectroscopy

Light impinging on a crystal can be reflected, transmitted, absorbed or scattered de-

pending on the light wavelength and the crystal energy band structure. Elastic light scatter-
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ing also known as Rayleigh scattering involves no change in the wavelength of the scattered
light. Elastic scattering occurs when the radius of particles is much smaller than the wave-
length of the incoming light. Inelastic light scattering results in the wavelength change of
the scattered light. During the interaction process schematically illustrated in Figure 2.5 ,
incident light of frequency ®; and wave vector Kk is scattered by a phonon (or other exci-
tations) of frequency € and wave vector q. The scattered light has frequency @, and wave

vector kj. Particularly, Raman scattering is inelastic light scattering from optical phonons.

W, , k,

Figure 2.5: An inelastic light scattering process [9].

w, , k,

As aresult of Raman scattering, the scattered photon can either gain (Stokes) or lose (Anti-
Stokes) energy. The law of energy conservation demands that Aiwg. = hwy, £ €2, where
the positive sign is for the Anti-Stokes process and the negative sign is for the Stokes pro-
cess.The two processes are outlined in Figure 2.6. The ratio of the Stokes and Anti-Stokes

events is given by [9]

I nti—Stokes hQ
Anti—Stokes ) (21)

=exp(———
IStokes ( kBT

Non-resonant Raman scattering occurs when the energy of an incoming photon does not
match transition energy to a stationary state. If the photon energy is chosen to cause transi-
tion to a specific energy level, resonant Raman scattering takes place. Raman spectroscopy
is a widely used characterization tool for determining graphene layer number, strain and
doping. Rayleigh scattering signal exceeds Raman scattering by a few orders of magni-

tude, which used to be an obstacle in extraction of the Raman signal. With the invention of
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Figure 2.6: Raman Scattering [10]. a) The Stokes process. b) The Anti-Stokes process. ¢)
Resonant and non-resonant Rayleigh and Raman scattering.

monochromatic light sources and selective light filters Raman spectroscopy has become a
universal tool for characterization of materials. Since 2006 it has been demonstrated that
Raman spectroscopy is a powerful technique for determining graphene layer number [103],
defect concentration [104, 105], doping [106, 14, 107] and strain [108, 109, 110]. Raman
spectroscopy is well suited for studying atomic and electronic structure of graphene due
to the zero band gap and any incident wavelength resonance. Interaction of electrons and
phonons is crucial to Raman scattering, which means that altering of the electronic prop-
erties of graphene by applying the electric/magnetic field or doping has effect on position,

width and intensity of the Raman peaks [111, 112].
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Analysis of the origin of Raman peaks in single layer graphene requires understanding
of the phonon properties. Phonon dispersion curves bear close relation upon the fundamen-
tal properties of solid state materials such as heat capacity, thermal conductivity, velocity
of sound, electron-phonon and phonon-phonon interactions. The graphene phonon modes
and their dispersion have been studied by a number of groups [113, 114, 115, 116]. Since
graphene has two carbon atoms per unit cell, the phonon dispersion of single layer graphene
consists of three acoustic and three optical branches as illustrated in Figure 2.8. One branch
from each family corresponds to the out of plane vibrational mode. The other two branches
correspond to the in plane transverse and longitudinal modes. The low mass of carbon
and the sp? bonds result in high energy lattice vibrations. For instance, the optical phonon
energy at I point is approximately 200 meV. The optical phonon branch is strongly Raman
active due to the inversion symmetry. The electronic Brillouin zones (BZ), the first phonon

BZ and schematic electronic dispersion are given in Figure 2.7.

K K

Figure 2.7: Electronic BZs of graphene (black hexagons), the first phonon BZ (red thom-
bus), and schematic electronic dispersion [10].

The laws of energy and momentum conservation in Raman scattering give

o = Ws, + Q, (2.2)
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Figure 2.8: a) Vibrations of carbon atoms in graphene along the out of plane (Z), in plane
transverse (T) and in plane longitudinal (L) directions. b) The phonon dispersion branches
for a single layer graphene [11].

k, =ks.*q, (2.3)

where the positive and negative signs pertain to the Stokes and Anti-Stoke processes, re-
spectively. Typical light wavelength used in Raman measurements is in the 229 - 1064 nm
range [117, 10]. The lattice parameter a is on the order of a few A. Particularly, it is equal
to 1.42 A in graphene [118]. Then, the magnitudes of light wavevectors are much smaller
than the magnitude of a zone boundary vector kz,, ks, < 7/a. Hence, it follows from the en-
ergy and momentum conservation laws that ¢ < 7/a. In other words, only scattering from
phonons near I" point is measured because g ~ 0. The acoustic phonon branch properties
are usually provided by the thermal conductivity measurements as the acoustic phonons are
the major heat carriers at room temperature in graphene [119]. Enhanced phonon boundary
scattering and modified phonon dispersion as well as density of states in semiconductor
nanowires and thin films as compared to their 3D bulk states deteriorate acoustic phonon
transport and heat transfer [120, 121]. However, graphene has been demonstrated to have
an extremely high thermal conductivity due to quite different phonon transport properties
as compared to graphite [122]. Owing to the strong sp> carbon bonds, graphene has a large

in-plane phonon group velocity. Despite graphene being a semimetal, the heat transfer is
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mostly due to the acoustic phonons [123].

A typical Raman spectrum of single layer graphene is shown on Figure 2.9. The three
main features of the graphene Raman spectrum are the G peak, the D peak and the 2D
peak with neutral positions at ~ 1580 cm ™!, ~ 1350 cm™! and ~ 2700 cm ™!, respectively

(124, 125, 126, 103, 10] The G peak originates from the high frequency E>, phonon at I"
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Figure 2.9: Raman spectra of pristine (top) and defected (bottom) graphene [10].

point (Figure 2.11). The D peak reveals itself only in the presence of defects and is due
to the breathing modes of six-atom rings (Figure 2.11) [127, 117, 128]. It stems from TO
phonons around the BZ edge K [127, 117]. The derivatives of the phonon dispersion curves
show jump discontinuities at the I" and K points of the TO and LO branches, respectively,
which are called Kohn anomalies (see Figure 2.10). The D peak is activated by double

resonance [128, 129] and is strongly dispersive with respect to excitation energy [130] due

30



to a Kohn anomaly at K. The D' peak is due to double resonance occurring as intra-valley
process by connecting two points of the same cone around K (or K’). The 2D and 2D' peaks
are the overtones of the D and D' peaks, respectively. The 2D and 2D' peaks are always
revealed in Raman spectra of graphene as they do not require a defect for activation, which
is due to the fact that these peaks originate from a process involving two phonons with
opposite wavevectors, thus satisfying momentum conservation [131, 132]. The slope of
Kohn anomalies bears direct relationship to the electron-phonon coupling strength. The
electron-phonon coupling is much stronger at the I and K points due to the steepest slopes
as compared to other points in the graphene Brillouin zone. Therefore, the Raman peaks

corresponding to the phonons at the I and K points are dominant.
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Figure 2.10: The optical phonon dispersions in single layer graphene relevant for the inter-
pretation of Raman spectra [10].
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Figure 2.11: E, vibrational mode (right) gives rise to the G peak in the Raman spectrum.
The D and 2D peaks come from A, breathing mode (left).

The Raman processes corresponding to the origins of the Raman peaks in graphene are
illustrated in Figure 2.12. The single phonon process due to the carbon bonds’ in-plane
stretching modes of vibration at the I" point give rise to the G peak in the graphene Raman
spectrum. An incoming photon generates an electron-hole pair. Then the electron loses
energy by phonon emission with wave vector ¢ = 0. Upon recombination of the electron
with the hole a lower energy photon is emitted, thus observing the laws of energy and
momentum conservation. Some single phonon processes may be deactivated by doping as
illustrated by a crossed process in Figure 2.12a. The intensity of the G peak increases with
the stronger electron-phonon coupling. The phonon wave vector does not have to be zero
in the presence of defects in graphene lattice, thus producing the D' and D peaks stemming
from intravalley (Figure 2.12b,c) and intervalley (Figure 2.12d-g) scattering mechanisms,
respectively. Raman processes illustrated in Figure 2.12b-e involve both an electron and
a hole participating in one event of scattering each. As shown in Figure 2.12f,g, there are
also contributions from the events, in which only the electron or the hole is scattered. For

the two phonon processes momentum conservation can be observed by emitting phonons
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with opposite wave vectors. The two phonon processes produce the 2D' peak and the 2D,
D+D" peaks occurring due to intravalley (Figure 2.12h) and intervalley (Figure 2.12i-k)
scattering, respectively. The two phonon processes, where only the electron or the hole is
scattered correspond to Figure 2.12j,k. In the presence of defects, D+D' is produced as a
result of one intravalley and one intervalley phonon emission. The contribution from the
processes in Figure 2.12f,g,j,k is small. Since the Raman process responsible for the 2D
peak does not involve virtual states, the process is, therefore, triple resonant, which ex-

plains the highest intensity of the 2D peak.

Figure 2.12: Raman processes in graphene. Solid black lines represent electronic disper-
sion. Shaded areas illustrate occupied states. Blue and red arrows are direct interband tran-
sitions occurring by photon absorption or emission, respectively. Dashed arrows indicate
intraband transitions by phonon emission. Horizontal dotted arrows represent scattering on
a defect[10].

The dependece of the Raman response on the number of graphene layers has made

Raman spectroscopy an indispensable and versatile characterization tool. Atomic force
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microscopy used to be the only tool for distinguishing between single layer and multiple
layer graphene until the capabilities of Raman spectroscopy in identification of graphene
layer numbers were demonstrated in 2006 by Ferrari ef al. [131]. Atomic force microscopy
method has its limitations in view of the problems stemming from the existence of wrinkles
and folds in graphene. Due to the resonant nature of the 2D peak Raman spectroscopy has
become a unique tool for determining the number of graphene layers in a fast and non-
destructive manner. The modification of the electronic bands by the layer number as well
as the different band structure of single layer and bi-layer graphene result in distinct Raman
spectra. The band structure and the double resonant processes are illustrated in Figure 2.13.
The interaction between the layers of graphene splits the 7 and 7* bands into four bands.
Hence, the band structure of bi-layer graphene consists of four parabolic bands [133] unlike
the linear nature of the band structure of single layer graphene in the vicinity of the K point.
The incident photons couple to two of these bands, whereas the TO phonons can couple
to all four of the bands. Hence, the 2D peak of bi-layer graphene is influenced by all four
double resonant scattering processes, which implies that the 2D peak is the sum of the four
Lorentzians, while single layer graphene exhibits a single symmetric Lorentzian 2D peak.

The vibrational and electronic properties associated with bi-layer graphene are depen-
dent on the relative position and the stacking order of the layers. In general, any relative
orientation of the two layers is possible. However, the most common stacking order often
encountered in graphene is the AB (Bernal) stacking illustrated in Figure 2.14c. The AA
stacking configuration in Figure 2.14b is not energetically stable, hence it is not encoun-
tered in multilayer graphene structures. The Turbostratic stacking (Figure 2.14d) refers to
the stacking configurations with the absence of rotational order. As the electronic band
structure of graphene is dependent on the stacking order of layers, the 2D peak in Raman
spectroscopy of graphene is influenced by the number of layers as well as the stacking

configurations.
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Figure 2.13: a)-d) The schematic electronic dispersion of bi-layer graphene near the K and
K' points with 7; and m, bands and the double resonant processes. €) The measured 2D
peak with fitted Lorentzians[12].

Hence, the shape of the 2D peak pertains to the interactions between layers in multilayer
graphene. It is known that multilayer graphene in turbostratic stacking configuration shows
a single Lorentzian 2D peak [134], which implies that the single Lorentzian shape of the
2D peak alone should not be identified with single layer graphene. The similarity of the 2D

peak shapes can be explained by the very weak interaction between layers in the turbostratic
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stacking configuration as compared to AB stacked graphene [13]. However, in the case of
turbostractic graphene, the position of the 2D peak is shifted by approximately 20 cm~! and
the FWHM (full width at half maximum) is doubled as compared to single layer graphene.
It has been also demonstrated that the area ratio of the 2D and G bands could indicate

stacking configuration of graphene [13].
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Figure 2.14: a)-d) The stacking order configurations of bi-layer graphene [5]. e),f) Raman
spectra of CVD graphene in Bernal and Turbostratic stacking configurations[13].

As discussed before, defects in graphene render single phonon scattering possible with-

out violation of the Raman selection rules. The D and D' peaks arise from the elastic scatter-
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ing by a defect in graphene lattice. Specifically, the D peak originates from the intervalley
scattering of TO phonons near the K point, while the D' peak stems from the intravalley
scattering of LO phonons near the I" point. Hence, edges and grain boundaries in graphene
are related to the occurrence of the D peak in Raman spectrum owing to the sensitivity of
the D peak to the lattice defects and dislocations. Thus, Raman spectroscopy is an effec-
tive technique for identification and quantification of the lattice defects in graphene. The
seminal paper by Tuinstra and Koenig demonstrated that the intensity ratio of the D and G

peaks is inversely proportional to the crystal size of graphene:

1G) L' 24

where C(514 nm) ~ 4.4 nm [127, 135, 136]. It is understood in theory as well as experi-
mentally verified that the D peak is generated in a small region of the crystal (~ 3 —4 nm)
in close proximity to a defect or an edge [137, 138, 139, 140]. Thus, the intensity ratio of
the D and G peaks provides a quick way of estimating the presence and concentration of
defects in the graphene lattice.

Raman spectroscopy finds one of its most extensive uses in application to determination
of the electron-hole doping levels due to the dependence of the G and 2D peaks on the
electronic doping. The effect of doping on the Raman peaks was studied by Das et al. [14]
by using electrochemical top gating to induce a wide range of doping levels accompanied
by in situ Raman measurements to track changes in the Raman spectrum corresponding to
different carrier concentrations. A gate voltage creating potential difference between the
gate electrode and graphene changes the electron concentration, which in turn shifts the
Fermi level position. The Fermi energy dependent on the electron concentration can be
written as Ep(n) = li|vp|\/n with vp and n denoting the Fermi velocity and the electron

2

concentration in ¢m™ -, respectively. The applied top gate voltage changes the electron
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concentration according to the following equation [14]:

Vrg(volts) = 1.16 x 107 7y/n+0.723 x 10~ 3n, (2.5)

where 7 is in units of cm 2. As seen from Figure 2.15 [14], in situ Raman measurements
reveal that the position and the FWHM of the G peak are both affected by the doping
concentrations. The stiffening and sharpening of the G peak occurs with increasing doping
levels. Excess carriers introduced by doping induce the crystal lattice to expand or contract
causing the equilibrium lattice constant to change, which modifies the phonon properties
and entails the changes in the G peak position. The shift of the G peak position to higher
energies 1s considered to be caused by the non-adiabtic elimination of Kohn anomaly at
the I" point [141]. The sharpening of the G peak, i.e. the decrease in the FWHM, is
caused by the elimination of the phonon to electron-hole pair decay path due to the Pauli
blocking [14]. As demonstrated in Figure 2.15a,b, the Fermi level and carrier concentration
may be estimated from the G peak position shift. However, the G peak alone does not
provide any information on the type of the doping because it shifts in the same direction
for both electron and hole doping. The shift in the 2D peak position can be used instead
to determine the doping type. As seen from Figure 2.15c, the 2D peak position is shifted
to lower energies for the electron doping and towards higher energies for the hole doping
[14]. The changes in the 2D peak position with doping are likewise explained in terms of
the modification of the lattice parameters by the excess charge resulting in altered phonon
properties. It can also be noted from Figure 2.15a that the intensity of the 2D peak decreases
with the electron or hole doping, which can be understood by considering the changes in

the scattering rates of charge carriers [142].
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Figure 2.15: a) In situ Raman spectra of graphene measured as a function of gate voltage.
b) The G peak position and its FWHM as a function of Fermi level (electron concentration).
c¢) The 2D peak position as function of Fermi level (electron concentration)[14].
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2.3 Ultrafast pump-probe measurements

The observed electronic and optical material properties stem from a complex combina-
tion of lattice, electronic and spin related phenomena generally occurring on a timescale
ranging from 1078 to 10~7s. Standard electrical measurement techniques typically involve
the use of the electrical apparatus such as network analyzers and capacitance ridge circuits
as well as a wide variety of other different methods. The temporal resolution of these
electrical measurements techniques is limited by a maximum bandwidth determined by the
response time constant RC of the system circuit components. Electronic signals faster than
the response time constant are rapidly suppressed and, hence, cannot be detected by the
measurement apparatus. Thus, modern electrical measurement techniques are capable of
resolving electrical signals on timescales exceeding 0.1 ns. On a shorter timescale less
that 0.1 ns other nonelectrical methods must be used in order to bypass the response time
limitation.

Experimental techniques allowing us to measure time evolution of the material prop-
erties on a femtosecond timescale transformed understanding of the electronic and optical
properties. Pump-probe spectroscopy is probably the simplest ultrafast optical technique.
In a typical pump-probe experiment, a high-intensity pump pulse perturbs and drives the
system out of equilibrium and a time-delayed weak probe pulse measures changes in the
transmission or reflection due to the photoexcitation as a function of time delay. Elec-
tronic detection limitation is bypassed by using sampling techniques in pump-probe mea-
surements and reconstructing the dynamical response on a femtosecond timescale. Pump-
probe spectroscopy has been successfully applied to study the nonequilibrium dynamics
of the electron-electron interactions, the coupling phenomena between electrons, phonons
and spins etc.

Pump-probe spectroscopy measurements give transient changes in optical properties
with a time resolution greatly exceeding the limitations of the system electronics. As out-

lined above, the superior temporal resolution beyond the response time limitations of the
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electronics is achieved by employing a sampling technique to reconstruct the signal. The
full ultrafast signal in the time domain is not obtained at once in a single measurement.
The ultrafast pump-probe signal is reconstructed by measuring the pump induced changes
in the transmission of reflection multiple times for each particular time delay by means
of the probe beam. Hence, each individual data point on a pump-probe spectrum is the
average signal over many reflected or transmitted probe pulses at a particular time delay,
which eliminates the detector electronics response time as a limiting factor of the temporal
resolution. In an ultrafast pump-probe experiment, limitation on the minimum temporal
resolution is imposed by the duration of the pump and probe pulses as well as the mini-
mum step of a time delay stage. Thus, ultrafast pump-probe spectroscopy enhances time
resolution to less than 50 fs despite the detector response time being much greater than
0.1 ns.

An example of a degenerate, noncollinear pump-probe setup is shown schematically on

Figure 2.16. The laser beam incident on a beam splitter is separated into two components.

150 1s
_hl ks 1A n= .
Ti:Sapphire == /', | Delay stage i
Probe
Pump
sample

Photodiode
detector

Figure 2.16: A degenerate, noncollinear pump-probe setup in reflection geometry.

The transmitted beam carries the biggest part of optical power and, hence, acts as a pump
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to drive the system under study out of equilibrium. The reflected beam has much less of
optical power and becomes a probe, which measures the state of a sample at a certain time
delay arising from the difference in the pump and probe path lengths. The pump beam
is usually sent through a broadband half-wave plate so that it becomes § polarized, which
perpendicular to the probe beam polarization p. An optical chopper is used to modulate
the pump beam at a frequency of a few kHz, which is used as the reference input for
a lock-in amplifier. The pump beam is focused on a sample by means of a lens or off-
axis parabolic mirror. The lens for the pump beam has to have a shorter focal length as
compared to a lens used to focus the probe beam so that the pump spot is larger than the
probe spot. The ratio of the pump-probe power should be ideally greater than 10:1 so
that the probe beam itself does not significantly alter the material properties at each time
delay. The probe beam travels through a delay stage with variable length. The relative
time of the pump and probe incidence on the sample is controlled by varying the length
of the delay stage. Hence, the delay stage is responsible for the temporal delay and the
ultrafast resolution. The minimum step size of the stage and the laser pulse width together
determine the limit of the temporal resolution. The probe beam is then focused onto the
surface of the sample and spatially overlapped with the pump beam spot. The probe beam
spot size should be at least twice smaller than the pump beam spot so that the probe only
samples the uniformly excited region, which cam be achieved by using a lens with a smaller
focal length having a smaller diffraction limited spot size. Since the pump and the probe
wavelengths are identical in degenerate pump-probe spectroscopy, it makes it difficult to
isolate the transmitted or reflected probe beam from the scattered pump light, which is
different from nondegenerate ultrafast pump-probe spectroscopy, where the problem can
be solved by using a wavelength filter blocking the pump and transmitting the probe. Thus,
in a degenerate pump-probe spectroscopy a significant background signal is present due
to both the pump and the probe beams having a component at the chopper frequency and

the lock-in amplifier being unable to distinguish between them. Therefore, the polarization
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optics are the indispensable components of the equipment required in this experiment to
prevent the pump beam from dominating the signal and saturating the lock-in amplifier.
The polarization of the pump beam is turned into § by the half-wave plate before incidence
on the sample. A polarizing cube beam splitter or broadband polarizer is positioned before
the detector to split the S polarized pump beam from the p polarized probe beam. After
passing through the polarizing beam splitter, the probe beam is focused on a detector and
the pump beam is diverted in a different path. The probe light incident on a detector is then
converted into an electrical signal. As mentioned before, the detector does not need to have
a tera- or petahertz bandwidth to measure the ultrafast pump-probe signal. Instead, the
detector must have the time resolution at the chopper frequency. A lock-in amplifier then
measures the electrical signal at the chopper frequency to extract changes in the probe beam
transmission or reflection. The temporal resolution in the experiment stems from the optical
path length difference between the pump and the probe pulses. The complete ultrafast
spectrum results from averaging repeated measurements of the photoinduced changes in
the probe transmission or reflection over the entire range time delays between the pump
and the probe.

The laser wavelength, i. e. the photon energy, used in an ultrafast pump-probe experi-
ment determines the electronic transitions that the pump pulse excites and the probe pulse
scans. The fluence defines as the pulse energy per unit area is related to the local heating
and density of photogenerated quasiparticles by the absorbed pump pulse. The value of
fluence must be large enough in order to induce measurable changes in the optical prop-
erties of a perturbed system. In other words, the signal to noise ratio must be larger than
unity, which determines a lower limit on the required fluence in a particular pump-probe
experiment. Lock-in detection employed in ultrafast pump-probe spectroscopy allows mea-
suring relative changes in transmission or reflection as small as 107> - 10~/ by means of
using a high repetition rate laser, high frequency modulation and highly sensitive avalanche

photodiodes. Lock-in amplifier along with an optical chopper reduce the overall noise by
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filtering out the noise not within the frequency pass band of the lock-in. High repetition
rate lasers further enhance the signal to noise ratio of the measured signal by means of an
increased counting statistics.

The interaction of a pulsed laser light with a sample can be described by the commonly
applied two-temperature model. The two interacting subsystems in a material are electrons
and phonons. The electrons in a material are internally in thermal equilibrium with the elec-
tron temperature 7,, while the thermal equilibrium of phonons is described by the phonon
temperature 7,,. As the external laser field couples only to the electrons in a material, the
energy of laser light is initially deposited into the subsystem of electrons. In the case of the
small electron temperature changes, the electron-phonon energy transfer can be approxi-
mated as a linear function of the temperature difference between the two subsystems. The
time evolution of temperature is then described by the following set of coupled differential
equations:

Cedd_Tze = —8e—p(Te —Tp) + P(1),

(2.6)

dT,
de—t’ = 8efp(Te - Tp);

where g._, is the electron-phonon coupling constant, C,(7') and C,,(T) are in general tem-
perature dependent specific heat capacitities of electrons and phonons, P(¢) describes en-
ergy deposition due to laser pumping.

The choice of laser pulse width is governed by temporal and spectral resolution. The
temporal resolution needs to be small enough in order to resolve the shortest temporal
feature and to reconstruct the relaxation process accurately. For instance, in the case when
the measured ultrafast relaxation can be modelled as a double exponential decay with the
time constants 7| < T, the temporal resolution need to be less than 7; in order to accurately
measure the relaxation dynamics. The double exponential decay models processes similar
to the semiconductor thermalization and recombination dynamics after above band gap
photoexcitation with a femtosecond pulse, where 7; and 7, represent the thermalization

(< 1 ps) and recombination (> 1 ps) time constants, respectively. The time domain signal
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for the case of instantaneous excitation, i. €. when the excitation process is much faster

than the temporal resolution, can be written as:

go(t) = u(?) {Al exp <—Til) +Asexp (—%)1 , @.7)

where u(?) is a step function and A and A, are the amplitudes of the two exponents.
As mentioned above, the laser pulse width must be short enough in order to resolve
the shorter lifetime 7;. The temporal profile of a typical laser pump and probe pulses is

described by a Gaussian with a pulse width ¢ and a central frequency vy:

2
p(t) = Bexp (—%) sin (27w vot ) (2.8)

In the equation for the double exponential decay signal it is assumed that the rise time is
instantaneous. However, in practice the pump pulse width o is finite and, hence, results
in a finite rise time of an ultrafast pump-probe signal. This essentially corresponds to the
case when the pump pulse energy is deposited to the system over the temporal profile p(t),
which causes a finite rise time of the actual response of the system. It is important to
understand that in this case the finite rise time of a signal does not represent any property
of the studied material, but stems from the experimental apparatus (see Figure 2.17). In
this case, the actual measured ultrafast pump-probe signal is a convolution integral of the

model relaxation dynamics go(¢) and the pump pulse temporal profile p(z):

a1(t) = / :” 20(x)p(x —1)dx (2.9)

The finite pulse width of the probe beam also causes a modification of the detected pump
induced dynamics signal. Each individual probe pulse measures the pump induced change
in the optical properties of the studied material over the temporal profile of the probe pulse.

Hence, the detected signal is a second convolution integral of the pump altered signal g (7)
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and the probe pulse temporal profile p(z):

o0 +oo o0
)= [ @10 ppmly=0dy= [ | [ aompunnlc x| ppnely )
(2.10)

oo oo
0= [0 | [ pmmnl-ppenr-nias]ax @

Exchanging the order of integration in the above equation yields an autocorrelation integral

C(7) representing the temporal overlap between the pump and probe pulse profiles:

—o0

C(T) = / ppump(z)pprobe(z_ T)dz = B exXp (_%) exXp (_ (Z o2 ) )dZ (2.12)

2 2
T T
C(T) = B2 eXp (_2_($2> =y eXp <_W) (213)

Hence, for the two Gaussian pulses the autocorrelation function is a Gaussian with a width
w = 62 with ¢ being the temporal pulse width of the pump and probe pulses. Thus,
given the model relaxation function go() and the pump and probe autocorrelation function

C(7), the actual detected signal is found by:

©)= [ s)Cl—1dx 2.14)

—o0

(1) = /j [AleXP (—%) +Agexp <—Tﬁz>} Coexp <—(x_<;—;t0>)2>dx (2.15)

The integral above can be written in terms of the error function integral:

g2(t) = Dyexp (—%) {1 —erf (2%1 —%)} +

r—1 w r—1
D O e (TR
oo [ (o)

This function can be fitted to experimental ultrafast pump-probe data to find the relative

(2.16)

amplitudes D; = CpA| and D, = CpA; as well as the time constants characterizing the fast
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and slow relaxation components 7; and 7, for a given cross correlation width w = ov/2.

It is clear from the above equations that processes with lifetimes shorter than the cross

correlation width cannot be monitored in a pump-probe experiment.
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Figure 2.17: Pulse width limited system response in an ultrafast pump-probe experiment.
a) The instantaneous response of the system for a delta function pump input. b) The finite

rise time of the system response due to the finite pulse width. [15]
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Chapter 3

Experimental data

3.1 Sample characterization and experimental configuration

Single layer CVD graphene on a copper foil was transferred onto a soda-lime glass
substrate by means of a wet transfer method. The substrate was confirmed to be soda-lime
glass with UV-VIS transmission and Raman measurements (see Figures 3.1 and 3.2). First,
poly-methyl methacrylate (PMMA) was spun coated on top of the graphene/copper sample
at 4500 rpm. Then, the sample was left in Iron Chloride (FeClz) for 24 hours to etch
away copper. After the copper foil is etched, the PMMA/graphene layer was cleaned of the
copper etchant residue by consequently dipping it in Deionized Water (DI) and then leaving
it in DI for 24 hours. Next, the PMMA/graphene sample was mechanically transferred
onto a soda-lime glass substrate. As the last step, we removed PMMA layer by dissolving
it in acetone, which followed by an isopropanol (IPA) rinse. The quality and uniformity
of the transferred graphene layer was confirmed by Raman spectroscopy using a Thermo
Scientific DXR Raman Microscope. Figure 3.3 shows Raman spectrum averaged over ten
different points on the sample, with positions of G and 2D peaks being 1591.6 + 1.5 cm ™!
and 2681 43 cm ™!, respectively. The type of Fermi level was determined from Figure 3.4
[19]. The red and blue solid lines in Figure 3.4 show the correlation between the G and 2D
Raman peaks of graphene doped with various densities of holes and electrons, respectively,
by an electrical method [20, 19]. The point on the graph corresponding to the positions
of the G and 2D peaks of our graphene sample (1591 cm™!, 2681 cm ™) rests on the blue
line in Figure 3.4. Hence, we infer the n-type of Fermi level for our sample. The shift of
11 em~! in the G peak position provides an estimate of the Fermi level (n-type) at 306 meV

as seen from Figure 3.5 [21].
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Figure 3.1: (Top) Transmission spectrum of our substrate with a thickness of 2mm. (Bot-

tom) Transmission of HSQ 100 quartz glass (orange) and soda-lime glass (gray) with a
thickness of 1 mm [16].
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Figure 3.3: Raman spectrum of graphene on a soda-lime glass substrate taken with 532 nm
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Figure 3.5: Fermi energy as a function of the relative frequency of the G peak [21].

Ultrafast pump-probe transmission measurements were carried out using a Ti:Sapphire
oscillator producing 120 fs pulses at a 76 MHz repetition rate. Pump and probe wavelengths
were initially both set to 800 nm (1.55 eV) and subsequently changed to 775 nm (1.60 eV),
825 nm (1.51 eV) and 850 nm (1.46 eV). Both beams were focused onto the specimen with
spot diameters of 80 um and 50 pum for pump and probe, respectively. The pump beam
was chopped using a SR540 optical chopper operating at about 4 kHz. The differential

transmission signal was detected using a Lock-In amplifier.

51



3.2 Pump-probe transmission data

Figures 3.6a, 3.7a, 3.8a and 3.9a show the pump fluence dependent DTD at 800 nm,
775 nm, 825 nm and 850 nm, respectively. After the initial positive spike in the differen-
tial transmission due to Pauli blocking of the interband transitions upon photoexcitation,
the slow recovery differential transmission dynamics can be either positive or negative de-
pending on the pump fluence. At high fluences (above 20 uJ/cm?, 25 uJ/cm?, 33 uJ /cm?
and 39 uJ/ cm? for 775 nm, 800 nm, 825 nm and 850 nm, respectively), the differential
transmission is fully positive due to predominant contribution of interband transitions [70],
while for lower fluences (below 20 uJ/cm?, 25 uJ/cm?, 33 uJ/cm? and 39 uJ/cm? for
775 nm, 800 nm, 825 nm and 850 nm, respectively) the differential transmission becomes
negative past ~0.5 ps due to greater contribution of intraband transitions [70]. At interme-
diate fluences (see data at the fluences of 20 uJ/cm? in Fig. 3.7a, 25 uJ/cm? in Fig. 3.6b,
33 uJ/cm? in Fig. 3.8a and 39 uJ/cm? in Fig. 3.9a for 775 nm, 800 nm, 825 nm and 850
nm, respectively), where a transition from intra- to interband dominated response occurs,
much faster relaxation dynamics of DT is observed as compared to low and high fluences

(indicated schematically by arrows in Figs. 3.6b, 3.7a, 3.8a and 3.9a).

3.3 Bi-exponential analysis of transmission relaxation curves

In order to characterize relaxation of the differential transmission, we fit a bi-exponential
decay convoluted with Gaussian pump and probe pulses to our data using the following

equation [15]:

(3.2)
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Figure 3.6: Pump-probe response of graphene on quartz at 800 nm using various pump flu-
ences. The dots represent experimental data and the solid lines are the fits. a) Normalized
pump-probe data. b) An order of magnitude faster differential transmission dynamics at a
transition from intra- to interband dominated response. The relaxation time decreases from
5 ps to less than 1 ps. c) The differential transmission data at a pump fluence of 25 pJ /cm?
plotted on a log scale showing almost a single exponential decay. d) The differential trans-
mission data at a pump fluence of 57 uJ/cm? plotted on a log scale showing two distinct
slopes implying a bi-exponential decay [18].
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lines represent the fits. The error bars represent s.d. of the fit [18].
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Figure 3.8: Normalized fluence dependent pump-probe data and corresponding character-
istic relaxation times of DT at 825 nm. The dots represent experimental data and the solid
lines represent the fits. The error bars represent s.d. of the fit [18].
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Figure 3.9: Normalized fluence dependent pump-probe data and corresponding character-
istic relaxation times of DT at 850 nm. The dots represent experimental data and the solid
lines represent the fits. The error bars represent s.d. of the fit [18].

where Dy, D, ty, 7,7, are the fitting parameters. w = ov/2 is the width of the auto-
correlation function with o being the width of the the Gaussian pump and probe pulses.
The time constants 7; and 7, refer to fast and slow decay processes, respectively. Since our
pulse width is 120 fs, we do not have enough temporal resolution to measure the time con-
stant 7| accurately. Therefore, we report and focus only on the slow decay characterized
by the time constant 7, which is sufficient for our needs because 7, largely characterizes
the total relaxation times of DT. The fitting results using equation 3.2 are shown in Figures
3.7b, 3.10, 3.8b and 3.9b for 775 nm, 800 nm, 825 nm and 850 nm, respectively. The ampli-
tude of the slower exponent corresponding to the relaxation time constant 7, changes sign
from negative to positive when going from lower to higher fluences, which explains the in-
stability of the biexponential fit at the intermediate pump fluences (see Table 3.11). As the
pump fluences approach the intermediate values, at which the aforementioned transition
occurs, the double exponential character of the response vanishes and instead becomes a
single exponential due to the fact that the amplitude of the slower component is essentially

zero at the intermediate fluences. As a result, the characteristic relaxation time of the differ-
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ential transmission drops by an order of magnitude at the intermediate fluences. The onset
of the single exponential behavior at the intermediate fluences is seen more clearly on the
log scale in Fig. 3.6c,d. In the next chapter we show that an order of magnitude faster DTD
observed at the intermediate fluences is explained well by a model that accounts for the
contributions of both intra- and interband transitions to DTD in graphene, which depend
on the temperature of the excited electrons.

Excited carrier density, 10?2 cm~2
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Figure 3.10: Characteristic relaxation times of DT at 800 nm. The error bars represent s.

d. of the fit [18].
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Chapter 4
Data analysis and modelling

4.1 Model for transmission and optical conductivity

Applying the optical boundary conditions at the air/graphene/substrate interfaces, the
optical transmission #(®) through the single layer graphene on a substrate normalized to

the transmission through the substrate can be expressed as [143, 56]

1
" 1+ 0(w)Zo/(1 +ny)2

t(o) @.1)

where ¢ () is the complex optical conductivity of graphene, Zj is the vacuum impedance
and ny is the refraction index of the substrate. Since the absolute value of the second term

in the denominator of equation 4.1 is much less than unity,

o(@)|Zo/(1+ns) <1, (4.2)

contribution of the imaginary part of the optical conductivity is negligible. Hence, the

equation for transmission of the sample becomes

1

Hw) = (1+Re[o(®)|Zy/(1+ny))?’ (4.3)

The further simplification of equation 4.3 may be achieved upon Taylor expansion. Keeping

the terms up to the first order, transmission is approximated as follows

t(w) ~1—2Re[c(w)]|Zy/(1+ ny) 4.4)
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The expression for f—O’ then becomes:

Ar _12f25AReG 4.5)
Iy 1— 125;(1)SR660 .
The optical conductivity of single layer graphene is given by[144]
Re (0 (0)) _ 4ksT [ln<1+eE;/k3T> 1n (1_,’_6E1{’-/kBT>] S 12' n
oo Th 0-T°+1
(4.6)

% {tanh (—hall;iE; ) -+ tanh <—ha;];iEI@ )] ,
where 0p = e® /4h is the universal quantum conductivity, kg is Boltzmann constant, 7T is
carrier temperature, E¢(ER) is the electron (hole) Fermi level, 7 is the momentum scatter-
ing time. The first term in equation 4.6 describes a Drude-like intraband contribution to
optical conductivity whereas the second term arises from interband transitions. The mea-
sured differential transmission is proportional to —A [Re (¢ (®)) /0] according to equation

4.5. Considering high n-type doping (E% >> 2kgT) and neglecting the contribution from

minority carriers (holes), the optical conductivity can be written as

Re(o(w)) 4E; t 1 (hw—2E§) @7)

= —tanh
0p mh P12 4kpT

The Fermi level, E}., and temperature, T, of electrons in the equation 4.7 are, in general,

time dependent quantities.

4.2 The electron temperature

The dynamics of the electron temperature is approximated to be governed by the follow-
ing system of first order linear differential equations corresponding to the two temperature
model, where the electrons and strongly coupled optical phonons are described by temper-

atures T and Ty, respectively. The initial electron cooling occurs through the emission of
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optical phonons followed by anharmonic decay into acoustic modes.

(

i = a(T,,—T), T(0)=T,
Y BT T, + W T~ Top),  Topl(0) = Toy, (4.38)
\ dgﬁc - O’ TaC(O) = TO?

where T, T,, and T, are the electron, optical and acoustic phonon temperatures, respec-
tively, @ = Goy,0p/Cet > 0, B = Gei,0p/Cop >0, Y= Gop.ac/Cop > 0 with G and C denoting
coupling constants and heat capacities of electrons and phonons, and o > 3, 7. Ignoring
temperature dependence of the coefficients o, B and 7, the given system of differential
equations can be solved analytically. As derived in Appendix B, the analytical solution is
given by a double exponential function with the time constants 7; and 7, characterizing the

faster and the slower relaxation components, respectively:

r=1 ;To[(l +h)e T + (1—K)e 2]+ T, (4.9)
T 2 (4.10)
1= .

(c+B+7y)++/(a+B—7)>+4By
T 2 4.11)
2 = .
(+B+7y)—/(a+B—7)>+4By
T1<T 4.12)
0<k= «—B-v 4.13)

<1
V(e—B—7?+4op
Apparently, there is some misunderstanding in literature, as it seems that some papers [58]
use a double exponential electron temperature referencing papers showing a bi-exponential
decay of the differential transmission [57, 64, 47, 66, 61]. We have shown that the double
exponential electron temperature is premised on the temperature independence of the co-
efficients in the two temperature model. Since in our case o > f3,7, the expressions for T

and 7, can assume much simpler form. Factoring out (& + 8 — 7)? from the square root in
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the expressions for 7; and 7, and doing Taylor expansion on the square root, to first order

we get

~

T~ (4.14)

T~ (4.15)

RI= Q=

Thus, equations 4.14 and 4.15 imply that 7| characterizes the electron-phonon ther-
malization and 7, characterizes the hot optical phonon relaxation. Finally, the electron

temperature as a function of time can be written as

Ty — T¢ N _ ot
T(1) =~ > 2[(1+k)e w4+ (1—k)e =r]+Tp, (4.16)
_ a—B-vy _ 1 _1
where k = \/(a—ﬁ—y)2+4aﬁ’ Te—ph = ¢ and Top = 7

4.3 Implementation and results

The initial electron temperature, 77, and Fermi level, Ef are estimated from energy

conservation [68, 144]:

Ue(To,N) +AQ =U.(T\,N +n)+U,(T1,p), (4.17)
where
M3T3 [ ES"
U,,=—2_F[|=E 4.18
eh= o 2<kBT)’ (4.18)
22T [ ES"
— F . 4.19
n,p ﬂvzhz 1 kBT ( )

F; and F, are the first- and second-order Fermi integrals, respectively. v = 10® m/s is the
Fermi velocity in graphene, N is the electron concentration at equilibrium. The time dy-
namics of the Fermi level, EY. is taken into account by solving equation 4.19 with carrier

densities recombining exponentially, n = N + npe™’ /% The effective recombination time
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Tr = 1.3 ps [68] was fixed for all fits. The results of the fitting procedures are shown in
Figures 4.3a-f below. In all following Figures 4.3a-f the normalized differential transmis-
sion % is plotted on the vertical axis and time delay Ar in picoseconds on the horizontal
axis. The red circles represent experimental data. The fitting curves are in blue.

Figure 4.2b shows the pump fluence dependence of the relaxation time constant 7, .
Clearly, 7,, monotonically increases with increasing pump fluence and does not drop
abruptly in the vicinity of the critical pump fluence. Hence, we conclude that such fast
relaxation of the differential transmission is not due to a change in the relaxation mecha-
nism, but due to inter- and intraband transitions contributing almost equally with opposite
signs to the optical conductivity of graphene in the vicinity of the threshold pump flu-
ence. The monotonic changes in 7,, as a function of pump fluence occur as a result of
ignoring the temperature dependence of the electron-phonon coupling constant and the
electron and phonon heat capacities. While microscopic theories describing ultrafast dy-
namics in graphene without invoking any fitting parameters have been developed [70, 145],
the present approach is sufficient to demonstrate that an order of magnitude faster DTD at
the intermediate pump fluences is well described by the model applied here accounting for
intra- and interband transitions. Furthermore, an order of magnitude difference between the
characteristic relaxation time of DT at the threshold pump fluences 7; and the characteristic
relaxation time of the electron temperature 7,, indicates significant changes in the optical
properties without altering the electron and phonon relaxation mechanisms.

Figure 4.1 shows the dependence of the threshold pump fluence on the wavelength as
measured in our experiments. At the threshold pump fluence, a perfect balance between
intra- and interband transitions leads to an order of magnitude faster DT relaxation. Be-
yond this fluence interband transitions dominate the signal. As seen from Figure 4.1, the
threshold pump fluence as well as the corresponding excited carrier density are greater for

lower probe energies. This behavior can be qualitatively understood based on Equation 4.7

describing the contributions of intra- and interband transitions to the optical conductivity
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of graphene. The first Drude-like intraband term increases with decreasing probe energies.
In other words, intraband absorption is more significant at lower probe energies. The only
way to make the interband term have greater contribution is to reach higher electron tem-
peratures so that the changes in the optical conductivity due to that interband term become
greater. Hence, one needs to excite more electrons in order to reach higher temperatures

and, consequently, overcome intraband absorption.
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Figure 4.1: Threshold pump fluence versus wavelength [18].
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Figure 4.2: a) Characteristic relaxation times of DT at 800 nm obtained from the bi-
exponential fit. At the pump fluences of 25 uJ/cm? and 29 uJ/cm? the bi-exponential
fit parameters have huge uncertainties because the amplitude of 7, exponent is close to
zero. Hence, the differential transmission dynamics is essentially characterized by a sin-
gle exponent with time constant 7| at intermediate fluences of 25 pJ/cm? and 29 uJ/cm?.
As a result, an order of magnitude faster differential transmission relaxation times are ob-
served. b) The phenomenological optical phonon relaxation time constant characterizing
the relaxation of the electron temperature obtained by fitting the model accounting for inter-
and intraband transitions to the DT data at 800 nm. The error-bars arise from the fitting
procedure [18].
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optical conductivity and the electron temperature.
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Chapter 5

Ultrafast relaxation dynamics of graphene on patterned quartz

5.1 Introduction

The use of graphene in numerous applications frequently involves placing it on a sub-
strate. The intrinsic properties of graphene are very dependent on the surrounding en-
vironment. Consequently, a substrate can significantly influence equilibrium and non-
equilibrium dynamics in graphene. The effect of substrate on carrier relaxation mecha-
nisms has been already explored in many studies [48, 49, 50, 51, 146, 62, 39]. In the study
conducted by Hale et al. [146] relaxation dynamics was reported to be faster in suspended
than supported graphene, whereas Gao et al. [62] found faster relaxation dynamics for
supported graphene on a substrate. In the study by Wang et al. [39] relaxation dynamics
was found to be independent of the substrate or graphene growth method. It is also known
that carriers in graphene can lose their energy to coupled surface optical phonons of polar
substrates through long range Frohlich interactions [48, 49, 50, 51].

The project presented in this chapter is premised on the fact that it is generally under-
stood that the ultrafast carrier relaxation dynamics is different for suspended and supported
graphene. If single layer graphene is transferred onto a patterned substrate, i. €. a sub-
strate with a certain percentage of holes, its ultrafast carrier dynamics should be modified.
Thus, by varying relative percentage of suspended to supported graphene it should be pos-
sible to tune the ultrafast carrier relaxation dynamics in graphene. In the next section the
experimental results as obtained from pump-probe experiments on single layer graphene
transferred onto a patterned quartz substrate with hole densities of 16%, 33% and 50% are

presented.
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Figure 5.1: Schematic representation of the quartz substrate. The white regions represent
suspended portions and the green regions represent supported portions of graphene. Each
pattern is 400 by 400 micrometers. Hole size is 1 by 2 micrometers. The same graphene
sheet covers all three patterns. From left to right the hole densities are 50%, 33% and 16%.

5.2 Experimental results and conclusions

Single layer CVD graphene grown on a copper foil was transferred onto a quartz sub-
strate with a wet transfer method (see section 3.1 for details). The substrate had three peri-
odic patterns of holes with densities of 16%, 33% and 50%. The hole size was one by two
micrometers. The size of each pattern was 400 by 400 micrometers. The same graphene
sheet covered all three pattern simultaneously. The sample configuration is shown schemat-
ically on Figure 5.1. Raman spectroscopy confirmed single layer graphene on all patterns
as illustrated on Figure 5.2. The dependence of G and 2D peak positions on the percentage
of suspended graphene is given in Figure 5.3.

Ultrafast pump-probe measurements were conducted using a Ti:Sapphire oscillator pro-
ducing 120 fs at a 76 MHz repetition rate. Pump and probe wavelengths were both set to
800 nm (1.55 eV). Pump and probe spot diameters were 80 um and 50 um, respectively.
The pump beam was chopped using a SR540 optical chopper operating at about 4 kHz. The
differential transmission signal was detected using a Lock-In amplifier. The pump-probe
data were taken at a few different spots for each sample. In order to characterize the ultra-
fast relaxation dynamics, we fitted a bi-exponential decay convoluted with Gaussian pump

and probe pulses to our data using equation 3.2, in which Dy, D, ty, Ty, T, are the fitting
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parameters. The key fitting parameter characterizing the ultrafast differential transmission
relaxation dynamics is 7. The values of 7, obtained from the bi-exponential fit for each
individual spot on every pattern are show on Figure 5.5. The average values of 7, along
with the standard deviation for each pattern are shown on Figure 5.4. As seen from Fig-
ure 5.4, the average values of 7, do not depend on the percentage of suspended graphene.
The variations of 7, obtained from experiments are within the standard deviation. Thus,
we conclude that patterning the substrate does not significantly affect the ultrafast relax-
ation dynamics in graphene. Speaking in more rigorous terms, the anticipated effect of a
patterned substrate is overridden by non-uniformity of the sample, i. e. the statistical varia-
tions of 7, due to the non-uniformity are much larger than due to the effect of the patterned
substrate. By examining Figure 5.4 we finally conclude that any variations of 7, due to the

effect of a patterned substrate must be less than 0.2 ps.
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Figure 5.2: Raman spectra of graphene on the patterns with 0% (top), 16%, 33% and 50%
(bottom) suspended graphene.
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Chapter 6

Overview and conclusions

We investigated ultrafast carrier-phonon relaxation in graphene supported on a soda-
lime glass substrate using transmission pump-probe spectroscopy. The range of applied
pump fluences distinctly shows different regimes of transmission relaxation dynamics (see
Figures 3.6, 3.7, 3.8 and 3.9). At low pump fluences, the differential transmission ini-
tially rises up after initial photoexcitation and then drops below zero due to prevailing
induced absorption from the intraband transitions of the photoexcited electrons. At high
pump fluences, the ultrafast optical response of graphene is positive, i.e. the differential
transmission curve as a function of time delay lies entirely above zero due to dominating
bleaching of the interband transitions by Pauli blocking. We studied the crossover from de-
creased to enhanced differential transmission, which occurs in the vicinity of the threshold
pump fluence. The main result is the observation that there exists an order of magnitude
faster decay of the differential transmission in the vicinity of the threshold pump fluence,
at which the crossover from decreased to enhanced differential transmission occurs. This
fact was verified by carrying out bi-exponential analysis of the ultrafast differential trans-
mission relaxation curves. To better understand such unconventional behavior of the dif-
ferential transmission, we applied a model for transmission of graphene on a substrate,
which relates it to the optical conductivity depending on the time varying temperature of
the Fermi-Dirac distributed electrons. The temporal evolution of electron temperature was
modelled by a system of first order linear differential equations with constant coefficients
describing the cooling of the electron system and the coupled optical phonons via emission
of lower energy phonons, which possessed analytic solution conveniently relating tempera-
ture relaxation time constants to the phenomenological electron-phonon thermalization and

optical phonon relaxation rates. Fitting the measured differential transmission spectra with
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our model, which is generally based on previous models [68, 144, 41, 69], showed that the
time constant characterizing the electronic temperature relaxation monotonically increases
with pump fluence, while the relaxation time constant characterizing the differential trans-
mission is non-monotonic and has a minimum in the vicinity of the threshold pump fluence
as shown in Figure 4.2. Indeed, the phenomenological relaxation time constant of the opti-
cal phonons did not show any abrupt changes in the vicinity of the threshold pump fluence,
from which it followed that there was no change in the electron relaxation mechanism.
Approximately equal contribution (with opposite signs) of inter- and intraband terms to the
optical conductivity in the vicinity of the threshold pump fluence results in the relaxation
time constant for the differential transmission to be 10 times smaller as compared to high
and low fluences. The value of the threshold pump fluence and the critical excited electron
density, at which the faster relaxations are observed, increase with decreasing probe ener-
gies as the intraband absorption is greater at lower probe energies. Interestingly, it was also
found that electron temperature took approximately ten times longer to relax as compared to
the differential transmission in the region around the transition pump fluence. This suggests
that the optical signal actually decays long before the excited electrons relax to the initial
state. In conclusion, this work contributes an important crucial insight into the picture of
inter- and intraband transitions influencing the ultrafast pump-probe response of graphene
by investigating the crossover from the decreased to enhanced differential transmission
regimes. The complete understanding of the dynamical ultrafast pump-probe optical re-
sponse of graphene as well as carrier relaxation dynamics is of significance to fundamental
graphene related research as well as to applications of graphene in ultrafast photonic de-
vices. In particular, our new observation of an order of magnitude faster relaxation of the
ultrafast pump-probe optical signal may find its application in saturable absorbers, where

dynamic response, i.e. how fast it recovers, is one of the key parameters.
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Appendix A

Relation between transmission and optical conductivity

Applying the optical boundary conditions at the air/graphene/substrate interfaces, the
optical transmission #(®) through the single layer graphene on a substrate normalized to

the transmission through the substrate can be expressed as [143, 56]

1

) = T ot@)zo/ (T m)P

(A.1)

where o() is the complex optical conductivity of graphene, Zj is the vacuum impedance
and ny is the refraction index of the substrate. Since the absolute value of the second term

in the denominator of equation A.1 is much less than unity,

lo(®)|Zo/(1+n;) <1, (A.2)

contribution of the imaginary part of the optical conductivity is negligible. Hence, the

equation for transmission of the sample becomes

1

") = T Refo(@)Z0/(1 T m) P+ (mo(@)Zo/( Tm)E &)
1

(@) = (A4)

(1+Re[o(0)]Zo/ (1 +n5))>’
due to the fact that Re[o(®)]Zp/(1 +ns) < 1 and Im[o(®)]Zy/(1 4+ ns) < 1 The further

simplification of equation A.4 may be achieved upon Taylor expansion.

1
" 1+ 2Re[0(®))Zo/(1+ny) + [Re[o(0)]Zo/ (1 + 1) ]2

() (A5)
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Since l—ix ~l—xforx<1,
t(w) = 1-2Re[o(®)|Zo/(1+ny) — [Re[o(@)]Zo/(1 +ny))?
Keeping the terms up to the first order, transmission is approximated as follows
t(w) =1—2Re[c(w)]|Zy/(1+ny)

Next, we can find the expression for %.

Ar (11— 220 Rec)—(1— 22 Reoyp)
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Appendix B

Derivation of the electron temperature

The dynamics of electron temperature is approximated to be governed by the follow-
ing system of first order linear differential equations corresponding to the two temperature
model, where the electrons and strongly coupled optical phonons are described by temper-
atures T and Ty, respectively. The initial electron cooling occurs through the emission of

optical phonons followed by the anharmonic decay into acoustic modes.

4
9 = a(T,, —T), T(0) =T,
dT,
Ly — B(T—T,))+¥(To—Tp),  Top(0) =T, (B.1)
% =0, Tac’(o) = To,

\

where T, T,,, and T, are the electron, optical and acoustic phonon temperatures, respec-
tively, & = Gey0p/Cet > 0, B = Gei0p/Cop >0, Y= Gopac/Cop > 0 with G and C denoting
coupling constants and heat capacities of electrons and phonons, and o > 3, 7. Ignoring
temperature dependence of the coefficients ¢, B and 7, the given system of differential
equations can be solved analytically. By subtracting the second equation from the first

equation we get

T~ Top) = (B + Q)T ~Top) +¥(Top o) (B.2)

Upon differentiation equation B.2 becomes

d? d d
T3 (T=Top) = —(B+0) (T = Tp) + 7 (Top — Th) (B.3)
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After plugging equation B.2 in to equation B.3 we obtain

d2

T Tp) = (B + @)~ (B+)(T~Top) 4 WLy~ To)] 47 Top (B

Next, we plug the second equation from B.1 into equation B.4 to get

d2

a’z(T Top) = ([3-1—06) (T —Top) +Y(B+ ) (Top — To) +YB(T — Tpp) +7’2 (To — Top)
(B.5)
Combining like terms
2
T =Top) = [(B+ @R +1BIT ~ L) + [P+ B+ )T ~T) (B

Expressing Tp — T, from equation B.2 and pluggnig it into equation B.6

dZ
dr?
(B.7)

Combining like terms

2
ZAT Top) =[(B+ @)’ +YB—v(B+a)— (/3+Oc)2](T—T0p)—[a+ﬁ+y]%(T_Top)
(B.8)
@ ¢ g T_T dr 7 B9
dt2< 017) [ }’OC]( - op)_[a+ﬁ+'}’]a( — op) ( )

Finally, by moving all the terms to the left-hand side of the equation we bring the differen-

tial equation with respect to T — T,,, to a standard form

2
52(T Tgp)+[06+[3+7’] (T—Top)+[a}/](T—Top):0 (B.10)

Thus, we have to solve a linear second-order homogeneous differential equation with con-

stant coefficients. The corresponding characteristic equation is an algebraic quadratic equa-
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tion

A+ (a+B+yA+ay=0 (B.11)

The discriminant of the given quadratic equation is

D= (a+B+y)?—4ay (B.12)

Opening the brackets and combining like terms

D=oa?+B%+ 7V +2af +20y+2By—4ay (B.13)
D=0o’+B>+y+2aB+2By—2ay (B.14)
D=0a*+B*+ 7y +20B —2By—2ay+4By (B.15)
D= (a+B—7y)*+4By (B.16)

The discriminant D is positive because a, 3,7 > 0. Thus,

D= (a+B+7)?—day=(a+p—y)>+4By>0 (B.17)

Hence, the characteristic equation has two real roots.

p— @Bty —Vletpry)?—day  —(atBty)-V(etp-pn +afy
2 2
(B.18)
P C A/ VA G ]t 1 (e C 2 VA R ek -V
2 2
(B.19)
The solution to the differential equations is given by
T—T _C lll‘ lzl‘
op = Cre™" +Cre™, (B.20)
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where C1,(C; are constants to be determined from the initial conditions. Particularly, by

plugging in # = 0 in equation B.20 we obtain an equation relating C; and C;.
T(IZO)—TOP(Z‘:O):Tl—T0:C|+C2 (B.21)

Since ultimately we are looking for the electron temperature 7', we plug equation B.20 into

the differential equation B.1 for T'.

ar

e = —a(CieM +CeM) (B.22)

By taking the antiderivative we get

B aCy e)m _ aC Aot

_ B.2
T T G (B.23)

The constant of integration Cj is determined by plugging in t — +oo. The first two terms

vanish because the coefficients A; and A, are negative.
T(t— +o0) =Ty =Cs (B.24)

By plugging ¢ = 0 into equation B.23 and combining it with equation B.21 we get two

equations with respect to C; and C,.

oC oaCy
T =— — 4T (B.25)
S PR
Ci+GC=T-T (B.26)

Plugging C, from equation B.26 into equation B.25

oC o
TI:—TI—T(TI—TO—CI)+T0 (B.27)
1 2
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1 1 o
T —Ty=C — — — ) ——(T71 = T¢ B.28
1 —To 106(7L2 ll) 12(1 0) (B.28)
1,1
C = T—2(T - Tp) (B.29)
L M

1 1

ot
C=1-7—)—T) (B.30)

LA

b+
Cr=—1—71(l ~T) (B.31)

h A

Thus, the equation for the electron temperature is
T = (Tl — T())(C1ellt + Czelzt) + T, (B.32)

where ¢ and ¢; are given by

1 1

azta
=711 (B.33)

"W n

1 1

a gzt
=T (B.34)

2% " M

Next, we perform some algebraic operation to cast the expressions for ¢y and ¢; into a more

sensible and beautiful form.

o
Y - (B.35)
1_ /11 .
=%
a+A
- B.36
c1 T ( )

After plugging in the expressions B.18 and B.19 for A; and A,, respectively, we get

atpty—+/(a+p+y)*—4ay
o 2

V(a+B+7y)?—4ay

)= (B.37)
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_o—B-y+(a+B+7)?—4ay
2v/(a+B+7)? —4ay

The expression under the square root is transformed in the following way

C1

(a+[3+7)2—4ay: o>+ B2+ +20B +207+2By—4ay

(a+B+7)° —4ay=a’+B>+7 —2af —2ay+2By+40p
(a+B+7)*—4ay=(a—B—7)>+4ap

By plugging equation B.41 into equation B.38, we get

(@a—B-9+(@—B-p’+4aB _
2/(a=B -7 +4ap

c1 — )

due to a > B,7. We carry out similar algebraic operations for c¢;.

. o+ M
=

Using equations B.18 and B.19 for A; and A,, respectively, we get

_ _ 2_
o+ (a+B+7) 2(a+B+V) day

—/(a+B+7)*—4ay

C) =

_a—B-r—+(a+B+7)?—4ay

“ -2/ (a+B+7y)2—4ay
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(B.39)

(B.40)

(B.41)

(B.42)

(B.43)

(B.44)

(B.45)

(B.46)

(B.47)



Using equation B.41 for the expression under the square root

(@-B-y)+\(a—B-—p'+daB

2/(a—B -7+ 40P A

C) =

By plugging equations B.42 and B.48 for ¢ and ¢, respectively, in the equation B.32, we

get
T — I —To At Aot
where k = a By . Since o > 3,7, it follows that 0 < k < 1. Equation B.49 can
V(a—p—174ap Py a
be rewritten as
T1 — T() _r _
T = 5 [(1+k)e 4+ (1—k)e 2]+Tp, (B.50)
where
1 2
Mo (a+B+y)+V(a+B—7)2+4BY
1 2

Tz:_’l_zz(0‘+l3+}’)—\/(05+/3—3’)2+4/37’ (552

From equations B.51 and B.52 it follows that 0 < 7] < 7. Thus, the electron temperature

T(t) is a biexponential function of time with 7; and 7, characterizing the faster and the
slower relaxation components, respectively. Since in our case o > 3,7, the expressions
for 71 and 7, can assume much simpler form. Starting with equation B.51 and factoring out

(0t + B — 7)? from the square root, we get

2
T = (B.53)

(@+B+1+(@+B—7)\/1+ o5

Since (afg;zyﬁ < 1 dueto o > 3,7, we can do Taylor expansion on the square root to get
2
T = 4By 1 (B.54)
(a+B+y)+(a+p =1+ 355 Tole)
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2

T = (B.55)
a+B+y+atB—y+igis+o(am)
2
T = (B.56)
2(a+B)+ g5 + o)
1
T = p (B.57)

Hence, to first order we have 7] ~ é Similarly, we run the same simplifications for 7,.

2
Ty = (B.58)

(@+B+7)—(@+B—1/1+ Gilm

2
T, = B 1 (B.59)
(@+p+7y)—(a+p—-y)(1+ m*‘f)(m))
2
T = (B.60)
atBty—a—P+y— g —o(a)
T ! (B.61)
2 = .
Y- o= — o)
1
H=—— (B.62)
v—7v0(g)

Consequently, to first order we have 7, ~ 71, Thus, the expressions for 7] and 7, imply that
71 characterizes the electron-phonon thermalization and 7, characterizes the hot optical

phonon relaxation. Finally, the electron temperature as a function of time can be written as

Th—To

5 ———[(1+k)e T4 (1—k)e =r]+Tp, (B.63)

(1) =

1
s Te—ph = g and’cop:?.

a-B—y
V(a—B—y)*+4ap

where k =
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