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ABSTRACT 

 
Two dimensional (2D) materials are poised to revolutionize the 

future of optics and electronics.  The past decade saw intense research 
centered around graphene. More recently, the tide has shifted to a bigger 
class of two-dimensional materials including graphene but more 

expansive in their capabilities. The so called ‘2D material zoo’ includes 
metals, semi-metals, semiconductors, superconductors and insulators. 
The possibility of mixing and matching 2D materials to fabricate 

heterostructures with desirable properties is very exciting.  
To make devices with superior electronic, optical and thermal 

properties, we need to understand how the electrons, phonons and other 

quasi particles interact with each other and exchange energy in the 
femtosecond and nanosecond timescales. To measure the timescales of 
energy distribution and dissipation, I used ultrafast pump-probe 

spectroscopy to perform time-domain measurements of optical 
absorption. This approach allows us to understand the impact of many-
body interactions on the bandstructure and carrier dynamics of 2D 

materials.  
After a brief introduction to femtosecond laser spectroscopy, I will 

explore the transient absorption dynamics of three classes of 2D 

materials: intrinsic graphene, graphene-hBN heterostructures and 
Transition Metal Dichalcogenides (TMDs). We will see that using pump-
probe measurements around the high energy M-point of intrinsic 
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graphene, we can extract the value of the acoustic deformation potential 
which is vital in characterizing the electron-acoustic phonon 

interactions. In the next part of the thesis, I will delineate the role of the 
substrate in the cooling dynamics in graphene devices. We will see that 
excited carriers in graphene on hBN substrates cool much faster that on 

SiO2 substrates due to faster decay of the optical phonons in graphene-
hBN heterostructures. These results show that graphene-hBN 
heterostructures can solve the hot phonon bottleneck that plagues 

graphene devices at high power densities. In the last part, I will 
demonstrate the role of phonon induced bandgap renormalization in the 
carrier dynamics of TMD materials and measure the timescale of 

phonon decay through the generation of low-energy phonons and 
transfer to the substrate. This study will help us understand carrier 
recombination in TMD devices under high-bias conditions which show 

great potential in opto-electronic applications such as photovoltaics, 
LEDs etc. 
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CHAPTER 1.  

Introduction 
 
The rapid pace of development in the field of electronics means 

we are pushing the limit on how many transistors and other active 

elements we can pack into a single chip. Consequently, device 
dimensions are scaling down while current densities are increasing. 
Pushing the frontier in this direction requires that we overcome various 

challenges. The rise of 2D semiconductors since the discovery of 
graphene has been meteoric and it poised to offer alternative solutions 
to the problems encountered by scaling down the dimensions of silicon 

transistors. The reduced dimensionality of 2D structures causes 
increased many-body interactions due to reduced screening effects. 2D 
materials offer a convenient test bed to observe exotic physics in table 

top experiments. State of the art vapor deposition and transfer 
techniques make it possible to construct vertical heterostructures with 
electronic or optical properties that are engineered to suit specific 

applications. To enable a tailored approach to heterostructure 
construction, a thorough understanding of carrier dynamics is essential. 
Relaxation of excited carriers via multibody scattering processes is the 

dominant mechanism of energy loss. Pump-probe spectroscopy using 
ultrafast femtosecond lasers has made it possible to study carrier 
dynamics directly in the time domain. In this thesis, I will describe a 

series of experimental investigations probing the dynamics of two 
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dimensional materials using mainly pump-probe spectroscopy 
techniques. In chapter two, I will describe the physics of ultrafast pulses; 

particularly, their generation, amplification and measurement. In 
chapter three, starting with the electronic properties of graphene, I will 
discuss carrier dynamics in graphene where electron-phonon 

interactions lead to bandstructure renormalization near the M-point of 
the Brillouin zone. Chapter four deals with carrier dynamics in 
heterostructures of graphene and hexagonal boron nitride (hBN). In this 

chapter I will discuss our experimental results where we prove 
conclusively that hBN substrates cause faster carrier relaxation in 
graphene than SiO2 substrates due to enhanced optical phonon decay. 

In chapter five, I will describe our results in non-degenerate pump-probe 
spectroscopy of Transition Metal Dichalcogenides where we see an 
interesting interplay of excitonic dynamics due to mid-gap defect states 

and carrier-phonon renormalization. Understanding excitonic dynamics 
is important to reduce recombination rates in photoexcited TMDs and 
leverage their potential as a photovoltaic material. 
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CHAPTER 2.  

Experimental Methods 
 
Coherent laser pulses shorter than one picosecond were first 

produced by mode-locked dye lasers more than forty years ago1. State-

of-the-art lasers capable of producing pulses with durations in the few-
femtosecond range can be purchased commercially at prices within the 
reach of small research groups.  

The commercial interest in ultrafast lasers is driven by their 
application in materials processing and spectroscopy. Ultrafast lasers 
are used in micro and nanomachining of metals, semiconductors and soft 

materials. Ultrashort pulses deliver large quantities of energy at 
timescales far less than thermal diffusion timescales of materials. This 
reduces heat diffusion to regions adjacent to the processed area, thereby 

producing sharp edges and a high-quality finish. Ultrafast lasers are 
ideally suited for processing soft matter like bio-polymers (e.g. used in 
the manufacturing of stents) and tissue2. In fact, the widely advertised 

bladeless Lasik surgery uses femtosecond lasers to cut a flap on the 
cornea to expose the lens.  

Rapid advances in technology have brought femtosecond time 

domain spectroscopy into the purview of research labs around the world. 
Modern Ti-Sapphire based amplified lasers can produce peak powers in 
the terawatt range. This makes ultrafast lasers useful in studying the 
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non-linear properties of materials such as two-photon absorption, 
saturable absorption etc. 

In this chapter, I will talk about the various experimental aspects of a 
typical ultrafast spectroscopy setup starting with the generation, 
manipulation and measurement of ultrafast pulses. I will also briefly 

describe data acquisition schemes and signal-noise considerations in 
pump-probe experiments. 

2.1 Description of a femtosecond pulse 
An ultrashort light pulse can be mathematically described by 

expression of the electric field as a function of time. Sinusoidal electric 
fields are best described using the complex number notation, while 
keeping in mind that it is the real value of the complex field that is 

physical. The expression for a typical ultrashort pulse is (ignoring the 
polarization): 

𝐸𝐸(𝑡𝑡) = 𝐸𝐸0𝑒𝑒−𝑖𝑖�𝜔𝜔0𝑡𝑡−𝜑𝜑(𝑡𝑡)�𝑒𝑒
−𝑡𝑡2

2𝜏𝜏2 2.1 

Here, 𝜔𝜔0 is the central frequency, 𝜑𝜑(𝑡𝑡) is the temporal variation 

of the phase, 𝐸𝐸0 is the maximum amplitude and 𝜏𝜏 is the pulse width. 
Throughout this thesis, I will always refer to the pulsewidth as the value 

for 𝜏𝜏 in Eqn. 2.1. A single pulse with a pulsewidth of 5.5 𝑓𝑓𝑓𝑓 is shown 

along with the intensity envelope in Figure 2.1 (a). The instantaneous 
frequency is the derivative of the temporal phase: 

𝜔𝜔(𝑡𝑡) =
𝑑𝑑𝜑𝜑(𝑡𝑡)
𝑑𝑑𝑡𝑡

2.2 

For the pulse shown in Fig. 2.1 (a), I assume that 𝜑𝜑(𝑡𝑡) is constant 

or more generally, a linearly increasing with time, i.e. the pulse is 
unchirped. This means that the instantaneous frequency of an 
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unchirped pulse is constant. A chirped pulse is one where the 
instantaneous frequency varies with time. A linear variation of 𝜑𝜑(𝑡𝑡) is a 

simple shift of the center frequency and is not a chirp. To obtain a linear 

chirp, the phase has to increase quadratically with time. Fig. 2.1(b) 
shows the time profile of a chirped pulse where the temporal phase 
varies quadratically as: 

𝜑𝜑(𝑡𝑡) = 0.006 𝑡𝑡2 2.3 
The red lines in Figs. 2.1 (a) and (b) mark the normalized 

intensity of the light pulse. The intensity is proportional to the square 

of the electric field. 

 
Figure 2.1: (a) Fourier transform limited ultrashort pulse measuring 5.5 fs. (b) Chirped pulse of 

the same duration. (c) and (d) Fourier transforms of pulses in (a) and (b) respectively. 
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The spectrum of the pulse is given by the Fourier transform of the 
time domain expression. The spectrum has important physical 

significance because of the ease of its measurement in the laboratory. 
Taking the Fourier transform of the expression in Eqn. 2.1, we get: 

𝐸𝐸�(𝜔𝜔) = � 𝐸𝐸(𝑡𝑡)𝑒𝑒−𝑖𝑖𝜔𝜔𝑡𝑡𝑑𝑑𝑡𝑡
∞

−∞
 

=  𝐸𝐸�0𝑒𝑒
−

(𝜔𝜔−𝜔𝜔0)2

2(𝛥𝛥𝜔𝜔)2 2.4 

Here, 𝛥𝛥𝜔𝜔 is the spectral bandwidth of the pulse whose spectrum 

centered around 𝜔𝜔0. Being inverse Fourier variables, 𝛥𝛥𝜔𝜔 and 𝜏𝜏 are 

related to each other by the relation: 

𝛥𝛥𝜔𝜔 =
1
𝜏𝜏

2.5 

Figure 2.1 (c) and (d) show the Fourier transform of the pulses in 

Figs. 2.1 (a) and (b) respectively. We note that the spectral phase is flat 
for the unchirped pulse and varies quadratically for the chirped pulse. 
We see that even though the unchirped pulse and the chirped pulse have 

the same temporal width (𝜏𝜏 = 5.5 𝑓𝑓𝑓𝑓), the spectrum of the chirped pulse 

is more than twice as broad as that of the unchirped pulse because of 
the additional frequency components generated due to chirping. From 
Eqn. 2.5, we see that in order to generate a short pulse, it is necessary 

to have a large spectral bandwidth. More generally, a broad bandwidth 
with all the spectral components adding up in phase generates a short 
pulse. The shortest pulse that can be generated with a given bandwidth 

is known as the Fourier transform-limited pulse. 
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2.2 Generation and amplification of femtosecond 
pulses 

A typical ultrafast laser system like the one in our lab consists of 
a laser oscillator producing the ultrafast pulses and an amplifier to 

increase the pulse energy. In the following sections, I will briefly 
describe the working principles of an ultrafast laser. 

2.2.1 Kerr Lens Mode-locking 
In a typical laser with an inhomogenously broadened gain profile, 

numerous longitudinal cavity modes are oscillating simultaneously with 

random phases and amplitudes. Ultrafast pulses of light are produced 
via mode-locking, i.e. locking the phase of adjacent cavity modes of the 
laser cavity so that they constructively add up to produce short pulses. 

Mode-locking produces a train of ultrafast pulses. The temporal spacing 

between the pulses �𝑡𝑡𝑟𝑟𝑒𝑒𝑜𝑜� is determined by the roundtrip travel time for 

a pulse in the cavity. If 𝐿𝐿 is the length of the cavity, then 𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒 ≈ 2𝐿𝐿 is the 

total optical distance travelled by the pulse in one round trip.  

𝑡𝑡𝑟𝑟𝑒𝑒𝑜𝑜 =
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒
𝑐𝑐

2.6 

In the frequency domain, the cavity modes that are supported by 

the cavity (and are phase locked) are given by: 

𝜔𝜔𝑛𝑛 = 𝑛𝑛 �
2𝜋𝜋𝑐𝑐
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒

� =
2𝜋𝜋𝑛𝑛
𝑡𝑡𝑟𝑟𝑒𝑒𝑜𝑜

2.7 

Where n is a positive integer. The gain bandwidth of the lasing 

medium (usually a titanium-doped sapphire crystal) needs to span 
multiple cavity modes so that they can be mode-locked and produce a 
train of ultrafast pulses. Thus, in the frequency domain, the spectrum 
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of an ultrafast train of pulses is a comb of frequencies spaced 𝜔𝜔𝑎𝑎𝑎𝑎𝑐𝑐 = 2𝜋𝜋𝑎𝑎
𝐿𝐿𝑒𝑒𝑒𝑒𝑒𝑒

 

apart. This frequency comb spectrum of an ultrafast laser has spawned 
a whole new field of high precision spectroscopy3. A train of ultrafast 

pulses (𝜏𝜏 = 5.5 𝑓𝑓𝑓𝑓) spaced 𝑡𝑡𝑟𝑟𝑒𝑒𝑜𝑜 = 500 𝑓𝑓𝑓𝑓 apart and the equivalent 

frequency comb spectrum with comb spacing 𝜔𝜔𝑎𝑎𝑎𝑎𝑐𝑐 = 0.0125 𝑓𝑓𝑓𝑓−1 is 

shown in Fig. 2.2. The broad envelope of the frequency comb spectrum 
is the gain spectrum of the gain medium. 

 
Figure 2.2: (a) Simulated pulse train with a 500 𝑓𝑓𝑓𝑓 repetition rate. (b) Fourier transform of the 

pulse train in (a) showing comb structure.  

We can estimate the number of oscillating longitudinal cavity modes 

using: 

𝑁𝑁 =
𝛥𝛥𝜔𝜔
𝜔𝜔𝑎𝑎𝑎𝑎𝑐𝑐

2.8 

In our lab, we use a laser oscillator (Griffin-I, KMLabs) with a 

repetition rate of 78 MHz, corresponding to 𝑡𝑡𝑟𝑟𝑒𝑒𝑜𝑜 = 12.83 𝑛𝑛𝑓𝑓. This gives 

us a comb spacing of 𝜔𝜔𝑎𝑎𝑎𝑎𝑐𝑐 = 4.897×10−7 𝑓𝑓𝑓𝑓−1. From Eqn. 2.5, we know 

that the gain bandwidth of a transform limited 30 𝑓𝑓𝑓𝑓 pulse (typical) is 

𝛥𝛥𝜔𝜔 = 0.033 𝑓𝑓𝑓𝑓−1. Plugging the numbers in Eqn. 2.8, we estimate about 
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67,388 cavity modes oscillating with locked phases in our mode-locked 
laser. 

Mode-locking is achieved in practice by modulating the loss (or 
gain) of the laser cavity at the repetition rate 𝑡𝑡𝑟𝑟𝑒𝑒𝑜𝑜. We can imagine this 

modulation as the ‘opening’ and ‘closing’ of a window in the cavity when 
light can pass through it. Modulating the loss discriminates against all 
possibilities except the one where all modes oscillate in phase, thus 

confining the electric field in space and time so that the pulse can pass 
through the gain medium when the window is open. Modulating the loss 
in a cavity can be done ‘actively’ using a fast acting aperture like an 
Acousto-Optic Modulator or ‘passively’ by placing a saturable absorber 

in the cavity. Almost all modern ultrafast lasers work based on a passive 
mode-locking mechanism called Kerr lens mode-locking. An ultrashort 
pulse propagating inside a mode-locked cavity is a soliton solution of a 

non-linear Schrodinger equation (Eqn. 2.9) where the dispersion effects 
(playing the role of the kinetic energy) are balanced by the non-linear 
Kerr effects (potential energy term). 

𝑗𝑗
𝜕𝜕𝐴𝐴(𝑧𝑧, 𝑡𝑡)
𝜕𝜕𝑧𝑧

= −𝐷𝐷2
𝜕𝜕2𝐴𝐴
𝜕𝜕𝑡𝑡2

+ 𝛿𝛿|𝐴𝐴|2𝐴𝐴 2.9 

Here, 𝐴𝐴(𝑧𝑧, 𝑡𝑡) represents the vector potential of the light field, 𝑧𝑧 is 

the direction of propagation, 𝐷𝐷2 represents the chromatic dispersion and 

𝛿𝛿 is a constant proportional to the non-linear refractive index of the 

medium. Precise modelling of generation of ultrafast pulses is an active 
and challenging area of research because of the tangled spatial and 
temporal dynamics involved. Instead, I will try to qualitatively describe 

the physics behind the mode-locking process. 
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The Kerr effect is an electro-optic effect where the refractive index 
of a medium changes with the intensity, 𝐼𝐼(𝑟𝑟, 𝑡𝑡), of the incident light. 

𝑛𝑛(𝑟𝑟, 𝑡𝑡) =  𝑛𝑛0 + 𝑛𝑛2𝐼𝐼(𝑟𝑟, 𝑡𝑡) 2.10 
Here, 𝑛𝑛0 is the usual refractive index of the material and 𝑛𝑛2 is the 

non-linear refractive index coefficient of the material. All centro-
symmetric materials have a non-zero 𝑛𝑛2. When an ultrafast pulse passes 

through a Kerr medium, the refractive index of the medium affecting 

the pulse is maximum at the peak intensity of the pulse. Since the pulse 
is Gaussian-shaped both spatially and temporally, the Kerr medium 
acts as an effective lens. The medium is effectively optically denser near 

the center (Gaussian peak) than on the edges. In the time domain, the 
strongest focusing occurs at the temporal peak of the pulse and weak 
focusing occurs at the wings, thereby entangling the spatial and 

temporal dynamics of the beam. This effectively generates a light pulse 
with a time-dependent mode size. By placing a physical aperture in the 
cavity after the Kerr medium, we can selectively pass the most intense 

part of the beam near the temporal peak (which is focused tighter), 
effectively shortening the pulse. This process is schematically shown in 
Figure 2.3. The success of this mechanism rests on the fact that the Kerr 

effect response times of the medium are as fast as the ultrafast pulse. 
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Figure 2.3: (a) An ultrafast pulse showing the peak which gets focused and the wings that do not 

pass through the aperture. (b) A schematic of a cavity that is set up for Kerr lens mode-locking. 

In practice, the gain medium doubles as the Kerr medium and 
instead of placing an aperture (called a hard aperture), we can use a soft 

aperture scheme where an effective aperture is created on the gain 
medium by focusing the pump beam to a spot size that is smaller 
resonator spot size (when the laser is not mode-locked) but is matched 

to the spot size of a self-focused ultrafast pulse. Since the gain is 
proportional to the overlap of the pump and laser beams, this 
configuration preferentially picks the mode-locked oscillation mode 

(pulsed mode) as opposed to the usual continuous wave mode (CW 
mode).  

The Kerr effect also causes the laser beam to undergo self-phase 
modulation (SPM) along with the self-focusing effect. As the pulse 

passes through the medium it experiences a refractive index-dependent 
phase shift: 

𝜑𝜑(𝑡𝑡) = 𝜔𝜔0𝑡𝑡 −
2𝜋𝜋
𝜆𝜆0
𝑛𝑛(𝑡𝑡).𝑑𝑑 2.11 

Using Eqn. 2.3 the instantaneous frequency is: 
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𝜔𝜔(𝑡𝑡) =
𝑑𝑑𝜑𝜑(𝑡𝑡)
𝑑𝑑𝑡𝑡

= 𝜔𝜔0 +  
2𝜋𝜋𝑑𝑑
𝜆𝜆0

𝐼𝐼0
2𝑡𝑡
𝜏𝜏2
𝑒𝑒
−𝑡𝑡2

𝜏𝜏2 2.12 

We see that the leading edge (𝑡𝑡 < 0) of the pulse is red-shifted and 

the trailing edge (𝑡𝑡 > 0) is blue-shifted. This frequency shift can be 

approximated as a linear chirp in the central portion of the curve, 
𝜔𝜔(𝑡𝑡) ≈ 𝜔𝜔0 +  𝛼𝛼. 𝑡𝑡 2.13 

where 𝛼𝛼 = 2𝜋𝜋𝜋𝜋
𝜆𝜆0
𝐼𝐼0

2
𝜏𝜏2

. 

The effect of SPM on the pulse is similar to that of positive or 
normal dispersion, i.e. it causes an effective upchirp (increase in 

frequency with time) in the pulse. Since ultrafast pulses have a 
comparatively broad spectrum, and all materials show chromatic 
dispersion to some degree, we can expect that the pulse will suffer 

additional positive (or normal) dispersion in the cavity due to chromatic 
dispersion. The chromatic dispersion introduced into a pulse can be 
quantified by the group delay dispersion (GDD) of the cavity.  

𝐷𝐷 =
−𝜆𝜆
𝑐𝑐
𝑑𝑑2𝑛𝑛
𝑑𝑑𝜆𝜆2

2.14 

We need to compensate this dispersion inside the cavity. This is 
done using a prism dispersion compensator. The basic principle behind 
a prism compensator is shown in Figure 2.4. The lower frequency 

components of the light pulse travel a longer distance than the higher 
frequency components, causing anomalous (or negative) dispersion. By 
moving one of the prisms in and out, i.e. changing the value of 𝐿𝐿, we can 

control the amount of negative chirp imparted to the pulse. 
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Figure 2.4: Schematic of a Kerr lens mode-locked ultrafast oscillator. 

2.2.2 Chirped Pulse Amplification 
The pulses produced in the laser oscillator via mode-locking have 

an energy of about 6 𝑛𝑛𝜇𝜇. The pulse duration is typically ~ 30 𝑓𝑓𝑓𝑓, thus 

peak power is ~ 200 𝑘𝑘𝑘𝑘. Upon focusing to a spot size of 1000 𝜇𝜇𝑐𝑐2, the 

peak intensity that we can expects is ~ 20 𝐺𝐺𝐺𝐺
𝑎𝑎𝑐𝑐2. This is not sufficient to 

see highly non-linear effects like High Harmonic Generation (which is 
used to generate XUV pulses that are used in our lab to study attosecond 

level dynamics of atoms, molecules and materials). In order to increase 
the pulse energy, we amplify the femtosecond seed pulses from the 
oscillator using a multipass amplifier. 

The amplification stage mimics the gain stage in the oscillator 
without the cavity. Energy is pumped into a gain medium (Ti-Sapphire) 
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using a pump laser. The seed pulse extracts the stored energy in a 
stimulated emission process and is amplified in the process. The pump 

laser for the amplification stage is a kHz repetition rate Q-switched 
Nd:YLF laser which emits light at 527 𝑛𝑛𝑐𝑐. The pulse duration is about 

400 𝑛𝑛𝑓𝑓, and pulse energy is about 20 𝑐𝑐J. For maximum gain extraction 

and a high peak pulse power, we need to reduce the repetition rate of 
the oscillator pulse train from 78 𝑀𝑀𝑀𝑀𝑧𝑧 to 1 𝐾𝐾𝑀𝑀𝑧𝑧. This is done by passing 

the seed pulse train through a Pockels cell. A Pockels cell is essentially 
an electro-optic device that rotates the plane of polarization of the light 

by 𝜋𝜋 2�  when a pulsed high voltage (~ 5𝑘𝑘𝑒𝑒) is applied across it. The width 

and repetition rate of the high voltage pulse train is timed to coincide 
precisely with one seed pulse every millisecond (matching the repetition 
rate of the pump laser). Using a crossed polarizer to let the rotated 

pulses pass through and reject the others, we effectively reduce the 
repetition rate of the seed pulse train to 1 𝑘𝑘𝑀𝑀𝑧𝑧. 

To avoid damage to the crystal and other thermal and non-linear 
distortion effects, the seed pulse is stretched from 30 𝑓𝑓𝑓𝑓 to  ~ 200 𝑝𝑝𝑓𝑓 

using a grating stretcher. The stretcher imparts a positive chirp to the 

pulse by propagating the blue components farther than the red 
components. Since the 527 𝑛𝑛𝑐𝑐 pump pulse duration is much longer 
(~ 200 𝑛𝑛𝑓𝑓) than the stretched 780 𝑛𝑛𝑐𝑐 seed pulse (~ 200 𝑝𝑝𝑓𝑓), the seed can 

be sent around into the gain medium multiple times using a ring 
geometry to repeatedly extract gain from a single pump pulse, limited 
only by the saturation limit of the gain medium. Typically, we choose to 

use 10 or 11 passes to extract maximum gain from the crystal. To 
prevent thermal damage and wavefront distortion to the crystal, it is 
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held under high vacuum (~10−9 𝑡𝑡𝑡𝑡𝑟𝑟𝑟𝑟) and at liquid nitrogen 

temperature (77 𝐾𝐾). After amplification, the pulse energy is ~ 2 𝑐𝑐𝜇𝜇. We 

can estimate the gain factor in a multipass chirped pulse amplifier as 
~ 3×105. The amplified seed pulse is sent into a grating compressor, 

which works like the opposite of the stretcher, to compress the pulse 

back to 30 –  50 𝑓𝑓𝑓𝑓. 

 
Figure 2.5: Schematic of a multipass chirped pulse amplifier. 

The ultrafast pulses from the amplifier are centered around 
780 𝑛𝑛𝑐𝑐 and have a bandwidth of about 40 𝑛𝑛𝑐𝑐. Frequency doubling of the 

gives us access to an ultrafast laser beam with a central wavelength of 
~ 400 𝑛𝑛𝑐𝑐. In order to extend the range of wavelengths that we can use 

in experiments, we use an Optical Parametric Amplifier (OPA). We have 

two-stage, non-collinear OPA in our lab. In the first stage, the 780-nm 
pump light from the amplifier is split into three portions. One portion of 
it is used to generate a white light continuum seed, which is non-linearly 

mixed with the second portion of the pump to generate a signal and idler 
beam in the mid-IR wavelength range. The signal is then amplified in 
the second stage using the third portion of the pump beam. Using 
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frequency doubling, we can further extend the range of the OPA output 
into the visible and near-UV. The conversion efficiency depends on the 

desired wavelength, with the highest conversion efficiency being about 
20% at 1500 nm. The pulse width of the OPA output is similar to that of 
the pump pulse (~ 30 𝑓𝑓𝑓𝑓). 

2.2.3 Frequency Resolved Optical Gating 
Since ultrafast pulses are some of the fastest physical processes 

that can be reliably recreated, it is not possible to use electronic 
detectors and circuits to measure pulse duration. One way to overcome 
this problem is to measure it against a time-delayed copy of itself. We 

use a non-linear crystal like 𝛽𝛽 - barium borate (BBO) to generate the 
sum frequency pulse of the original pulse and the delayed pulse in a 

three-wave mixing process. This process is called autocorrelation. The 
time profile of the second harmonic pulse can be easily measured by 
scanning the delay stage and measuring the intensity using a 

photodetector. This is used to estimate the pulse width of the original 
pulse. 

𝐼𝐼𝑆𝑆𝑆𝑆𝐺𝐺(𝜏𝜏) ∝ � � 𝐸𝐸(𝑡𝑡)𝐸𝐸(𝑡𝑡 − 𝜏𝜏)𝑑𝑑𝑡𝑡
∞

−∞

�

2

2.15 

There is, however, a drawback with autocorrelation. 
Autocorrelation does not give us any information about the phase of the 

pulse. In order to be able to retrieve phase information, we need to take 
the spectrum of the second harmonic beam at every delay step (𝜏𝜏) i.e., a 

frequency resolved autocorrelation. The resulting two dimensional data 
set is called a spectrogram. It can be mathematically described by: 
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𝑆𝑆(𝜔𝜔, 𝜏𝜏) ∝ � � 𝐸𝐸(𝑡𝑡)𝐸𝐸(𝑡𝑡 − 𝜏𝜏)𝑒𝑒−𝑖𝑖𝜔𝜔𝑡𝑡𝑑𝑑𝑡𝑡
∞

−∞

�

2

2.16 

This technique is called Frequency Resolved Optical Gating or 
FROG. The experimental setup for a FROG measurement is shown in 
Figure 2.6 (a) and a typical spectrogram of an ultrafast pulse is shown 

in Fig. 2.6 (b). The algorithm to retrieve the magnitude and phase of the 
electric field from the spectrogram is called the Principle Components 
Generalized Projections algorithm4,5. Fig. 2.6(c) shows the electric field 

reconstructed using commercial FROG software. 
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Figure 2.6: (a) Experimental setup for a FROG scan. (b) Spectrogram of a 40 𝑓𝑓𝑓𝑓 pulse. (c) 
Reconstructed electric field intensity (blue) and phase of the same pulse as in (b) showing a 

quadratic phase (red). 

2.3 Pump-probe spectroscopy 
With the ultrafast pulses at our disposal, we can perform 

experiments to measure the timescales of various optical and electronic 
processes in materials, atoms and molecules. Time-resolved 

experiments are typically performed in a pump-probe geometry. 
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Wavelength tunable ultrafast pulse trains from the OPA, the 780 𝑛𝑛𝑐𝑐 

beam from the amplifier and the second harmonic at 395 𝑛𝑛𝑐𝑐 can be sent 

into either the pump arm or the probe arm of the experiment to obtain 
a spectrally resolved time domain measurement of material properties. 

The basic principle behind pump-probe spectroscopy of a typical 
semiconductor is quite simple. A pump pulse promotes charge carriers 
(electrons and holes) into the conduction and valence bands. The fluence 

of the pump determines the number of charge carriers excited. Typically, 
the timescale of the excitation process is of the same order of magnitude 
as the pulse width. Upon excitation, the energy is redistributed inside 
the material via various relaxation mechanisms. The reflection or 

transmission of a time delayed probe pulse is used to probe the state of 
the material at a fixed time delay. By scanning the time delay using a 
delay stage, we can obtain the relaxation dynamics of the material. 

Since the probe must not cause any material property changes of its 
own, the intensity of the probe pulse must be much smaller than the 
pump pulse. By adjusting the spot size of the probe to be much smaller 

than the spot size of the pump, we ensure that the probe samples a 
uniform spatial carrier distribution. Figure 2.7 shows the typical setup 
of a pump-probe experiment. 
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Figure 2.7: Schematic representation of a pump-probe experiment in the transmission geometry. 

Since the pump-induced reflection or transmission changes can 

be smaller than 0.1%, and the laser intensity fluctuates as much as 2%, 
we need to increase the signal to noise ratio. We use a chopper to 

modulate the intensity of the pump beam at a fixed frequency 𝑓𝑓𝑎𝑎ℎ. The 

transmission or reflection of the probe which is monitored on a fast 
silicon photodiode, is fed into a lock-in amplifier’s input. The reference 
frequency of the lock-in amplifier is connected to the chopping frequency 

signal signal from the chopper. The output of the lock-in amplifier is 
windowed around 𝑓𝑓𝑎𝑎ℎ, with a bandwidth that is determined by the 

integration time scale of the lock-in. Effectively, the output of the lock-
in amplifier measures only the pump-induced changes in the reflection 

(or transmission) of the probe. This scheme increases the SNR by a 
factor of 1000 and makes it possible to measure fractional changes in 
optical properties as small as 10−4. 

Using the tools and methods describe in this chapter, I have 

performed time resolved experiments to probe the optical properties of 
select 2D materials and heterostructures that are of current interest 
(2012-2017). 
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CHAPTER 3.  

Optical Properties and Spectroscopy of 
Graphene  
 

Although the theoretical existence of graphene has been known 
for a long time, graphene was first isolated from graphite in 20046 by 
Andre Geim and Kostya Novoselev at the University of Manchester. 

They received the Nobel prize in 2010 for their breakthrough discovery. 
Since then, there has been a barrage of research in every aspect of 
graphene physics. The deceptively simple “Scotch tape method” made 

graphene isolation simple and accessible to many research groups 
around the world. Optical and electronic devices manufactured using 
graphene as the active material have shown high functionality coupled 

with mechanical characteristics such as flexibility and strength. 
Graphene’s high electrical conductivity (1,000 – 20,000 cm2 V–1 s–1)7,8 
coupled with high thermal conductivity (5000 W·m−1·K−1)9 make it an 

ideal candidate for opto-electronic devices such as photodetectors10, 
saturable absorbers11, photovoltaic cells12, photonic crystals13, field 
effect transistors14, transparent conductors15 and even loudspeakers16. 

3.1 Electronic properties 
Graphene is a two-dimensional sheet of carbon atoms in a 

hexagonal lattice as shown in Figure 3.1. Graphite which is a well-
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known material used in many applications consists of graphene sheets 
stacked on each other in a crystallographic alignment. The carbon atoms 

in a sheet of graphene are sp2 hybridized which involves one 𝑓𝑓 and two 

𝑝𝑝 orbitals resulting in a trigonal planar structure with a 𝜎𝜎 bond 

connecting any two carbon atoms. This leaves a 𝑝𝑝 orbital on each carbon 

atom perpendicular to the graphene plane which forms half-filled 𝜋𝜋 
bonds with neighboring carbon atoms. The strong  𝜎𝜎 bonds are the 

reason graphene is structurally robust for a single layer of atoms. The 

non-locality of the 𝜋𝜋 bonded electrons results in the high electrical and 

thermal conductivity of graphene.  

 
Figure 3.1: (a) Hexagonal crystal structure of graphene showing the unit cell (parallelogram) (b) 

First Brillouin zone in reciprocal space showing important points and reciprocal lattice vectors 

 The repeating unit cell of graphene is a parallelogram as shown 

in Fig. 3.1(a). The crystal lattice consists of two carbon atoms( A, B), 
which are set in a triangular lattices interlocked with each other to form 
the hexagonal graphene lattice. Neigbouring carbon atoms in graphene 



39 
 

are seperated by a = 1.43 Å. The primitive lattice vectors in the real 

space are  

𝐚𝐚𝟏𝟏 =  
a
2
�3,√3�, 𝐚𝐚𝟐𝟐 =  

a
2
�3,−√3� 3.1 

The reciprocal lattice vectors are 

𝐛𝐛𝟏𝟏 =  
2π
3a

�1,√3�, 𝐛𝐛𝟐𝟐 =  
2π
3a

�1,−√3� 3.2 

The important points in the first Brillouin zone are marked in 
Figure 3.1 (b). The K-points are of particular interest as the fermi 

surface of graphene passes through these points. We use a tight binding 
approach7 to describe the electronic properties of graphene. The tight 
binding model assumes that the electrons can hop from one carbon atom 

to the nearest carbon atom and next to nearest carbon atom. The energy 
expense for an electron to hop to the nearest atom is t = 2.8eV and to the 

next to nearest atom is t′ = 0.56eV. The Hamiltonian for the system can 

be written in the second quantization scheme as: 

𝑀𝑀 =  −𝑡𝑡 � �𝑎𝑎𝑠𝑠,𝑖𝑖
† 𝑏𝑏𝑠𝑠,𝑗𝑗 + 𝑀𝑀.𝐶𝐶. �

<𝑖𝑖,𝑗𝑗>,𝑠𝑠

− 𝑡𝑡′ � �𝑎𝑎𝑠𝑠,𝑖𝑖
† 𝑎𝑎𝑠𝑠,𝑗𝑗 + 𝑏𝑏𝑠𝑠,𝑖𝑖

† 𝑏𝑏𝑠𝑠,𝑗𝑗 + 𝑀𝑀.𝐶𝐶. �
≪𝑖𝑖,𝑗𝑗≫,𝑠𝑠

3.3 

Here, 𝑓𝑓 denotes the spin of the electrons which can be up (↑) or 

down (↓) and 𝑖𝑖, 𝑗𝑗 denote the lattice sites where < 𝑖𝑖, 𝑗𝑗 > denotes 

summation over neighboring carbon atoms and ≪ 𝑖𝑖, 𝑗𝑗 ≫ denotes 

summation over next to nearest carbon atoms. The operators 𝑎𝑎,𝑎𝑎† and 

𝑏𝑏, 𝑏𝑏† denote creation and annhilation operators for electrons on the A 

and B lattice sites. Diagonalizing the above hamiltonian, we can solve 

for the energy dispersion of the electrons.  If 𝒌𝒌� = �𝑘𝑘𝑥𝑥,𝑘𝑘𝑦𝑦� denotes the 

momentum vector in the first Brillouin zone, the dispersion relation is 

𝐸𝐸(𝑘𝑘) = ±𝑡𝑡�3 + 𝑓𝑓(𝑘𝑘) − 𝑡𝑡′ ∙ 𝑓𝑓(𝑘𝑘) 3.4 
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𝑓𝑓(𝑘𝑘) = 2 cos√3 𝑘𝑘𝑦𝑦𝑎𝑎 + 4 cos�
√3
2
𝑘𝑘𝑦𝑦𝑎𝑎� cos �

3
2
𝑘𝑘𝑥𝑥𝑎𝑎� 3.5 

 
Figure 3.2: Electronic bandstructure of graphene. Inset: Close up near Dirac point showing 

linear dispersion. 

The two bands seen Fig. 3.2 are the conduction band (𝜋𝜋) and lower 

valence band (𝜋𝜋∗). The Fermi surface passes through the K-points, 

which is also where the conduction and valence band meet. This makes  
graphene a zero bandgap material; i.e., a semi-metal. For low energy 
optical or electronic excitations, we can deduce the dynamics by 

expanding the dispersion about the K-point momentum as 𝐤𝐤 = 𝐊𝐊 + 𝒒𝒒 

where the K-point momentum vector is 𝐊𝐊 =  �2𝜋𝜋
3𝑎𝑎

, 2𝜋𝜋
3√3𝑎𝑎

� and |𝒒𝒒|(≪ |𝑲𝑲|) is 

the momentum relative to the K-point. Such an expansion gives us a 
linear dispersion relation near the Dirac point. 
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𝐸𝐸±(𝒒𝒒) = ±𝑣𝑣𝑒𝑒|𝒒𝒒| 3.6 

Here, the constant 𝑣𝑣𝑒𝑒 ≈ 1×106 𝑐𝑐
𝑠𝑠
 is called the fermi velocity. The 

inset to Figure 3.2 shows the linear dispersion close to the Dirac point. 
The linear dispersion relation implies that the charge carriers in the 

conduction and valence bands are massless. The carriers near the Dirac 
point are usually referred to as Dirac fermions since they can be 
describes using the massless Dirac equation. The opportunity to study 

relativitic effects in a laboratory setting is one of the prime reasons 
graphene research attracts a lot of attention. 

3.2 CVD growth procedure 
The easiest (and the earliest) method to isolate graphene is the 

“scotch tape method” where chunks of HOPG (Highly Oriented Pyrolytic 
Graphite) is stuck to a piece of low residue scotch tape and repeatedly 
exfoliated to reduce the average flake thickness. After sufficient 

iterations, the thinned and reduced flakes are deposited on a Si/SiO2 
chip. This last step is vital for optical identification of monolayer 
graphene due to thin film interference as we will see in the next section. 

This procedure produces a few high-quality, albeit tiny, graphene flakes 
on some Si/SiO2 chips. To get larger graphene flakes we use a low 
pressure chemical vapor deposition (CVD) technique. This technique 
was used to make most the samples that were used in the studies 

described in this dissertation. The actual procedure has evolved and 
changed over many years but the basic steps follow the recipe by X. Li 
et al17. The steps below represent one particular recipe for graphene 

growth. 
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1. Cut a flat piece of 25μm thick copper foil and clean it by sonicating 
the foil in acetone for 20 minutes followed by rinsing with 

methanol. Then immerse it in a 20:1 solution of DI water:HCl. 
Rinse off with DI water and dry it off using compressed nitrogen.   

2. Make a small enclosure (pouch) out of the copper foil by folding it 

along its length and crimping the edges. 
3. Place the foil in the tube and insert it into the furnace. 
4. Anneal the copper at 1010˚C for 20 minutes. 

5. Flow methane and hydrogen gas at 1 SCCM and 2 SCCM 
respectively keeping the temperature at 1035˚C for 120 minutes 
and shut off gas flow and turn the heating coil off. 

6. When the pouch comes to room temperature, remove it from the 
furnace. Open the pouch up and keep track of which side 
corresponds to the inside as we are only interested on the growth 

inside the pouch. Graphene grows on both sides of the pouch. 
7. Spin coat PMMA onto the copper foil. Keep the PMMA confined 

to the side which has the graphene of interest. 
8. Float the foil with the PMMA facing up in a solution of 1:1:10 

HCl:H2O2:DI water until the copper dissolves away. This usually 
takes up to 12 hours. 

9. Rinse very gently with DI water. 

10. Using the desired substrate, pick off the PMMA/graphene 
structure gently and use compressed nitrogen to push the film flat 
onto the substrate. 

11. Bake the PMMA/graphene/substrate stack at 130˚C for about 30 
minutes to soften the PMMA. 
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12. Use acetone to dissolve the PMMA leaving the graphene on the 
substrate. 

13. Clean the sample with methanol and dry it with compressed 
nitrogen. 
 

 
Figure 3.3: Typical CVD grown graphene flake showing petal like six-fold symmetry with 

multilayers in the center 

The above growth procedure results in graphene flakes with a 
large domain size with a six-fold symmetry as seen in Fig. 3.3. Since 
graphene has no bandgap, it interacts very strongly with light of any 

wavelength. To enable optical identification of monolayer graphene, it is 
deposited on an oxidized silicon chip with a carefully chosen oxidation 
layer width. Thin film interference in the layered structure results in 
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strong contrast of the graphene over the background for some 
wavelengths, enabling us to identify monolayer graphene. The thickness 

of SiO2 used by most groups is about 290nm which provides maximum 
contrast at about 550nm18. Even a 5% change in the thickness of the 
oxide layer can significantly lower the contrast. 

3.3 Raman Spectroscopy of Graphene 
Although simple optical imaging is sufficient to identify 

monolayer graphene or to identify the thickness of multilayer graphene, 
Raman spectroscopy is a reliable test for the quality of graphene. 

Pristine monolayer graphene has a well characterized Raman 
spectroscopy signature19. Graphene interacts strongly with light in the 
visible and IR wavelengths, making Raman spectroscopy an 

indispensable tool in graphene characterization. The energy diagram of 
a Raman scattering process is shown in Fig. 3.4. A photon excites an 
electron from its ground state to a virtual state before relaxing to a new 

state that is either higher (Stokes scattering) or lower (anti-Stokes 
scattering) in energy compared to the initial ground state. The energy of 
the photon absorbed is denoted as ℏ𝜔𝜔𝑖𝑖 and the energy of the emitted 

photon as ℏ𝜔𝜔𝑠𝑠. The differential energy between the initial and final 

states of the electron, ℏ𝛺𝛺, is taken away by or given to the lattice in the 

form of absorption or emission of a phonon. The scattering cross section 
of Raman processes is typically very small and most of the exciting 

photons are elastically scattered in a process called Rayleigh scattering. 
Rayleigh scattered light is the same wavelength as the exciting light and 
contains no information about the phonons in the system. The Raman 
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scattered light intensity is proportional to the square of the 
polarizability tensor of the material given by 

𝛼𝛼 ∝  �
⟨𝐹𝐹|�̂�𝑟|𝐼𝐼⟩⟨𝐼𝐼|�̂�𝑟|𝐺𝐺⟩
ℏ𝜔𝜔𝐺𝐺𝐺𝐺 − ℏ𝜔𝜔𝑖𝑖 − 𝑖𝑖𝑖𝑖

𝐺𝐺

3.5 

G, I and F are the ground, intermediate, and final states of the 

transition. The energy difference between ground (G) and real 
intermediate (I) states is ℏ𝜔𝜔𝐺𝐺𝐺𝐺 and ℎ𝜔𝜔𝑖𝑖 is the energy of the incoming 

photon. 𝑖𝑖 denotes the damping in the oscillation between the G and I 

states. From the expression for the polarizability, we see that the 
polarizability tensor diverges when 𝜔𝜔𝐺𝐺𝐺𝐺 = 𝜔𝜔𝑖𝑖. In other words, if the 

incoming photon excites the electron to a real state, then the scattering 
cross section is much higher and the process is called Resonance Raman 

Scattering.  

 
Figure 3.4: Energy diagram of a Raman process showing Stokes, Rayleigh and Anti-Stokes 

scattering processes 
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Figure 3.5: Typical experimental setup for Raman spectroscopy. 

A basic schematic of the Raman spectroscopy setup in our lab is 
shown in Fig. 3.5. The exciting laser is a Coherent Verdi laser (which 
also pumps our ultrafast oscillator) with a narrow linewidth centered at 

532nm. The green light is incident on the sample after passing through 
a microscope objective. The spot size is about 2𝜇𝜇𝑐𝑐. The intensity of the 

exciting laser is kept below 2 𝑐𝑐𝐺𝐺
𝜇𝜇𝑐𝑐2 to avoid damaged to the sample and 

heating effects. The reflected light, which includes the Raman and the 

Rayleigh scattered light, is collected by the objective. The dichroic 
mirror and longpass filter attenuate the Rayleigh scattered light which 
would otherwise saturate the detector with background signal. The 

Raman light is sent into a monochromator. The dispersed Raman lines 
are recorded using a Peltier cooled CCD. 
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In the case of graphene, the lack of a bandgap means that photons 
ranging from IR to UV will be resonant with a real excited state. This is 

the reason why the Raman cross section of graphene is very high despite 
it being a single layer of atoms. The work by Ferrari and Basko19 reviews 
the physics behind the Raman processes in graphene in excellent detail. 

 
Figure 3.6: Typical Raman spectrum for pristine CVD graphene (red) and graphene with defects 

(blue) 

Typical Raman spectra of pristine (bottom, red) and defective 

graphene (top, blue) is shown in Fig. 3.6. The curves are offset for clarity. 
The main features are the G peak at about 1590 cm-1 and the 2D peak 
at 2690 cm-1. In the case of defective graphene, we see an additional 

peak, called the D peak at about 1349 cm-1. Pristine monolayer graphene 
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is characterized by a relatively high 𝐺𝐺2𝐷𝐷
𝐺𝐺𝐺𝐺

 ratio where 𝐼𝐼2𝐷𝐷 and 𝐼𝐼𝐺𝐺 represent 

the intensities of the 2D and G Raman lines respectively. The intensity 
of the G peak scales with number of layers whereas the 2D peak 

intensity remains approximately constant; this allows us to use the 𝐺𝐺2𝐷𝐷
𝐺𝐺𝐺𝐺

 

ratio as an identifying feature of monolayer graphene. Another 
differentiating factor in the spectrum of monolayer and multilayer 

graphene is that the 2D peak of monolayer graphene can be fit with a 
single Lorentzian profile while the 2D peak of multilayer graphene 
needs more than one Lorentz curve for a proper fit. For example, the 2D 

peak of bilayer is a sum of four Lorentzian profiles19.  
Defective graphene was produced by exposing pristine CVD 

graphene to ultrafast radiation with a fluence of 500 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 for one hour. 

Apart from the D peak, the other features of the Raman spectrum of the 

defective graphene which differentiate it from pristine graphene are the 
positions and widths of the G and 2D peak. External factors like doping 
(either due to gating or oxygen substitution) or stress20 cause the 

positions, widths and relative intensity of the G and 2D peak to vary. 
We observe that upon exposure to ultrafast laser light, the G and 2D 

peaks blue shift and broaden. The 𝐺𝐺2𝐷𝐷
𝐺𝐺𝐺𝐺

 ratio also reduces upon exposure 

to ultrafast radiation. This change in peak shape and position is brought 
about because exposure to ultrafast radiation increases the number of 

substitutional defects in the graphene where oxygen atoms replace 
carbon atoms. This substitution causes p-doping in the exposed 
graphene sample. The effect of doping on graphene’s Raman spectrum 
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has been studied21 by applying a vertical gate potential across the 
graphene layer.  

 
Figure 3.7 : Position of the G peak (left) and the 2D peak (right) as a function of electron and 
hole doping. Sold lines denote adiabatic DFT calculations. Adapted with permission from Das et 

al., Nature Nanotechnology, vol. 3, no. 4, pp. 210-215, 2008. 

Fig. 3.7 (adapted from Das et al., Nature Nanotechnology, vol. 3, 
no. 4, pp. 210-215, 2008) shows the relationship between the G peak 
(left) and 2D peak (right) position depend on the carrier concentration. 

Using Fig. 3.7 for calibration, we can infer from the peak positions in 
Figure 3.6 that the pristine sample is p-doped by about 0.5×1013𝑐𝑐𝑐𝑐−2 

and the defective sample is p-doped by about  1×1013𝑐𝑐𝑐𝑐−2. The defective 

graphene (produced by laser damage) is p-doped because of oxygen 
binding to the dangling carbon bonds. Since oxygen is highly 

electronegative, it draws electron concentration away from the carbon 
sheet, rendering it p-doped22. 

The intensity of the D peak (𝐼𝐼𝐷𝐷)is a measure of the disorder in 

graphene. Upon exposure to ultrafast laser radiation, the density of 

defects in graphene increases, converting graphene to a nano-crystalline 
carbon, where the average crystalline size is reduced to 2nm23. Upon 
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further exposure, nano-crystalline carbon turns into amorphous carbon. 
In this state, the 𝑓𝑓𝑝𝑝2 bond between carbon atoms are broken. The 

average crystalline size and the intensity of the D-peak in the nano-

crystalline phase, are related as follows23. 
𝐼𝐼𝐷𝐷
𝐼𝐼𝐺𝐺

=  
𝐶𝐶(𝜆𝜆)
𝐿𝐿𝑎𝑎

3.6 

Here, 𝐶𝐶(𝜆𝜆) is an excitation wavelength dependent constant. For 

𝜆𝜆 = 514𝑛𝑛𝑐𝑐, 𝐶𝐶(𝜆𝜆) = 4.4𝑛𝑛𝑐𝑐24.  

 
Figure 3.8: Variation of 𝐺𝐺𝐷𝐷

𝐺𝐺𝐺𝐺
 ratio with average crystalline size of graphene in the amorphous 

carbon regime (a-C) and the nano-crystallite graphene regime (nc-G). Figure adapted with 

permission from Ferrari and Robertson, Physical Review B, Vol 61, number 20, pages 14095-

14107 (2000). 
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Below an average crystalline of 2nm, i.e. in the amorphous phase, 

the 𝐺𝐺𝐷𝐷
𝐺𝐺𝐺𝐺

 ratio drops because D-peak requires approximate lattice 

periodicity which is absent in the amorphous phase.  
Adam Roberts et al22 studied the response of graphene to 

femtosecond radiation. Fig. 3.9 shows the variation of the strength of 
the 2D peak as a function of the number of shots that the graphene is 
exposed to at various intensities. The results of this study were used as 

a threshold for laser induced damage on graphene for the ultrafast 
experiments described in this thesis33.  

 
Figure 3.9: 2D line strength as a function of the number of laser exposures. Solid lines are 
decaying exponential fits. Adapted from “Time Domain Spectroscopy of graphene”, Adam 

Roberts (2012) 

3.4 Optical absorption spectrum of graphene 
A surprising amount of theoretical research on graphene was 

done before its isolation in 2004. Researchers could abstract a single 
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layer of carbon atoms as a single layered sheet of graphite. This 
honeycomb lattice of carbon atoms was amenable to solid state 

techniques such as the tight binding model as described in Section 3.1. 
Tsuneya Ando et al gave the first detailed analysis of light absorption of 
graphene in 200225. In this section, I will briefly describe some 

theoretical calculations and experimental results on the optical 
absorption of graphene. 

 The response of materials to electromagnetic radiation of 

frequency 𝜔𝜔 is described by the dynamic optical conductivity, 𝜎𝜎(𝜔𝜔), of 

the material. The optical conductivity is related to the dielectric 
permittivity (𝜀𝜀(𝜔𝜔)) of the material via the relation: 

𝜀𝜀(𝜔𝜔) = 𝜀𝜀0 +  
𝑖𝑖𝜎𝜎(𝜔𝜔)
𝜔𝜔

3.7 

Here, 𝜀𝜀0 is the vacuum permittivity. The dielectric permittivity is 

a linear response function to incident light. It is related to the refractive 

index of the material via: 

𝑛𝑛(𝜔𝜔) =  �
𝜀𝜀(𝜔𝜔)
𝜀𝜀0

3.8 

The dynamic conductivity can be calculated via the Kubo 
formula25,26. The optical conductivity has contributions from the 

intraband and interband optical transitions. Depending on the 
wavelength of the incident light, either the intra or interband 
contributions can dominate the optical response of graphene. The 

interband transitions stem from transitions of the charge carriers 
within the valence or the conduction band. This type of transition 
dominates in the low energy (far infrared and terahertz) region of the 

graphene spectrum. Interband transitions stem from the Drude 
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scattering of the carriers by the lattice to empty momentum states. At 
visible and ultraviolet excitations, the major contribution to graphene’s 

response comes from the interband transitions. Here, the photon excites 
electrons from the valence to the conduction band leaving a hole behind.  

 
Figure 3.10: (left) interband and (right) intraband electronic transitions responsible for the 

dynamic conductivity in graphene 

Interband transitions are ‘vertical transitions’ (ref. Fig. 3.10) in 

E-𝒌𝒌��⃗  space since the momentum of the incident photon is negligible 

compared to the momentum of the carrier. In the case of pristine 

graphene at low temperatures and under the linear dispersion regime, 
the contribution from interband transitions to the conductivity is 
constant and independent of incident photon energy27. This value is 

given by: 

𝜎𝜎0 =
𝑒𝑒2

4ℏ
3.9 
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For a thin sheet like graphene, the optical absorption is related to 
the conductivity via: 

𝐴𝐴 =  
4𝜋𝜋
𝑐𝑐

 𝜎𝜎(𝜔𝜔) 3.10 

Thus, the frequency independent conductivity leads to a universal 

absorption for graphene at low temperatures. Substituting the value for 
𝜎𝜎0 from Eqn. 3.9 into Eqn. 3.10, we obtain 

𝐴𝐴0 =  
4𝜋𝜋
𝑐𝑐

 𝜎𝜎0 = 𝜋𝜋𝛼𝛼 3.11 

where 𝛼𝛼 is the fine structure constant. This has been 

experimentally verified28,29 over a range of low photon energies. At 
higher photon energies where the bandstructure deviates from the 
linear dispersion regime, an increase in absorption is seen30. A 

maximum in the absorption spectrum is seen near 4.6eV. This 
maximum is associated with transitions from the valence band (𝜋𝜋) to 

the conduction band (𝜋𝜋∗) near the M-point in the Brillouin zone of 

graphene. The van Hove singularity in the density of states near the M-
point causes a maximum in the absorption spectrum. However, in the 
independent particle picture, the absorption peak is predicted to occur 

near 5.2 eV. The red shift in in the peak absorption is attributed to the 
attractive electron-hole interactions31.  

3.5 Multibody effects in graphene  
Note: This section contains material published in the article 

“Optical Characterization of Electron-Phonon Interactions at the saddle 
Point in Graphene”, PRL 112, 187401 (2014) by Adam T. Roberts et al 
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The previous section described the optical properties of graphene 
in the independent particle approximation, i.e., neglecting the 

multibody interactions between the carriers and other quasi-particles in 
the system. Multibody effects include electron-electron interactions, 
electron-phonon interactions and excitonic effects32. Multibody effects 

can affect the bandstructure of graphene significantly, especially at high 
carrier densities. To completely understand the optical and electronic 
properties of graphene, multibody effects must be considered.  

Pump-probe spectroscopy is a powerful tool to study multibody 
effects as it is sensitive to the bandstructure changes induced by 
photoexcited carriers. In this section, I will describe ultrafast pump-

probe experiments conducted in our lab to study multibody effects in 
CVD graphene. Although most of the experimental and theoretical work 
presented in this section were led by Adam Roberts33, I verified the 

degenerate pump-probe measurements with varying pump fluence 
presented in section 3.5.2 and confirmed our main hypothesis about 
renormalization due to electron-phonon coupling. 

3.5.1 Electron-phonon interaction in graphene  
Upon photoexcitation over short timescales (< 1𝑝𝑝𝑓𝑓), electron-

electron scattering processes dominate the dynamics in graphene due to 

high electron scattering rates32,34.  Over longer timescales (≫ 1𝑝𝑝𝑓𝑓) 

electron-phonon coupling becomes the dominant effect as thermally 
excited carriers give up excess energy to the lattice35,36. The electron-
phonon scattering mechanism is of practical importance to the success 

of graphene electronics as it limits the intrinsic carrier mobility in 
graphene devices37–39. 
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Figure 3.11: Pump induced change in the absorption spectrum of graphene due to electron-

phonon renormalization 

The electron-acoustic phonon interaction is characterized by the 
deformation potential, 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 . The estimated values of 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎  range from 3 

– 50eV37,40–42.  Since most observables depend on the square of the 

deformation potential, the range of estimates spans two orders of 
magnitude. In this experiment, pump induced changes are studied near 
the M-point at 4.6eV in the bandstructure of graphene. The 

bandstructure changes due to multibody interactions are stronger at the 
M-point than at the K- point where the absorption profile is flat (ref. 
Figure 3.11). In this study, we find that for timescales ≥ 2𝑝𝑝𝑓𝑓, the 

bandstructure renormalization predicted for electron-acoustic phonon 

interaction matches the differential absorption spectrum. From our 
data, we estimate the deformation potential to be 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 ≅ 5𝑒𝑒𝑒𝑒, which is 

significantly lower than the values obtained through transport 

measurements but in line with more recent theoretical predictions42–44. 
Since the temperature increase due to the pump pulse (initial phonon 
temperature 𝒯𝒯0 ≅ 610 𝐾𝐾) is smaller than that required to excite optical 
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phonons (≅ 2400 𝐾𝐾), we can conclude that the absorption changes are 

mostly due to the interactions between electrons and acoustic phonons. 

3.5.2 Pump-probe spectroscopy of graphene 
In a pump-probe experiment, a pump pulse excites carriers in the 

sample. A time delayed probe pulse, which is much less intense 
compared to the pump pulse, is incident on the sample at a fixed time 
delay. The transmission or reflection of the probe pulse is dependent on 

the evolving state of the system due to the pump pulse. By monitoring 
the transient transmission or reflection changes, it is possible to extract 
a time domain picture of the carrier dynamics in the system. 

 
Figure 3.12: The above figure shows a schematic of the pump probe setup in a transmission 

geometry. 

The normalized differential transmission �Δ𝑇𝑇
𝑇𝑇0
� of a ten-layer stack 

of monolayer graphene at three different photon energies is shown in 
Figure 3.13. These measurements were degenerate in pump and probe 

energy �ℏ𝜔𝜔𝑜𝑜𝑝𝑝 = ℏ𝜔𝜔𝑜𝑜𝑟𝑟�. The pump fluences excite carriers to densities in 

the 1012 − 1013𝑐𝑐𝑐𝑐−2 range. 
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Figure 3.13:  𝛥𝛥𝑇𝑇

𝑇𝑇0
 value of the probe pulse at pump-probe energies of (a) 4.8 eV, (b) 3.2 eV, and (c) 

1.6 eV. (d) The linear absorption profile indicating the probing energies relative to the saddle 

point absorption maxima. 

Fig. 3.13 (a), (b) and (c) show the differential transmission, (note 

that Δ𝛥𝛥 = 1 − Δ𝐴𝐴, where Δ𝐴𝐴 is the change in absorption) for excitation at 

4.8eV, 3.2eV and 1.6eV respectively. In all cases, there is a strong 
increase in absorption at small time delays when the pump and probe 
nearly overlap. This peak near the zero-time delay is due to Pauli 
blocking of probe absorption due to the pump induced electrons (holes) 

in the conduction (valence) bands. This transient increase in 
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transmission lasts a few hundred femtoseconds and relaxes due to 
carrier-carrier interactions and carrier-phonon interactions32,34,45. After 

2ps, for 3.2 eV and 4.8 eV excitations, the signal shows a slow relaxation 

to the baseline. The sign of the Δ𝑇𝑇
𝑇𝑇0

 signal is opposite in these two cases. 

In the case of 4.8 eV excitation, the signal shows a strong positive trend 
whereas, the signal is negative for the 3.2 eV excitation. The negative 

signal indicates stronger absorption for the pump excited graphene 
compared to unexcited graphene. The opposite is true for 4.8 eV 
excitation which shows decreased absorption. This change lasts for the 
same duration in both cases (~ 300𝑝𝑝𝑓𝑓) which suggests a common origin 

for the effect despite opposite signs. As seen in Figure 3.11, this common 

cause is bandgap renormalization due to electron-phonon interactions. 

For 1.6 eV photons, a very weak Δ𝑇𝑇
𝑇𝑇0

 signal is seen beyond 2 ps. In the 

near-infrared region (~1.6 eV), graphene has a flat absorption profile 

and the absorption is unaffected by bandgap renormalization. In 
contrast, at higher photon energies, the absorption features (ref. Figure 
3.13 (d)) are very sensitive to bandgap renormalization and serve to 
quantify the electron-phonon interaction effects. 

3.5.3 Bandgap renormalization in graphene 

To obtain the line shape of the Δ𝑇𝑇
𝑇𝑇0

 spectrum, we can fix the pump 

photon energy at 4.8 eV and vary the probe photon energy around the 
saddle point (M-point) transition. The result of this measurement is 

shown in Figure 3.14 (black squares) for time delays of 4, 40 and 400 ps. 
The initial temperature of the phonon system is estimated by assuming 
that within a short time (< 2ps), the photoexcited carriers relax and the 
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energy of the laser pulse is deposited into the phonon system. The 
estimated initial energy in the case of the highest fluence used is 𝒯𝒯0 =

610 𝐾𝐾. The temperature will decrease as the phonons decay and transfer 

energy to the substrate. The Δ𝑇𝑇
𝑇𝑇0

 signal at 4.8 eV is proportional to the 

phonon temperature when the electron-phonon coupling dominates (at 
time delay >  2 𝑝𝑝𝑓𝑓). Therefore, we can find the temperature profile by 

fitting the data in Figure 3.13 (a) with an exponential decay profile. 

Using this technique, we estimate the temperatures at 4, 40 and 400 ps 
time delay to be 600, 550 and 350 K respectively.  
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Figure 3.14: 𝛥𝛥𝑇𝑇

𝑇𝑇0
 as a function of probe photon energy at three time delays (4, 40 and 400 ps). The 

pump fluence is 400 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 and fixed pump energy of 4.8 eV. Each panel is labeled with a specific 

phonon temperature value. The calculated results for coupling to acoustic phonons only with 

𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 = 5.3 𝑒𝑒𝑒𝑒are shown in red (thick line) and acoustic + optical phonons with 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒
𝑜𝑜𝑜𝑜 = 11 𝑒𝑒𝑒𝑒

Å
 are 

shown in green (thin line). The dashed black line (top panel) shows acoustic-only coupling with 
𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 = 20 𝑒𝑒𝑒𝑒. The dash-dotted gray line (top panel) shows the statically screened Hartree-Fock 

result for e-e interaction (multiplied by 50 for ease of comparison) using thermally excited 

carriers. 



62 
 

As mentioned before, the electron-phonon coupling depends on 
the deformation potential 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 . The line shape can be theoretically 

modelled considering the electron-acoustic phonon, electron-optical 
phonon and electron-electron interactions. The results are shown in 
Figure 3.14. The theoretical modelling was done by Rolf Binder, Nai 

Kwong and Adam Roberts. More details can be found in Ref. 4646. The 
theoretical curves calculated using the value of 𝐷𝐷𝑒𝑒𝑒𝑒𝑒𝑒𝑎𝑎𝑎𝑎 = 5 𝑒𝑒𝑒𝑒 reproduce 

the line shape and zero crossing very well for all three time delays. We 
also see from Figure 3.14 (a) that electron-electron interactions are not 

significant at longer timescales considered in our model. The model can 
be further improved by including the fast carrier dynamics occurring in 
the initial femtosecond timescale and including the role of exciton-

phonon coupling. 
In this chapter, we dealt with the multi-body effects in intrinsic 

graphene. To fully realize the potential of graphene and other 2D 

materials, we need to construct and study 2D heterostructures. In the 
next chapter, I will describe the electronic properties of graphene-hBN 
structures and present pump-probe measurements that prove that 

interaction between the different 2D layers enhances cooling properties 
of the whole heterostructure. 

 



63 
 

CHAPTER 4.  

Ultrafast Dynamics of Graphene 
Heterostructures  
 

Note: This chapter contains material published in the following 
articles: 
1.  “Optical thickness determination of hexagonal boron 
nitride flakes”, Applied Physics Letters 102, 161906 (2013) by 
Dheeraj Golla et al 
2. “Ultrafast relaxation of hot phonons in Graphene-hBN 
Heterostructures”, APL Materials 5, 056101 (2017) by Dheeraj 
Golla et al 
 

Hexagonal Boron Nitride (hBN) has a planar hexagonal structure 
similar to graphite, and has proven to be an excellent substrate for 
graphene based electronic and optoelectronic devices. Graphene devices 

on hBN substrates show enhanced performance like increased carrier 
mobility and reduced charge fluctuations.47–49 Graphene sheets conform 
to atomically flat hBN resulting in reduced roughness and charge 

puddle formation as compared to other common substrates48 such as 
Si/SiO2. Flakes of hBN have also proven to be an excellent dielectric or 
tunnel barrier for device applications50,51, and can modify graphene’s 
band structure52–54. A large direct bandgap makes hBN attractive for 
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compact UV laser applications55. Interestingly, the success of hBN in 
graphene electronics is now also being mirrored in the development of 

other two dimensional materials such as transition metal 
dichalcogenides (TMD) (e.g., MoS2, MoSe2, WS2, etc.) devices, where 
hBN substrates have led to 10 times better photoluminescence quantum 

yields56 than Si/SiO2.  hBN is anticipated to be an essential constituent 
for future graphene and TMD heterostructure devices in many roles 
ranging from a tunnel barrier to a gate dielectric. 

4.1 Optical Characterization of the thickness of hBN 
Methods for quick, economical, and non-invasive characterization 

of hBN flakes, specifically, the exact number of hBN monolayers and its 
flatness over the size of the device are important. In that regards, optical 

reflection microscopy has proven to be a highly useful tool. Optical 
contrast measurements have been used to identify mono and few layered 
graphene on various substrates18,57. In this section, I outline a procedure 

for characterization of thicker (a few to 100 layer) hBN flakes deposited 
on a SiO2/Si substrate. hBN flakes in this thickness range are highly 
relevant for device applications. For example, it has been shown that 

hBN substrate thickness of about 10 nm (or about 30 layers) is required 
for the reduction of surface roughness47. Thick hBN flakes also serve to 
increase the distance from the underlying SiO2 which reduces the effect 

of charged impurities (in the oxide layer) on the performance of high 
mobility devices51. I will establish parameters which can enable quick 
identification for hBN flakes varying from a few to 100 layers. I also 

show that this approach is sensitive to optical thickness changes as 
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small as 1–2 layers, allowing the identification of steps in flakes which 
appear flat under white light illumination. 

 
Figure 4.1: The optical contrast of hBN on SiO2/Si substrate as a function of the wavelength of 
light. Different curves correspond to flakes with different number of layers. The dark solid lines 
are the fits obtained using the multilayer interference calculations. The bottom panels show 

optical microscope images at three discrete wavelengths corresponding to positive, zero, and 
negative contrast. The scale bar represents 5 𝜇𝜇𝑐𝑐. 

The sample geometry is shown schematically in the inset of Fig. 
4.1. Few layer hBN flakes were prepared by mechanical exfoliation of 

hBN single crystals on 285 nm SiO2/Si substrates. The hBN was grown 
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using the high pressure method that has been previously described58. 
Using a femtosecond Ti:Sa amplifier and a filamentation setup59, we 

nonlinearly broaden the light pulse spectrum to produce a broadband 
white light source spanning from 460 nm to 850 nm. White light is 
incident normally from air on the hBN/SiO2/Si structure, and is focused 

to a small spot size using a 50x, NA = 0.5 microscope objective. The 
backwards reflected light is collected, and after passing through a 
beamsplitter, it is imaged on to the entrance slit of a spectrometer. The 

spectrally resolved reflection signal is obtained using a CCD at the exit 
aperture of the spectrometer. 

The quantity measured in our experiments is the optical contrast 

in reflectivity of a three-tiered structure, which can be defined as: 

𝐶𝐶 =  
𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 − 𝑅𝑅ℎ𝐵𝐵𝐵𝐵+𝑆𝑆𝑖𝑖𝑂𝑂2

𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2
4.1 

where 𝑅𝑅𝑆𝑆𝑖𝑖𝑂𝑂2 is the reflection coefficient at normal incidence for a 

bare SiO2/Si substrate, and 𝑅𝑅ℎ𝐵𝐵𝐵𝐵+𝑆𝑆𝑖𝑖𝑂𝑂2 is the reflection coefficient of the 

hBN/SiO2/Si stack. The value of 𝐶𝐶 corresponds to the normalized change 

in reflectivity of the hBN compared to the substrate. The measured 
optical contrast is plotted in Figure 4.1 as a function of wavelength for 

hBN flakes of varying thicknesses. The thickness of the hBN flakes was 
determined after optical imaging using atomic force microscopy (AFM). 
A thickness of 3.33 nm corresponds to 10 layers of hBN because the c-

axis lattice constant of hBN is 0.333 nm. Several observations can be 
made from these data. The contrast for a given flake can be both positive 
and negative depending on the wavelength, with a zero crossing in 

between. A contrast of zero would mean the flake being invisible at that 
wavelength, i.e., it has the same reflectivity as the substrate. The zero-
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contrast wavelength is dependent on the flake thickness, and varies 
from 550 nm to 570 nm (for 282 nm SiO2) as the number of layers 

increases from a few to tens of layers. The negative contrast is stronger, 
and its peak is observed between 520 and 530 nm. The positive contrast 
peaks between 590 and 620 nm. On the bottom panels of Figure 4.1, we 

show three microscope images of a hBN flake taken at selected 
wavelength bands centered on 530, 560, and 590 𝑛𝑛𝑐𝑐. Clearly, one can 

see the flake has greater reflectivity than substrate at 530 𝑛𝑛𝑐𝑐, i.e., 

negative contrast, and lesser reflectivity than substrate, i.e., positive 
contrast at 590 nm. The 560 𝑛𝑛𝑐𝑐 image corresponds to the region near 

the zero-contrast wavelength. Since the flake has two step edges, three 
distinct thicknesses can be observed. The sharp tip of the flake is 

thinnest, and hence closest to zero contrast at 560 𝑛𝑛𝑐𝑐. In order to model 

the optical contrast, we use a multilayer interference approach. 
Essentially, a transfer matrix method60 is used, where we consider three 
layers, hBN, SiO2, and Si, having refractive indices 𝑛𝑛1, 𝑛𝑛2, and 𝑛𝑛3, 

respectively (refer to the inset of Figure 4.1). The light is incident from 

the airside, which implies 𝑛𝑛0 = 1. A recursive relation can be written, in 

general, for the electric fields at the interface between layers j and j+1 
as: 

Γ𝑗𝑗 =
𝑟𝑟𝑗𝑗 + Γ𝑗𝑗+1𝑒𝑒−2𝑖𝑖𝑘𝑘𝑗𝑗𝜋𝜋𝑗𝑗

1 + 𝑟𝑟𝑗𝑗Γ𝑗𝑗+1𝑒𝑒−2𝑖𝑖𝑘𝑘𝑗𝑗𝜋𝜋𝑗𝑗
4.2 

where 𝑑𝑑𝑗𝑗 is the thickness of layer j and Γ𝑗𝑗 = 𝐸𝐸𝑗𝑗−
𝐸𝐸𝑗𝑗+

 with 𝐸𝐸𝑗𝑗− and 𝐸𝐸𝑗𝑗+ 

representing the backward and forward propagating electric field at the 

jth interface. The reflection coefficient of the jth interface is given by 𝑟𝑟𝑗𝑗, 

where: 
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𝑟𝑟𝑗𝑗 =
𝑛𝑛𝑗𝑗−1 − 𝑛𝑛𝑗𝑗
𝑛𝑛𝑗𝑗−1 + 𝑛𝑛𝑗𝑗

4.3 

 The wavevector of the light in the jth layer is 𝑘𝑘𝑗𝑗 = 2𝜋𝜋 𝑛𝑛𝑗𝑗
𝜆𝜆

. The 

thickness of the hBN and SiO2 are 𝑑𝑑1 and 𝑑𝑑2, while the thickness of Si 

is assumed semi-infinite. The recursion is initiated at the SiO2/Si 

interface by setting Γ3 = 𝑟𝑟3, and then Γ2 and Γ1 are successively 

calculated to obtain reflectivity of the stack, R = |Γ1|2. It is 

straightforward to generalize this method to a stack with an arbitrary 
number of interfaces.  

The contrast between the region with a hBN flake and the 

background SiO2 can then be evaluated by setting the refractive index 
𝑛𝑛1 of hBN layer equal to 1 (air) and using the formula: 

𝐶𝐶 =
𝑅𝑅(𝑛𝑛1 = 1) − 𝑅𝑅(𝑛𝑛1 = 𝑛𝑛ℎ𝐵𝐵𝐵𝐵)

𝑅𝑅(𝑛𝑛1 = 1) 4.4 

The refractive index of hBN is taken to be 1.85 at 560 nm, and a 
weak linear variation is invoked, leading to a 3% higher (lower) value at 

480 (640) nm61. Both SiO2 and the underlying Si have wavelength 
dependent complex refractive indices62. The solids curves in Figure 
4.1show the calculated optical contrast for various hBN thicknesses. The 

thickness of the SiO2 layer was taken to be 282 nm in all of the 
calculations, which is within the 285±65 nm value listed by the 

manufacturer for the thickness of the SiO2 on the Si wafer. The 
thickness of the hBN flakes was determined by AFM measurements. 

The fits to the experimental curves are very good over the entire 
wavelength range. 
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Figure 4.2 : (a) Calculated optical contrast as a function of the wavelength of light and thickness 
of hBN for a 282nm SiO2 layer. (b) Line out at 516nm shows that the contrast varies linearly 

with the thickness of the hBN flake between 1 and 80 layers. 

In Fig. 4.2(a), we show the dependence of the optical contrast on 
the wavelength of light as well as the thickness of the hBN layer for 1–
80 layers. This calculation is performed with a 282 𝑛𝑛𝑐𝑐 thick SiO2 layer 

to match the experimental data. The negative contrast peak increases 

rapidly in intensity with the number of layers. In Fig. 4.2(b), we show 
the variation of contrast at a fixed wavelength of 516 nm, which is near 
the negative peak. The contrast varies linearly with the thickness of 
hBN from 1 to 80 layers. This fact implies that contrast observation at 

a single wavelength can be used for fast and accurate characterization 
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of the thickness of the hBN flake. In particular, we find that the contrast 
varies by approximately 2.5% per layer of hBN at this wavelength.  

 
Figure 4.3: The comparison of optical contrast image with the atomic force microscopy image. 
(a) AFM image of a hBN flake on a SiO2 substrate. (b) Optical contrast image of the same hBN 
flake. The thickness of the two central regions in number of layers is marked on the images. 

Color bar representing the number of layers is common between the AFM and optical contrast 
image. The optical contrast values are converted to thickness using 2.5% per layer. Inset shows 
the microscope image of hBN flake. The length scale bar represents 2 nm in all images. The 
comparison illustrates the ability of the optical contrast method to measure the thickness of hBN 

flakes as well as differentiate small steps corresponding to changes in thickness of a few layers 

of hBN. 

Fig. 4.3(a) shows an AFM image of a hBN flake which exhibits 

many different thicknesses ranging from 28 to 81 layers. Two distinct 
regions in the center can be discerned. They are separated by a small 
step of 3 layers. The typical acquisition time for an AFM image with this 

resolution is on the order of 10 min. In Fig 4.3(b), we show an optical 
contrast image of the same flake obtained at 516 nm wavelength using 
an optical microscope. A bandpass filter centered at 516 nm and with a 

width of 5 nm was placed in front of the microscope light to acquire the 
image. The resulting image was recorded on a monochrome CCD camera 
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with an exposure time of 0.25 s. One can clearly observe the 3-monolayer 
step in the optical contrast image with over a factor of 1000 

improvement in the time required for imaging the flake. The wavelength 
dependence of the contrast exhibits three unique regions, which can be 
used to calibrate the thickness directly. For a SiO2 substrate thickness 

of 282 nm, these regions are 515-530 nm for large negative contrast, 550-
570 nm for near zero contrast, and 590-620 nm for positive contrast. The 
negative contrast varies linearly with the thickness of hBN from 1 to 80 

layers. This provides a straightforward thickness calibration using only 
optical methods. 

4.2 Transferring Graphene on hBN 
The process of transferring graphene onto hBN depends on 

whether the graphene in CVD grown or exfoliated. Since exfoliated 
graphene samples are of better crystal quality, they are preferentially 
used to make devices in which crystal quality and orientation are 

important. The process for such a transfer uses PMMA or other polymer 
layers as a carrier for graphene flakes onto hBN flakes, which have been 
exfoliated onto Si/SiO2 or any desired substrate47,63. A schematic of such 

a process used to obtain g-hBN on transparent fused silica substrate is 
shown in Figure 4.4. 
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Figure 4.4: Schematic for the steps involved in transferring graphene onto hBN flakes on top of 

a fused silica substrate. 

Since optical probing requires sample sizes of the order of the spot 
size of the laser (~ 10μm), we transfer CVD grown graphene onto hBN 

flakes that have been already exfoliated onto SiO2/Si chips64. The copper 
sheet on which graphene is grown via the CVD process is cut into 5 mm 
x 5 mm square sheets. One drop of PMMA-950 is placed on top of this 

sheet, and then spun at 2000 rev/min for 50 seconds. The PMMA covered 
sheet is heated to 150 ̊ C for 5 minutes to let the PMMA flow, then cooled 
to room temperature. To etch the copper, it is placed floating on a 

mixture of hydrogen peroxide, hydrochloric acid, and DI water in the 
ratio 0.5:1:9 respectively for 20 minutes. Using a microscope slide, the 
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PMMA film is then transferred (floating) to a beaker of DI water for 15 
minutes. It is transferred again to an additional beaker of DI water for 

15 minutes. Pre-prepared exfoliated hBN on SiO2 samples are cleaned 
using an acetone/IPA rinse. This substrate is then lowered into the DI 
water and brought up underneath the PMMA film, so the film sits on 

top of the SiO2/Si substrate. The sample is then dried using nitrogen gas, 
heated to 150 ˚C for 15 minutes to let the PMMA flow and then cooled 
to room temperature. The heating step ensures better adhesion. The 

sample is then placed in acetone for 20 minutes to dissolve the PMMA 
film. Finally, the sample is rinsed with IPA to get rid of soluble 
fragments and impurities. The sample is then annealed in a steady flow 

of argon and hydrogen gas at 350 ˚C for three hours. The annealing 
increases the contact between graphene and hBN by conforming the 
graphene sheet onto the substrate65.  

4.3 Electronic properties of g-hBN 
Graphene devices that use hBN as the substrate have shown 

much better performance compared to devices that use SiO2 as the 
substrate47. The amorphous nature of SiO2 results in the rough 

topography of its surface. This translates to the corrugations in the 
graphene layer, which is bad for transport properties. Trapped charges 
in the SiO2 layer also cause spontaneous doping in the graphene layer. 

This results in large fluctuations of charge density (i.e. the Fermi level 
of graphene) over the sheet of graphene. Using hBN as the substrate 
alleviates both these issues. Jiamin Xue et al48 have found that the 

surface roughness of the graphene layer reduces from 224.5 pm for 
graphene on SiO2 to 30.2 pm for graphene on hBN. They also report that 
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charge fluctuations of graphene on SiO2 are 100 times larger than for 
graphene on hBN. The surface topography and charge density 

fluctuations are shown in Figure 4.5. 

 
Figure 4.5: Charge fluctuations (left), represented by variation in Fermi level, and surface 
topography (right) for graphene on hBN (top) and SiO2 (bottom). Image adapted from Jiamin 

Xue et al, Nature Materials, Vol 10, pages 282 – 285 (2011). 

Graphene on hBN substrates also exhibits periodic modulations 
that correspond to the Moiré pattern, which results when superposing 

two similar lattices on top of each other48,53. The wavelength of this 
pattern is longer than the atomic lattice, and depends on the angle 
between the lattices53.  The moiré pattern serves as a weak periodic 

potential for the graphene layer. This weak periodic potential leads to 
the formation of new Dirac points52,54 around the K and K’ points in the 
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graphene Brillouin zone. The energy at which these new Dirac points 

occur depends on the wavevector (�⃗�𝐺) of the moiré pattern as 𝐸𝐸𝑛𝑛𝑒𝑒𝑛𝑛 =

± ℏ𝓋𝓋𝑒𝑒��⃗�𝐺�
2

, assuming that the graphene Dirac point is at 𝐸𝐸 = 0. Here, 𝓋𝓋𝑒𝑒 is 

the velocity of the massless Dirac fermions near the original Dirac point. 
The generation of new Dirac points at the zone boundaries of the 

superlattice Brillouin zone (related to the moiré pattern) is because the 

states with crystal momentum 𝑘𝑘�⃗  are mixed with states with crystal 

momentum 𝑘𝑘�⃗ − �⃗�𝐺 due to the periodic superlattice potential. The 

modified bandstructure near the new Dirac points is shown in Figure 
4.6. The figure was generated by modifying the Dirac Hamiltonian of 
graphene with a weak periodic potential of the moiré pattern as done in 

Ref. 42. 
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Figure 4.6: Bandstructure of graphene near the Dirac point modified by the weak periodic 

superlattice potential. New Dirac points are formed around the original Dirac point. 

4.4 Ultrafast relaxation of hot phonons in g-hBN 
Heterostructures 

Graphene heterostructures have garnered a lot of interest in the 
last decade66. Advances in fabrication techniques have made it possible 
to engineer devices with better transport, optical, and thermal 

properties47. As described in the previous section, heterostructures of 
graphene and hBN show much higher mobility compared to those using 
SiO2 as a substrate47,48,53. This improvement is a result of the hBN 
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substrate being free of charged impurities, and displacing the graphene 
away from the impurities in the SiO2 substrate48. In this section, I will 

describe our efforts to track the cooling of hot photo-excited carriers in 
graphene-hBN (g-hBN) heterostructures using ultrafast pump-probe 
spectroscopy. Our observations indicate that the carriers cool down four 

times faster in the case of graphene on hBN than on a silicon oxide 
substrate thus overcoming the hot phonon (HP) bottleneck that plagues 
cooling in graphene devices. 

As electronic devices continue to scale down in size and push 
power capabilities, heat management has become a critical issue. 
Relaxation dynamics of photoexcited (PE) carriers has been studied 

extensively by many groups using variety of techniques such as 
photocurrent measurement, Raman time resolved Raman spectroscopy, 
transport measurements, and ultrafast pump-probe spectroscopy36,67,68 

etc. Upon photoexcitation (with an ultrafast pulse for example), 
electrons and holes are excited, into a highly non-thermal system. This 
bath of carriers exchanges energy among themselves through coulombic 
interactions, and thermalize into a hot (~1000K) Fermi-Dirac population 

within tens of femtoseconds69. This hot thermal population cools further 
through the emission of optical phonons near the Γ point of the phonon 
dispersion. When the temperatures of the carriers and optical phonon 

bath equalize, this cooling channel slows down, and this is termed as the 
Hot Phonon (HP) bottleneck67,70–74.  Cooling through direct acoustic 
phonon emission is not viable because of a vanishingly small phase 

space for such a scattering process75. The hot optical phonons cool down 
through anharmonic decay to acoustic phonons, which are subsequently 



78 
 

absorbed into the substrate. Direct cooling of the charge carriers is also 
predicted to occur through coupling with the surface phonons of the 

underlying polar substrate73,76–78. Theoretical predictions and 
experiments place the hot optical phonon lifetime in graphene, graphite, 
and CNTs in the 1-5ps range67,70,79–82. The buildup of optical phonons is 

detrimental to device performance, and the HP bottleneck has been 
invoked to explain current saturation and negative differential 
conductance in graphene and CNTs71,72,83. The HP bottleneck also 

affects the photoresponse84 of optoelectronic devices. Exploring cooling 
channels that can efficiently de-energize the optical phonons and 
remove the HP bottleneck is important. In that regard, graphene 

heterostructures incorporating an appropriate substrate, such as hBN, 
could offer additional mechanisms for accelerating the cooling process. 
Recent reports show that the active cooling efficiency due to the Peltier 

effect in graphene-hBN devices is more than twice as big as the highest 
reported room temperature efficiency85. A comparative study of 
relaxation dynamics for graphene on hBN and SiO2 is missing from 
literature. In this section, we study the relaxation of carriers in 

graphene-hBN heterostructure devices. Our findings indicate that the 
substrate interface plays a major role in the carrier cooling process, and 
carriers in graphene devices fabricated on hBN substrates relax 

significantly faster than those on SiO2 substrates thus providing relief 
of the HP bottleneck and enabling better device performance. 

4.4.1 Experimental Results 
An optical image of one of the samples used in this study is shown 

in Figure 4.7. The spot marked 1 has graphene on hBN (g-hBN) whereas 
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spot 2 has graphene on SiO2 (g-SiO2). The Raman spectra of g-SiO2 and 
g-hBN are shown in Fig. 4.7 (b). The absence of a D peak means that 

both the g-SiO2 and g-hBN are defect free. We can infer from the G and 
2D peak positions that g-SiO2 and g-hBN are p-doped by about 
3.5×1012 𝑐𝑐𝑐𝑐−2 and 1×1012 𝑐𝑐𝑐𝑐−2 respectively20,21, which is well below the 

1.58 𝑒𝑒𝑒𝑒 probing photon energy. 

 
Figure 4.7: (a) Optical image of sample 1. The mean thickness of the hBN flake shown here is 

118 nm as measured using AFM. Spot marked 1 is g-hBN and spot marked 2 is g-SiO2 (b) Raman 
spectra of the graphene on hBN (red) and on SiO2 (black).  The curves are vertically offset for 

clarity. 

For the pump-probe study I used amplified 780 nm pulses from 
our Ti-sapphire laser amplifier for both pump and probe beams. I 
measured the spot sizes (spatial FWHM) of the pump and probe beams 

using the knife edge technique as 154 μm and 23 μm respectively. The 
temporal FWHM of the pulses as measured using the FROG technique 
was 45 fs. I conducted the experiment with a range of pump pulse 

energies, all of which were below the damage threshold of graphene 
under irradiation with  ultrafast pulses22. The pump was chopped using 
an optical chopper, and the probe reflectivity of the sample was 
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measured using lock-in detection. The polarizations of the pump and 
probe were crossed for better rejection of the pump scatter.  

 
Figure 4.8: Experimental differential reflectivity curves for different samples of g-hBN pumped 

using 60 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 per pulse. The reflectivity of g-SiO2 is shown for comparison (red: g-hBN and black: 

g- SiO2)   

The relaxation of PE carriers is captured by the differential 

reflectivity, Δ𝑅𝑅(𝑡𝑡)
𝑅𝑅0

, of the sample. Fig. 4.8 shows Δ𝑅𝑅(𝑡𝑡)
𝑅𝑅0

 as a function of the 

pump-probe time delay for three different g-hBN structures along with 
curves for g-SiO2 for comparison. It is immediately evident from Fig. 4.8 
that the relaxation dynamics of g-hBN are faster than that of g-SiO2.  

The pump pulse energy is 60 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2. The baseline at large positive 

pump probe delay is non-zero because of the underlying contribution 
from silicon base of our samples. This baseline is constant over 100 
picoseconds, which is far greater timescale than the cooling of charge 

carriers in graphene. We have independently verified that this baseline 
does not contribute to the lifetimes extracted from our experiment as 
seen in Figure 4.9. The addition of hBN flake does not change the 

response of silicon in any way since hBN is transparent to the pump 
light (780nm). The thickness of the hBN doesn’t affect the relaxation 
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timescale as seen from Fig. 4.9 (a). The ΔR(t)
R0

 versus time delay 

measurements shown above relax to a non-zero value. This is the 
residual signal shown by the silicon chip on which the graphene and 
hBN flakes are deposited. The reflectivity curves for the plain Si/SiO2 

show that we can approximate the silicon response with a sigmoidal 
function. This response has no decay as we have verified over 70 ps (Fig. 
4.9 (b)). 

 

Figure 4.9: (a) Reflectivity curves for plain SiO2/Si chip and hBN flakes over various thicknesses. 

(b) Long scan of time delay of g-hBN showing a flat response after the initial cooling. 

4.4.2 Two-Temperature Model 
In order to quantify the timescales observed in the experiment we 

modeled the temperature dynamics of the heterostructure using a two-

temperature model86,87. The two-temperature model simulates the heat 
transfer between the laser, charge carriers, phonons, and the substrate. 
The equations that govern the electronic temperature (𝛥𝛥𝑒𝑒𝑒𝑒) and optical 

phonon temperature �Top� are: 

𝑑𝑑𝛥𝛥𝑒𝑒𝑒𝑒
𝑑𝑑𝑡𝑡

=  
𝐼𝐼(𝑡𝑡) − 𝑖𝑖�𝛥𝛥𝑒𝑒𝑒𝑒,𝛥𝛥𝑜𝑜𝑜𝑜�

𝑐𝑐𝑒𝑒𝑒𝑒(𝛥𝛥) 4.5 
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𝑑𝑑𝛥𝛥𝑜𝑜𝑜𝑜
𝑑𝑑𝑡𝑡

=  
𝑖𝑖�𝛥𝛥𝑒𝑒𝑒𝑒,𝛥𝛥𝑜𝑜𝑜𝑜�
𝑐𝑐𝑡𝑡𝑝𝑝(𝛥𝛥) −

𝛥𝛥𝑜𝑜𝑜𝑜 − 𝛥𝛥0
𝜏𝜏𝑡𝑡𝑝𝑝

4.6 

𝛥𝛥0  is the ambient room temperature; 𝑐𝑐op and 𝑐𝑐el denote the 

phononic and electronic heat capacity of graphene; 𝐼𝐼(𝑡𝑡) is the time profile 

of the pump pulse, which is assumed to be a Gaussian with a FWHM of 
45 fs. The thermal relaxation timescale is 𝜏𝜏𝑜𝑜𝑜𝑜, which denotes the optical 

phonon lifetime in graphene. The coupling between 𝛥𝛥𝑒𝑒𝑒𝑒 and 𝛥𝛥𝑜𝑜𝑜𝑜 is given 

by the function 𝑖𝑖�𝛥𝛥𝑒𝑒𝑒𝑒,𝛥𝛥𝑜𝑜𝑜𝑜�, which governs the rate of generation and 

absorption of the phonons. 

𝑖𝑖�𝛥𝛥𝑒𝑒𝑒𝑒,𝛥𝛥𝑜𝑜𝑜𝑜� = 𝛽𝛽 ��1 + 𝑛𝑛�ℏ𝛺𝛺,𝛥𝛥𝑜𝑜𝑜𝑜���𝐷𝐷(𝐸𝐸)𝐷𝐷(𝐸𝐸 −  ℏ𝛺𝛺)𝑓𝑓(𝐸𝐸,𝛥𝛥𝑒𝑒𝑒𝑒)�1 − 𝑓𝑓(𝐸𝐸 −  ℏ𝛺𝛺)� 𝑑𝑑𝐸𝐸 − 

                       𝑛𝑛�ℏ𝛺𝛺,𝛥𝛥𝑜𝑜𝑜𝑜��𝐷𝐷(𝐸𝐸)𝐷𝐷(𝐸𝐸 +  ℏ𝛺𝛺)𝑓𝑓(𝐸𝐸,𝛥𝛥𝑒𝑒𝑒𝑒)�1 − 𝑓𝑓(𝐸𝐸 +  ℏ𝛺𝛺)�𝑑𝑑𝐸𝐸� 4.7
 

The coupling constant (𝛽𝛽) is taken as 8 𝑒𝑒𝑒𝑒2

𝑎𝑎𝑐𝑐2.𝑠𝑠
, which is the best fit 

with the experimental data. 𝐷𝐷(𝐸𝐸) is the density of electronic states of 

graphene is given by 𝐷𝐷(𝐸𝐸) =  2𝐸𝐸
𝜋𝜋
�ℏ𝑣𝑣𝑒𝑒�

−2
. The Fermi-Dirac formula for the 

distribution of carriers is 𝑓𝑓(𝐸𝐸,𝛥𝛥𝑒𝑒𝑒𝑒) =  �𝑒𝑒𝑒𝑒 𝑝𝑝 � 𝐸𝐸
𝑘𝑘𝑇𝑇𝑒𝑒𝑒𝑒

� +  1�
−1

. The Bose-

Einstein occupation of optical phonons at energy ℏ𝛺𝛺 is 𝑛𝑛�ℏ𝛺𝛺,𝛥𝛥𝑜𝑜𝑜𝑜� =

�𝑒𝑒𝑒𝑒𝑝𝑝 � ℏ𝛺𝛺
𝑘𝑘𝑇𝑇𝑜𝑜𝑜𝑜

� −  1�
−1

. The two optical phonons branches that contribute are 

the E2g-mode phonons near the Γ-point and A1-mode phonons near the 
K-point of graphene. We neglect the dispersion, and assume that ℏ𝛺𝛺 ≈

 200 𝑐𝑐𝑒𝑒𝑒𝑒. The expressions for the 𝑐𝑐𝑒𝑒𝑒𝑒 and 𝑐𝑐𝑡𝑡𝑝𝑝 
are derived from theory 

and experiment respectively, and the values for both are taken from the 
work by Chun Hung Lui et al88.  
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The graphene was assumed to be intrinsic after verifying that the 
doping only affects the maximum 𝛥𝛥𝑒𝑒𝑒𝑒 reached by 2%, and doesn’t change 

the time dynamics. We keep the electron-phonon interaction strength 

(𝛽𝛽) fixed for all cases, and vary the absorbed fluence to match the peak 

electronic temperature with the experimental value. The model can 
easily be extended to include the transient heating of the hBN (and for 
the SiO2 underneath) due to the inflow of heat from the graphene layer 

but the rise in temperature of the substrate is negligible (~1K) because 
of the large specific heat capacity of hBN. Once the electronic 
temperature is obtained from the above equations, we can extract the 
optical conductivity (𝜎𝜎) and refractive index (𝜂𝜂) of graphene from the 

equations: 

𝜎𝜎𝑖𝑖𝑛𝑛𝑡𝑡𝑒𝑒𝑟𝑟(𝛥𝛥) =
𝜋𝜋𝑒𝑒2

2ℎ
tanh

𝐸𝐸𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑒𝑒
4𝑘𝑘𝛥𝛥

4.8 

𝜎𝜎𝑖𝑖𝑛𝑛𝑡𝑡𝑟𝑟𝑎𝑎(𝛥𝛥) =
𝜋𝜋𝑒𝑒2

2ℎ
�

8 𝑒𝑒𝑛𝑛(2)
𝜋𝜋

�
𝛾𝛾𝑘𝑘𝛥𝛥

�𝐸𝐸𝑜𝑜𝑟𝑟𝑜𝑜𝑝𝑝𝑒𝑒2 +  𝛾𝛾2� 
4.9 

𝜂𝜂𝑔𝑔𝑟𝑟𝑎𝑎𝑜𝑜ℎ𝑒𝑒𝑛𝑛𝑒𝑒 = �𝜀𝜀𝑎𝑎𝑜𝑜𝑟𝑟𝑒𝑒 +
𝑖𝑖(𝜎𝜎𝑖𝑖𝑛𝑛𝑡𝑡𝑒𝑒𝑟𝑟 + 𝜎𝜎𝑖𝑖𝑛𝑛𝑡𝑡𝑟𝑟𝑎𝑎)

𝜀𝜀0𝜔𝜔
4.10 

σinter and σintra denote the interband and intraband contributions 
to the optical conductivity respectively. The contribution of the core 

electrons (that don’t participate in electronic transitions) to the relative 
permittivity of graphene is denoted as 𝜀𝜀𝑎𝑎𝑜𝑜𝑟𝑟𝑒𝑒. We calculated the 

reflectivity of the graphene/hBN/SiO2/Silicon stack using the transfer 
matrix method of thin film interference89. Thus, knowing the electronic 

temperature, 𝛥𝛥𝑒𝑒𝑒𝑒(𝑡𝑡), as a function of time delay allows us to calculate 

reflectivity, 𝑅𝑅(𝑡𝑡), as a function of time delay. The differential reflectivity 

of the sample shows the opposite trend as the electronic temperature, 
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i.e., a decrease in Δ𝑅𝑅(𝑡𝑡)
𝑅𝑅0

  corresponds to an increase in the electronic 

temperature as seen in Fig. 4.10. 

 
Figure 4.10: Differential reflectivity curves versus temperature for g-hBN (red) and g-SiO2 

(black) calculated using the two-temperature model. 
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Figure 4.11 : (a) Differential reflectivity curves for graphene-hBN with different pump fluences:  

80  𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 (orange), 60  𝜇𝜇𝜇𝜇

𝑎𝑎𝑐𝑐2 (green) and 50 (blue) 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2. (b) Differential reflectivity curves for graphene-

SiO2 for the same fluences. Inset: Electronic (red) and phonon (black) temperature profiles for 

the case with the lowest fluence. 

Fig. 4.11 (a) shows the relaxation for g-hBN pumped with pulse 

fluences of 80 (orange), 60 (green) and 50 (blue) µJ
cm2 for which we extract 

optical phonon lifetimes of 375 fs, 250 fs and 200 fs (± 25fs). Fig. 4.11 (b) 

shows the corresponding fits for g-SiO2, and the corresponding lifetimes 
are 1500 fs, 1200 fs, and 800 fs (± 50fs). The inset shows the 

temperature profiles for the case with the fastest decay. We assume that 
the only cooling mechanism available to the electrons is through losing 
heat to the optical phonon bath. Other possible modes of electronic 

cooling, such as directly coupling to the substrate or coupling to the 
acoustic phonons, are neglected. The interplay between the electron-

phonon coupling strength (𝛽𝛽) and optical phonon lifetime �𝜏𝜏𝑜𝑜𝑜𝑜 � 

determines whether the electrons cool down substantially before 
equilibrating with the phonons, i.e. before the bottleneck sets in. The 

fast decay of optical phonons in the case of g-hBN has an immediate 
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cooling effect on the electronic temperature. As seen in the temperature 
profile for g-SiO2, 𝛥𝛥𝑒𝑒𝑒𝑒 and 𝛥𝛥𝑜𝑜𝑜𝑜 equalize around 1200 𝐾𝐾 whereas for g-hBN 

the temperatures have cooled down to 600 𝐾𝐾 before equalizing. The 

phonon relaxation lifetimes in g-hBN are lower than those measured for 
g-SiO2 by about a factor of four for all fluences indicating that additional 
cooling channels for graphene’s optical phonons are available when hBN 

is used as the substrate. The range of values of 𝜏𝜏op for g-SiO2 (0.8 −

1.5 𝑝𝑝𝑓𝑓) agrees well with previous measurements of the phonon lifetime 

in SiO2 supported graphene74,82. At higher fluences (i.e. high initial 
carrier densities), multibody effects like carrier screening, plasmonic 
modes, and plasmon-phonon interactions might come into play90. While 

these multibody effects are not captured by the simple two-temperature 
model, it still allows us to phenomenologically deduce the optical phonon 
relaxation lifetime. 

The doping profile changes the total energy absorbed from the 
pump pulse; thus, the maximum electron temperature. This might affect 
the simulated dynamics. To address this question, we simulated the 

dynamics with and without the doping. The Fermi energy, 𝜇𝜇(𝛥𝛥𝑒𝑒𝑒𝑒) of the 

electrons is a temperature dependent quantity. Considering the high 
temperature involved in our experiment, we need to take the Fermi 
energy shift into account. To incorporate the temperature dependent 

Fermi energy into our simulation, we modify the expression for the 
specific heat as follows.   

𝐶𝐶𝑒𝑒𝑒𝑒 =  
𝑑𝑑
𝑑𝑑𝛥𝛥

�� 𝐷𝐷(𝐸𝐸)𝑓𝑓(𝐸𝐸 − 𝜇𝜇(𝛥𝛥𝑒𝑒𝑒𝑒),𝛥𝛥𝑒𝑒𝑒𝑒)𝐸𝐸𝑑𝑑𝐸𝐸
+∞

0
� 

=
𝑑𝑑
𝑑𝑑𝛥𝛥

�� 𝑁𝑁(𝐸𝐸)𝐸𝐸𝑑𝑑𝐸𝐸
+∞

0
� 4.11 
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Where 𝑁𝑁(𝐸𝐸) is the number density at energy 𝐸𝐸. The expression 

for 𝜇𝜇(𝛥𝛥𝑒𝑒𝑒𝑒) can be derived by invoking the expression for total carrier 

concentration which is constant. The g-SiO2 in our experiment is p-
doped with a hole density of ~ 3 ×1012 𝑐𝑐𝑐𝑐−2 whereas the g-hBN has 

smaller initial doping (≤ 1 ×1012 𝑐𝑐𝑐𝑐−2). 

𝑁𝑁𝑡𝑡𝑜𝑜𝑡𝑡 =  � 𝐷𝐷(𝐸𝐸)𝑓𝑓(𝐸𝐸 − 𝜇𝜇(𝛥𝛥𝑒𝑒𝑒𝑒),𝛥𝛥𝑒𝑒𝑒𝑒)𝑑𝑑𝐸𝐸
+∞

0
4.12 

Solving the equation for moderately high temperatures (> 300𝐾𝐾) 

shows an asymptotically inverse variation with temperature91:  

𝜇𝜇(𝛥𝛥) ∝  
𝑁𝑁
𝛥𝛥

4.13 

We can therefore ignore the variation of the Fermi energy with 
temperature, since the initial temperatures of carriers in the sample is 
very high. Incorporating the initial p-doping of the sample gives a small 

linear correction term. The effect of including this term in the 
differential reflectivity of g-hBN is shown in Figure 4.12. We note that 
the doping doesn’t change the carrier cooling dynamics. 
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Figure 4.12: Transient differential reflectivity curves for g-hBN calculated ignoring (yellow) and 

including (red) the initial p-doping doping. 

4.4.3 Heat transfer in graphene heterostructures 
At low fluence where these multibody effects are relatively small, 

and the temperature differential is smallest, we can estimate the 
interfacial thermal conductance of the graphene – hBN interface from 
the optical phonon lifetimes using the lumped heat capacity model. The 

phonon lifetime is related to the interfacial conductance by the equation 

𝐺𝐺𝑘𝑘 =
𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒
𝜏𝜏𝑜𝑜𝑜𝑜

4.14 

where, 
1

𝑎𝑎𝑒𝑒𝑒𝑒𝑒𝑒
=  1

𝑎𝑎ℎ𝐵𝐵𝐵𝐵
+  1

𝑎𝑎𝑜𝑜𝑜𝑜+𝑎𝑎𝑒𝑒𝑒𝑒
4.15  
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The heat capacity 𝑐𝑐𝑒𝑒𝑒𝑒𝑒𝑒 is the effective heat capacity per unit area 

of the composite graphene-hBN system92. The heat capacity and thermal 
conductance of hBN can be ignored because the limiting term in the 

vertical heat transport dynamics of the heterostructure is the interfacial 
thermal conductance between graphene and the substrate. Since the 
measured phonon lifetime shows a decreasing trend with the 

temperature differential, we estimate the lower limit of the room 
temperature interfacial conductance of the graphene-hBN interface 
from our measured relaxation lifetime for the lowest fluence as 

16.25 𝑀𝑀𝐺𝐺
𝑐𝑐2.𝐾𝐾

 at room temperature. The corresponding value for the 

graphene-SiO2 interface is 3.75 𝑀𝑀𝐺𝐺
𝑐𝑐2.𝐾𝐾

. The value of 𝐺𝐺𝑘𝑘 for g-hBN measured 

here is higher than that reported in the work by Chen et al.93 by more 
than a factor of two. The sample used in their experiment underwent 
electron beam lithography and oxygen plasma etching, which might 

have possibly affected the interface quality and suppressed the 
interfacial conductance. As far as we know, no previous measurements 
of the relaxation of carriers in graphene on hBN exist. For comparison, 

we can calculate the equivalent relaxation times from the alternate 
methods for measurements and predictions of the interfacial thermal 
conductivity of the graphene – hBN interface. The results are listed in 

table 1.  

Study 𝐺𝐺𝑘𝑘 �
𝑀𝑀𝑘𝑘
𝑐𝑐2.𝐾𝐾

� Thermal time 
constant (fs) Notes 

Mao, R. et 
al94 187 17 Room temperature, 

theoretical 
Pak, A. J. et 
al95 4 800 Room temperature, 

theoretical 
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Chen, C. C. 
et al93 7.41 435 Room temperature, 

experimental 
Zhang, J. et 
al96 3 1076 200-700 K, 

theoretical 
Ting Li et 
al97 1-10 300-3000 200-600 K, 

theoretical 
Table 1: Interfacial thermal conductance and thermal time constants for graphene on hBN. 

4.4.4 Theoretical aspects of heat transfer in g-hBN 
Many mechanisms have been proposed to explain the cooling of 

hot carriers in graphene. In this section, I will provide an overview of 
some theories and their implications. 

Figure 4.13 shows a schematic of the competing channels for 
energy transport between graphene’s carriers, intrinsic phonons, and 
the substrate after excitation with an ultrafast laser pulse. As described 

in a previous section, one narrative of the cooling process is as follows: 
the laser pulse leaves behind an extremely hot bath of electrons in a 
highly non-equilibrium state. The electrons rapidly thermalize due to 

Coulomb mediated carrier-carrier scattering (~30 𝑓𝑓𝑓𝑓) and coupling with 

optical phonons (~500 𝑓𝑓𝑓𝑓)32,67,98. This fast thermalization time is also 

indicative of the fact that the electrons and holes reach the same 
temperature within tens of picoseconds69. Further cooling is limited by 
the cooling of the hot optical phonons through anharmonic coupling to 

acoustic phonons (1 − 5 𝑝𝑝𝑓𝑓)79,81,82. Furthermore, the decrease in lifetime 

with the number of graphene layers has prompted a suggestion that the 
carriers directly interact with the lattice vibrations of the substrate82.  
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Figure 4.13: Different heat flow pathways available to photoexcited charge carriers. 

Direct coupling of the carriers to the intrinsic acoustic phonons in 

graphene is not a major contributor to the cooling process because of the 
momentum mismatch between the acoustic phonons and carriers 
reduces the phase space for such a process. Recent theoretical99 and 
experimental100–102 evidence has pointed to a defect mediated scattering 

between the carriers and acoustic phonons in graphene called 
supercollison cooling. In this process, the defects provide the momentum 
mismatch between the acoustic phonons and the carriers103. The 

importance of the supercollision pathway increases at high defect 
densities101, low carrier energies, and higher lattice temperatures100,103. 
The cooling rate in a supercollision process is governed by the equation99 

𝜇𝜇 = 𝐴𝐴�𝛥𝛥𝑒𝑒𝑒𝑒3 − 𝛥𝛥𝑎𝑎𝑎𝑎3� 4.16 



92 
 

where 𝛥𝛥𝑎𝑎𝑎𝑎 is the temperature of the acoustic phonon. Solving Eqn. 4.16, 

we get a hyperbolic temperature decay. 

𝛥𝛥𝑒𝑒𝑒𝑒(𝑡𝑡) =
𝛥𝛥𝑒𝑒𝑒𝑒(0)

1 + 𝑡𝑡
𝜏𝜏0

4.17 

This hyperbolic cooling profile does not give a good fit with our 

data for graphene on hBN. The interface between graphene and hBN is 
free of defects and impurities therefore, defect mediated supercollision 
process cannot be the major cooling pathway for g-hBN. 

Another alternative cooling mechanism that has been proposed is 
the coupling of carriers in graphene with the phonon-polaritons of the 
substrate76,104. At the time of this writing, researchers have recently 

found experimental evidence for Super-Plankian cooling105. In the so 
called Super-Plankian cooling mechanism of carriers in graphene, the 
electrons couple radiatively with the hyperbolic phonon-polariton modes 
in hBN. This near field (evanescent) coupling between the carriers and 

substrate provides a very efficient cooling channel and aids in the fast 
cooling of photoexcited carriers in graphene.  

The interaction between graphene and the substrate also depends 

on many other factors like topographic conformity, coulombic 
interactions and adhesion energy. The g-hBN interface can be more 
transparent to heat carrying phonons because of the similar masses of 

carbon, boron, and nitrogen94. The curvature of the graphene sheet is an 
additional contributor to the interface thermal resistance in g-SiO295. 
Annealing contributes to the graphene sheet conforming to the 

substrate and hBN being atomically flat means the graphene sheet in g-
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hBN has lower cumulative curvature than the graphene sheet in g-SiO2 
effectively decreasing interfacial resistance in g-hBN. 

In summary, we’ve seen that interlayer interactions play a major 
role in the carrier dynamics of graphene heterostructures. In the next 
chapter, I will introduce another class of 2D heterostructures called 

Transition Metal Dichalcogenides (TMDs) which are complementary to 
graphene because of their semiconducting properties. I will present non-
degenerate pump-probe measurements that show that strong electron-

phonon interactions can cause renormalization in the bandstructure of 
TMDs. 
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CHAPTER 5.  

Phonon Induced Renormalization in 

Transition Metal Dichalcogenides 
 
The discovery of graphene paved the way for an immense volume 

of research into two-dimensional, atomic layer materials. There now 

exists a repertoire of 2D materials that includes metals (e.g., NbSe2), 
semimetal (graphene), semiconductors (MoS2, WS2, MoSe2 and WSe2) 
and insulators (hBN). These materials can be mixed and matched to 

build heterostructures with optical, electronic or thermal properties that 
suit specific applications. TMDs (MoS2, WS2, MoSe2 and WSe2) are a 
subclass of 2D materials that retain the convenient planar honeycomb 

structure of graphene. They are semiconductors with a direct optical 
band gap in the visible spectrum therefore they absorb strongly in the 
visible region of the optical spectrum This opens possibilities for opto-

electronic device applications. In principle, because of the high binding 
energy of the excitons in TMDs, we could make very efficient 
photovoltaic devices by harnessing photoexcited charge carriers. 

Conversely, we can inject charge carriers into TMD based p-n junction 
devices to make visible light sources. Coupled spin and valley degree of 
freedom makes TMDs a potential candidate for the burgeoning fields of 

spintronics and valleytronics.  
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The room temperature photoluminescence (PL) efficiency of TMD 
samples is low (~1%)106. Photodetectors and LED devices made using 

TMD materials also suffer from low quantum efficiency. At low 
temperatures, the recombination of excitons is dominated by radiative 
recombination107,108. At higher temperatures (above 100 K) non-

radiative recombination of carriers due to defect assisted 
recombination109–111 or exciton-exciton annihilation processes107,112,113 
can come into play. Non-radiative recombination processes decrease 

exciton population and thus fewer excitons are left to combine 
radiatively effectively reducing the PL efficiency.  

Chemical vapor deposition (CVD) techniques have made it 

possible to obtain large area samples quickly. Defects or impurities may 
be present in the lattice of CVD grown samples as remnants from the 
growth procedure109. Defects act like potential wells which trap carriers 

and excitons, effectively localizing them. A defect state can act as a 
recombination center if the wavefunction of the state has good overlap 
with the valence and conduction bands110. Therefore, states lying deep 
in the bandgap act as recombination centers where as shallow states 

(closer to the valence or conduction band) act as donor or acceptor states. 
Defects have also been proposed as a possible reason for low mobility in 
TMD transistors114 

Another pathway for non-radiative recombination of carriers and 
excitons is through the mediation of phonons. Electron-phonon 
interaction is very important in semiconductors because apart from 

reducing the PL efficiency, hot phonon effect is responsible for low 
mobility and current saturation83,115,116. Experimental work on carrier-
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phonon interactions in TMDs has been limited to variation of PL 
linewidth117 and lifetime118–121 with temperature. Theoretical efforts 

have concentrated on modelling lateral thermal conductivity122–124, 
phonon relaxation lifetimes125, phonon mediated free carrier cooling43 
and phonon-induced bandstructure changes126. In this chapter, I will 

present time domain experimental results indicating strong many-body 
interactions between carriers, excitons, defect states and phonons in 
WS2. Similar results were obtained for MoS2 (appendix A) indicating 

that multibody interaction play a major role in the carrier recombination 
of TMDs.  

5.1 Static spectroscopy of WS2 and MoS2 
Due to the reduced dimensionality of TMD materials, screening 

between charge particles is reduced compared to traditional 
semiconductors. This leads to large binding energies in excitons. The 
optical properties of these materials in the visible range are dominated 

by the excitonic resonances which lie a little below the band gap energy. 
Figure 5.1 shows the bandstructure near the K valley of the Brillouin 
zone. An excitonic level (only A exciton shown) that lies a little below the 

conduction band and mid gap defect states that can trap and localize 
carriers are also shown below the band gap. 
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Figure 5.1: Schematic representation of the bandstructure of a TMD near the K point. Defect 

states, free and localized excitons are also shown. 

 

The samples used in the experiments describe below were grown♠ 

using a CVD procedure on sapphire substrates. Individual triangular 
flakes as shown in Fig. 5.2 are monocrystalline with no domain walls. 
Since the spot size of the laser is < 10 𝜇𝜇𝑐𝑐, only the monocrystalline area 

is probed. 

                                            
♠ Samples were grown by Sefaattin Tongay’s group at ASU. Tempe, AZ. 
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Figure 5.2: Optical images of CVD grown WS2 (left) and MoS2 on a c-sapphire substrate. 

Optical absorption spectra and room temperature PL spectra of 
the samples are shown in Figure 5.3. Two peaks corresponding to the A 
and B exciton are seen in the absorption spectrum.  

 
Figure 5.3: Absorbance (black) and photoluminescence (red) of (a) WS2 and (b) MoS2 

The absorption spectrum was obtained by using calculating the 
contrast of the sample over the sapphire background. If 𝑛𝑛𝑠𝑠 is the 

refractive index of the substrate, 𝑅𝑅𝑠𝑠𝑎𝑎𝑐𝑐 and 𝑅𝑅𝑠𝑠𝑝𝑝𝑝𝑝 are the reflection 
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coefficients from the sample and bare substrate respectively; then we 

can calculate the absorbance♠, 𝐴𝐴, of the sample using the relation: 
𝑅𝑅𝑠𝑠𝑎𝑎𝑐𝑐 − 𝑅𝑅𝑠𝑠𝑝𝑝𝑝𝑝

𝑅𝑅𝑠𝑠𝑝𝑝𝑝𝑝
=

4𝐴𝐴
𝑛𝑛𝑠𝑠2 − 1

5.1 

5.2 Non-degenerate pump-probe spectroscopy of WS2 
For the time resolved experiments, a 40 𝑓𝑓𝑓𝑓 pulse train from a Ti-

sapphire laser was frequency doubled to 400 𝑛𝑛𝑐𝑐 and chopped at 200 𝑀𝑀𝑧𝑧 

to be used as the pump beam. The pump fluences used ranged from 

400 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 to 1500 𝜇𝜇𝜇𝜇

𝑎𝑎𝑐𝑐2. Tunable light pulses (~40 𝑓𝑓𝑓𝑓) in the visible region 

produced using an Optical Parametric Amplifier (OPA) were used to 
probe the pump-induced reflectivity changes in the sample. The pump 

and probe beams were cross polarized for better pump rejection at the 
detector. After photoexcitation, a host of multibody processes dictate the 
transient change in absorbance, such as phase space filling128, spectral 

broadening129, stimulated emission130, exciton-exciton scattering 
(biexciton formation131,132, exciton-exciton annihilation110 and exciton 
self-renormalization129) and carrier-phonon interactions43,126,133. The 

pump-induced differential reflectivity, Δ𝑅𝑅
𝑅𝑅0

, measured by the time 

resolved experiments can be converted to differential absorption change, 
Δ𝐴𝐴, using Eqn. 5.1: 

Δ𝐴𝐴(ℏ𝜔𝜔, 𝑡𝑡) =
Δ𝑅𝑅(ℏ𝜔𝜔, 𝑡𝑡)

𝑅𝑅0
�𝐴𝐴(ℏ𝜔𝜔) +

𝑛𝑛𝑠𝑠2 − 1
4

� 5.2 

                                            
♠Absorbance is defined as 𝐴𝐴 = −𝑒𝑒𝑛𝑛 �𝐺𝐺𝑇𝑇

𝐺𝐺𝑖𝑖
�; where 𝐼𝐼𝑖𝑖 and 𝐼𝐼𝑇𝑇 are the incident and 

transmitted intensities. 
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Where Δ𝑅𝑅(𝜔𝜔,𝑡𝑡)
𝑅𝑅0

 is the differential reflectivity signal measured with 

a probe energy ℏ𝜔𝜔 and time delay 𝑡𝑡. 

Fig 5.4 shows the differential absorbance curves for WS2 at probe 
energies of (a) 1.92 𝑒𝑒𝑒𝑒 (red shifted from A-peak), (b) 2 𝑒𝑒𝑒𝑒 (on resonance 

with A-peak) and (c) 2.06 𝑒𝑒𝑒𝑒 (blue shifted from A-peak) respectively with 

a pump fluence of 1500 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2. We estimate a maximum initial photoexcited 

carrier density of 5×1014𝑐𝑐𝑐𝑐−2 from the absorbance127 of WS2 at 400 𝑛𝑛𝑐𝑐 
(3.1 𝑒𝑒𝑒𝑒).  

 
Figure 5.4: Transient absorbance curves for WS2 at (a) 1.92 eV (b) 2 eV and (c) 2.07 eV at a pump 

fluence of 1500 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 
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The differential absorbance near the excitonic peak shows 
striking variation with probe photon energy. For example, we can see 

from Figure 5.4 that the change in absorbance at a time delay of 3 𝑝𝑝𝑓𝑓 

(marked with a dashed vertical reference line) goes from a positive value 
at 1.92 𝑒𝑒𝑒𝑒 to a negative value at 2 𝑒𝑒𝑒𝑒 and back to a positive value at 

2.06 𝑒𝑒𝑒𝑒. This oscillatory behavior of Δ𝐴𝐴 near the exciton energy has been 

observed in both monolayer and bulk TMDs and is a signature of 
bandgap renormalization of the excitonic peak109,127,129. The dynamics at 
larger time delays, like the broad negative bump in Fig. 5.4 (b) around 

20 𝑝𝑝𝑓𝑓 (marked with a solid vertical reference line), cannot be easily 

explained using the standard narrative of carrier relaxation. To 
understand the dynamics, we need to delineate the contributions of the 
various multibody interactions at play in the system. 

The pump pulse excites carriers into the conduction band which 
quickly lose energy via intravalley scattering and bind to oppositely 
charged carriers to form excitons. Within a couple of hundred 

femtoseconds most (~ 60%) of the photoexcited free carriers cool down 

and bind with oppositely charged carriers to form excitons134,135. The 
increase in the population of excitons causes Pauli blocking from 
excitonic states which inhibits further absorption of the probe beam and 

consequently causes a dip in the transient absorbance. Thus, the 
absorbance near time delay zero initially decreases for all three probe 
energies. The Pauli blocking dip is followed by an immediate rise in 

transient absorbance which has been previously attributed to the 
absorption of the probe light by carriers trapped in the defect 
states109,136–140. This channel causes an increase in Δ𝐴𝐴 that persists for a 
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~3 𝑝𝑝𝑓𝑓 after the negative peak due to Pauli blocking. The existence of 

defect states in our sample is seen in cold temperature (4.3 𝐾𝐾) PL 

spectrum shown in Figure 5.5 (a). The broad peak labelled ‘LE’ (for 
Localized Exciton) represents excitons that are trapped at defect sites. 

These localized excitons lose their kinetic energy and are thus ‘localized’. 
The peak labeled ‘FE’ is the free exciton peak which is blue shifted by 
about 60 𝑐𝑐𝑒𝑒𝑒𝑒 from its position at room temperature (RT) due to carrier-

phonon interactions. The LE peak is absent in the room temperature PL 
spectrum shown in Figure 5.3 due to thermally activated non-radiative 

recombination as opposed to thermally induced dissociation due to its 
high binding energy118.  

 
Figure 5.5: (a) PL of WS2 sample at 4.3 K (b) Transient absorbance of WS2 with varying 

fluence. 

The LE peak is very broad indicative of a broad range of defect 

energies. In TMDs, defects such as metal atom vacancies, chalcogen 
atom vacancies, oxygen interstitial and grain boundaries, created by 
varying the growth parameters or induced via particle irradiation, have 

been identified using a variety of techniques such as TEM, XPS, STM, 
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Raman spectroscopy and PL spectroscopy 109–111,141–147. Although both 
free carriers and carrier bound as excitons are susceptible to capture, 

the capture cross section of bound carriers is higher than that for free 
carriers110. Carrier trapping by defects related to oxygen substitution 
has been observed primarily in CVD grown TMDs 109,136,148 although it 

has been proposed to explain the recombination rates in exfoliated 
TMDs111 also. Defect trapped carriers modifying the transient 
absorption signal has been seen before in low temperature grown 

semiconductors as well137–140. In all the above experiments, carrier 
trapping occurs in a few picoseconds followed by slow (~100 𝑝𝑝𝑓𝑓) release 

and recombination. To shed more light on the role of defect states in the 
increasing transient absorption signal, we varied the fluence of the 

pump excitation. Figure 5.5 (b) shows the transient absorbance of WS2 
at 2 𝑒𝑒𝑒𝑒 (on resonance with the exciton) at different fluences. Contrary to 

our expectation, the lowest fluence �400 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2� shows the deepest dip due 

to Pauli blocking and the magnitude of the dip decreases with increasing 

fluence. This can be explained by the effect of the defect state absorption 
increase which is completely absent at the lowest fluence. Since the 
defect capture time is of the order of exciton formation (~1𝑝𝑝𝑓𝑓), at higher 

fluences, a higher population of excitons is trapped by the defect states 

leading to a higher increase of transient absorption. This reduces the 
magnitude of the Pauli blocking dip. The peak following the dip is higher 
for higher fluences showing defect induced absorption dominates the 

change in absorption at higher excitation densities. The transient 
absorption curve at low fluence shows a simple biexponential relaxation 
with a fast component due to exciton thermalization and a slow 
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component due to radiative recombination. The increase in the defect 
induced absorption peak also indicate that the defect states are not 

saturated with carrier trapping. The transient absorption curve at low 
fluence shows a biexponential relaxation with a fast excitation due to 
exciton thermalization and a slow component radiative 

recombination136. Two other contributions to the dynamics in the few-
picosecond time delay regime are from Auger recombination and carrier 
induced band gap renormalization (BGR). Defect assisted fast Auger 

recombination of excitons has been proposed as a non-radiative pathway 
for decreasing exciton population in the few-picosecond regime. This 
partially counters the effect of Pauli blocking. Carrier induced BGR 

causes a red shift in the absorption spectrum127,149,150. This manifests as 
a decrease in absorption at 2 𝑒𝑒𝑒𝑒 and increase in absorption at 1.92 𝑒𝑒𝑒𝑒. 

This is clearly seen in Figure 5.4 as the dip in Δ𝐴𝐴 near zero is more than 

twice as large at 2 𝑒𝑒𝑒𝑒 (−0.015) compared to the value at 1.92 𝑒𝑒𝑒𝑒 
(−0.007). 

At a probe energy of 1.92 𝑒𝑒𝑒𝑒 and time delay between 3 − 20 𝑝𝑝𝑓𝑓 the 

increasing transient absorbance saturates and starts decreasing 
towards zero. This behavior is similar to that observed by Ke Chen et 
al109,136 in ML MoSe2. This slow decrease has a timescale of 131 𝑝𝑝𝑓𝑓 and 

is the signature of trapped carriers being released through 

recombination with a carrier of opposite charge. To put it in other words, 
a defect releasing a hole is equivalent to its capturing an un-trapped 
electron and vice versa. This mechanism reduces the population of 

excitons and charged carriers in the system through non-radiative 
recombination. The excess energy is released as phonons leading to 
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lattice heating. The timescale of this recombination mechanism is 
slower than that of carrier trapping and ranges from 50 −

800 𝑝𝑝𝑓𝑓109,136,148,151 depending on the doping levels and defect density of 

the sample. As a contrast, defect assisted Auger recombination which 

does not involve phonons has a timescale of 1 − 2 𝑝𝑝𝑓𝑓110,151.  

However, transient absorption signal decay due to carrier 
recombination cannot explain the behavior of the transient absorbance 
curves at probe energy of 2 𝑒𝑒𝑒𝑒 beyond 5 𝑝𝑝𝑓𝑓. A very broad minimum 

around delay of 20 𝑝𝑝𝑓𝑓 with a full width at half maximum of several tens 

of picoseconds, is clearly discernable. The feature at a time delay of 20 𝑝𝑝𝑓𝑓 

is positive at 1.92 𝑒𝑒𝑒𝑒 but negative at 2.0 𝑒𝑒𝑒𝑒 and 2.06 𝑒𝑒𝑒𝑒. The oscillatory 

nature of the feature with increasing probe energy indicates an optical 
bandgap renormalization effect corresponding to a red shifted 

absorption profile.127,129. The very late onset of the feature (~20 𝑝𝑝𝑓𝑓) rules 

out carrier (both free and bound) induced renormalization as a possible 
cause for renormalization. Similarly, the late onset of the decrease in Δ𝐴𝐴 

rules out other carrier-population induced effects such as exciton-
exciton annihilation, bi-exciton formation, intra and intervalley dark 

excitons etc. because the carrier population peaks near zero time delay 
and any effects caused due to carrier induced renormalization must be 
maximum at zero delay.  

A potential mechanism for the late onset of absorption changes is 

phonon induced band gap renormalization. As mentioned before, 
phonons are emitted during the relaxation of photoexcited carriers and 
during the slow recombination of carriers at defect sites. Since the 

recombination timescale is very slow, the phonon population reaches a 
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maximum at later time delays as observed. There are many indications 
in literature to support the role of phonons in the observed red-shift of 

the excitonic peak. Theoretical calculations predict a large cross section 
for carrier-phonon interaction in TMDs133,152–154. Alejandro Molina-
Sanchez et al126 have performed ab-initio calculations for MoS2 that 

prove that the optical phonon induced renormalization red-shifts the 
excitonic peak. Seffattin Tongay et al153 showed the transition of 
multilayer MoSe2 from an indirect to a direct bandgap material with an 

increase in temperature. Multi-phonon assisted process at defect sites 
has been proposed as the mechanism responsible for carrier relaxation 
in InGaAs/GaAs quantum dots155,156. Recently, a two-level 

recombination mechanism for defect mediated recombination through 
phonon emission was proposed to explain the non-radiative 
recombination rate in CdTe157.  

5.3 Modelling recombination rates 
To better understand the multibody interactions in our 

experiment, we can model the dynamics as a four-level system. The 
energy schematic of our model is show in Fig 5.6. The four states 

considered are the free carriers |𝐶𝐶⟩, excitons |𝑋𝑋⟩, defect-trapped states 
|𝐷𝐷⟩ and the ground state |𝐺𝐺⟩. The various relaxation pathways and 
associated timescales are labelled. The phonons released upon 

recombination are denoted by the red wavy line. 
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Figure 5.6: Energy schematic of the model used to simulate dynamics showing the coupling 

between states. 

The time dynamics of the photoexcited TMD sample are described 
by the system of coupled differential equations: 

𝑑𝑑𝑛𝑛𝑎𝑎
𝑑𝑑𝑡𝑡

= 𝐼𝐼(𝑡𝑡) −  
𝑛𝑛𝑎𝑎
𝜏𝜏𝑋𝑋

5.3 

𝑑𝑑𝑛𝑛𝑋𝑋
𝑑𝑑𝑡𝑡

=
𝑛𝑛𝑎𝑎
𝜏𝜏𝑋𝑋
−  

𝑛𝑛𝑋𝑋
𝜏𝜏𝑎𝑎𝑎𝑎𝑜𝑜

−
𝑛𝑛𝑋𝑋
𝜏𝜏𝐴𝐴𝑝𝑝𝑔𝑔

5.4 

𝑑𝑑𝑛𝑛𝐷𝐷
𝑑𝑑𝑡𝑡

=
𝑛𝑛𝑋𝑋
𝜏𝜏𝑎𝑎𝑎𝑎𝑜𝑜

−  
𝑛𝑛𝐷𝐷
𝜏𝜏𝐷𝐷

5.5 

𝑑𝑑𝑛𝑛𝑃𝑃
𝑑𝑑𝑡𝑡

= 𝑘𝑘.
𝑛𝑛𝐷𝐷
𝜏𝜏𝐷𝐷

−  
𝑛𝑛𝑃𝑃
𝜏𝜏𝑜𝑜ℎ

5.6 

𝐼𝐼(𝑡𝑡) is the incident pump pulse with a 40 𝑓𝑓𝑓𝑓 gaussian profile; 𝑛𝑛𝑎𝑎, 

𝑛𝑛𝑋𝑋, 𝑛𝑛𝐷𝐷 and 𝑛𝑛𝑜𝑜ℎ are the free carrier population, exciton population, 

population of the defect states and phonon population respectively. For 
simplicity, we ignore the difference between the release times of 
electrons and holes. We also ignore the capture of free carriers by defect 

sites because the capture cross-section is far lower compared to exciton 
capture110. The relaxation rates are as follows: 𝜏𝜏𝑋𝑋 is the exciton 
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formation time, 𝜏𝜏𝑎𝑎𝑎𝑎𝑜𝑜 is the exciton capture time,  𝜏𝜏𝐴𝐴𝑝𝑝𝑔𝑔 is the defect-

assisted Auger recombination time, 𝜏𝜏𝐷𝐷 is the phonon assisted 

recombination time and finally 𝜏𝜏𝑜𝑜ℎ is the phonon relaxation time. The 

factor 𝑘𝑘 in Eqn. 5.6 is proportional to the number of phonons released 

per recombination event. After solving the above equations, the 
differential absorbance is calculated using a simple proportionality 
formula: 

Δ𝐴𝐴(ℏ𝜔𝜔, 𝑡𝑡) = 𝛼𝛼𝑋𝑋(ℏ𝜔𝜔).𝑛𝑛𝑋𝑋(𝑡𝑡) + 𝛼𝛼𝐷𝐷(ℏ𝜔𝜔)𝑛𝑛𝐷𝐷(𝑡𝑡) + 𝛼𝛼𝑜𝑜ℎ(ℏ𝜔𝜔)𝑛𝑛𝑜𝑜ℎ(𝑡𝑡) 5.7 

Where the 𝛼𝛼𝑋𝑋 term determines the contribution of Pauli blocking 

and carrier-induced BGR, 𝛼𝛼𝐷𝐷 is the defect induced absorption coefficient 

which is proportional to the density of defects in the sample and 𝛼𝛼𝑜𝑜ℎ is 

the coefficient of phonon induced absorption change. We find that the 
bandgap renormalization due to phonons is of the same order of 

magnitude as carrier induced BGR, i.e., 𝛼𝛼𝑋𝑋
𝛼𝛼𝑜𝑜ℎ

~1, although as expected, 

phonon induced effects are dominant at later time delays. Figure 5.7 

shows the fits for the data in Fig. 5.4 with the values 𝜏𝜏𝐷𝐷 = 60 𝑝𝑝𝑓𝑓 and 

𝜏𝜏𝑜𝑜ℎ = 20 𝑝𝑝𝑓𝑓. The phonon relaxation time, 𝜏𝜏𝑜𝑜ℎ, denotes the anharmonic 

decay rate of phonons into lower energy phonons and eventual transfer 

into the substrate. We could not find any prior theoretical or 
experimental estimates for the decay lifetime of phonons in WS2. This is 
the first direct time-domain measurement of the phonon-induced BGR 

and phonon relaxation time.  
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Figure 5.7: Calculated absorbance curves simulating the data in Fig 5.3 using Eqn. 5.7 

Strong phonon induced optical bandgap renormalization has been 
previously predicted in theory for MoS2126 and MoSe2153. The redshift of 

the excitonic peak with increasing temperature can be modelled using a 
variant of Varshni equation158. 

𝐸𝐸𝑋𝑋(𝛥𝛥) = 𝐸𝐸𝑋𝑋(0) − 𝑆𝑆. 〈ℏ𝜔𝜔〉 �𝑐𝑐𝑡𝑡𝑡𝑡ℎ �
〈ℏ𝜔𝜔〉
2𝑘𝑘𝐵𝐵𝛥𝛥

� − 1� 5.8 

Where, 𝛥𝛥 is the lattice temperature, 𝑆𝑆 is a constant proportional 

to the electron-phonon coupling and 〈ℏ𝜔𝜔〉 is the average phonon energy. 
Fig. 5.8 (a) shows the measured absorbance of the A-exciton of WS2 at 
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room temperature and the same peak slightly broadened (~5%) and red 
shifted by 22 𝑐𝑐𝑒𝑒𝑒𝑒 due to phonon induced renormalization126,129,148. The 

difference between the curves (Δ𝐴𝐴) is shown in Fig 5.8 (b). The dashed 

lines represent the probe energies. The energy shift and broadening 

were chosen to match the values of  Δ𝐴𝐴 from Fig. 5.8 (b) at the probe 

energies 1.92 𝑒𝑒𝑒𝑒, 2 𝑒𝑒𝑒𝑒, and 2.07 𝑒𝑒𝑒𝑒 (marked by vertical dashed lines) to 
the contribution of maximum phonon induced renormalization, Δ𝐴𝐴𝑜𝑜ℎ =

𝛼𝛼𝐷𝐷(ℏ𝜔𝜔)𝑛𝑛𝐷𝐷(𝑡𝑡), extracted from the fits in Figure 5.7. The parameters 𝑆𝑆 =

2.47, and 𝐸𝐸𝑋𝑋(0) = 2.08 𝑒𝑒𝑒𝑒, were obtained from cold PL data159. Using 
〈ℏ𝜔𝜔〉 = 13 𝑐𝑐𝑒𝑒𝑒𝑒, also extracted from low temperature PL data, for the 

average phonon energy results in an estimated maximum lattice 
temperature increase (~20 𝑝𝑝𝑓𝑓) of 30 𝐾𝐾. However, near room 

temperature, the value of 〈ℏ𝜔𝜔〉 is predicted to be closer to that of optical 

phonons126 (50 𝑐𝑐𝑒𝑒𝑒𝑒) increasing the estimated lattice temperature 

increase to 170 𝐾𝐾. Using the bulk heat capacity value of WS2160 and 

absorbance of 0.16 at 400 𝑛𝑛𝑐𝑐, if the entire photon energy at a fluence of 

1500 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2 is converted to lattice heating, the increase in temperature is 

~800𝐾𝐾. Therefore, we estimate that about a quarter of the excited 

carriers relax via phonon-mediated recombination. 
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Figure 5.8: (a) Measured room temperature absorbance (blue) and temperature renormalized 

absorbance using Eqn. 5.8. (b) Change in absorbance due to renormalization. 

In summary, we observe a plethora of multi-body effects in TMDs 
upon high carrier excitations. There are contributions to the transient 

absorbance signal from Pauli blocking, defect-induced absorption and 
bandgap renormalization. We observe giant optical bandgap 
renormalization in WS2 (and MoS2) which we ascribe to the slow buildup 

of phonons generated through phonon assisted carrier recombination at 
defect sites. By fitting our data to a simple four level decay model, we 
estimate the relaxation time scale for phonons in WS2 as ~20 𝑝𝑝𝑓𝑓. 
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CHAPTER 6.  

Conclusions 

 
In conclusion, 2D materials display strong many-body 

interactions due to reduced screening. Strong bandgap renormalization 
is caused when photoexcited carriers relax by transferring energy to 

phonons. To prove this, I use ultrafast spectroscopy to perform pump-
probe measurements on 2D materials. We observe immense many-body 
interactions in 2D materials manifesting as bandgap renormalization. 

A summary of the work presented in this thesis is as follows: 
In Chapter 2, I introduce the concept of ultrafast light pulses and 

mathematically describe various parameters of an ultrafast pulse in the 

time domain and Fourier domain. I give a brief and intuitive description 
of the physics behind the generation, amplification and measurement of 
ultrafast pulses. A summary of the thesis is as follows: 

In Chapter 3, I describe the electronic and optical properties of 
graphene, the most popular 2D material. I describe the growth and 
characterization of CVD graphene. I present pump-probe spectroscopy 

measurements around the M-point of graphene using which we were 
able to estimate the Deformation potential for the acoustic phonon 
mediated bandstructure renormalization. 

In Chapter 4, I discuss carrier dynamics in heterostructures of 

graphene-hexagonal Boron Nitride. We devised a simple optical 
technique to identify the thickness of hBN flakes on Si/SiO2 substrates. 
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Using degenerate pump-probe spectroscopy, we observed that carrier 
relaxation in graphene-hBN structures is up to four times faster than 

graphene on Si/SiO2. This overcomes the so called hot phonon affect and 
paves the way for high mobility graphene devices. I also present a two-
temperature model to simulate carrier and phonon temperatures in 

graphene. At the end, I discuss some possible theoretical reasons for the 
reduced carrier lifetimes in graphene-hBN structures. 

Finally, in Chapter 5, I present non-degenerate pump-probe 

results in WS2. Under large photoexcited carrier densities, we see that 
the transient absorption at larger time delays is dominated by phonon-
induced optical bandgap renormalization. These phonons are generated 

in a multi-phonon assisted carrier recombination process of carriers 
trapped at defect sites. I also simulate the dynamics using a four-level 
model and estimate the phonon relaxation lifetime to be around 20 𝑝𝑝𝑓𝑓. 
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Appendix A 
A.1 Transient absorbance curves for MoS2 

 
The transient absorption measurements shown in Chapter 5 for 

WS2 were conducted on CVD grown MoS2 also. We see similar 
renormalization effects in the transient absorption when we change the 
probe energy. This indicates that phonon-induced bandgap 

renormalization is a general feature in TMD materials. 
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Figure A.1: Transient absorption curves for MoS2 with probe energy (a) 1.77 𝑒𝑒𝑒𝑒, (b) 1.86 𝑒𝑒𝑒𝑒 and 

(c) 2.02 𝑒𝑒𝑒𝑒. The fluence is fixed at 1500 𝜇𝜇𝜇𝜇
𝑎𝑎𝑐𝑐2. 

Fig A.1 (a) shows the differential absorption for probe energy 

1.77 𝑒𝑒𝑒𝑒 which is red shifted from both A and B excitons of MoS2. The 

broad positive signal matches the response for WS2 with red shifted 
probe energies as shown in Fig 5.4  (a). Fig. A1 (b) and (c) show the 
transient absorption curves at probe energies in resonance with the A 
and B excitons respectively of MoS2 showing a broad negative response 

as expected due to bandgap renormalization. The pump fluence is fixed 

at 1500 µJ
cm2.  
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Appendix B 

 
As with most scientific endeavors, not all the avenues I explored 

during my tenure as a graduate student came to fruition. In this section, 
I will describe some ideas that I pursued or intended to pursue but 

couldn’t due to various reasons.  

B.1 High energy excitons in graphene 
The optical absorption of graphene at lower energies is dominated 

by 𝜋𝜋 ⟶ 𝜋𝜋∗ transitions as explained in chapter 3. The excitonic effect is 

manifested by a redshift of the van Hove peak by 1 eV. At higher 

energies, outlying valence and conduction bands come into the picture 
and it is possible to have resonant excitonic effects at these energies. Li 
Yang161 predicts strong resonant excitonic effects at energies higher 

than 10 eV in graphene and bi-layer graphene. The prominent 
mechanisms that contribute these effects are 𝜎𝜎 ⟶ 𝜎𝜎∗and 𝜎𝜎 ⟶ 𝜋𝜋∗  

interband transfers. Due to their nearly parallel nature, the 𝜎𝜎 ⟶ 𝜋𝜋∗   

transitions contribute strongly to the excitonic effects as this decreases 
the relative velocity between the electrons and holes and simultaneously 

increases the joint density of states. These high energy effects are 
characterized by two features: A narrow resonant peak at 12.5 𝑒𝑒𝑒𝑒 and a 

broad peak at ~13.75 𝑒𝑒𝑒𝑒 as shown in Fig B.1. 



117 
 

 
Figure B.1: Optical absorption spectrum with and without electron-hole interactions for (a) 
monolayer and (b) bilayer graphene. Adapted with permission from Li Yang, “Excitons in 

intrinsic and bilayer graphene”, PHYSICAL REVIEW B 83, 085405 (2011) 

The only experimental work that probes the response of graphene 
to high-energy photons is by Santoso et al162 where UV vacuum 
reflectivity is used to measure optical conductivity of epitaxial graphene 

from 0 − 35 𝑒𝑒𝑒𝑒. Although they observed structure in the reflection 

spectrum for graphite and thick multi-layered graphene, they do not 
observe any response at high photon energies > 10 𝑒𝑒𝑒𝑒 for monolayer 

graphene. The low energy spectrum in this work also doesn’t match the 
low energy spectrum observed by other groups163 on exfoliated 

monolayer graphene. This difference is probably due to strong plasmonic 
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effects inherent in the oblique reflection geometry as well as strong 
influence from the SiC substrate. 

The high energy excitons will be accessible using XUV harmonics 
produced using HHG. The narrow absorption peak at 12.54 𝑒𝑒𝑒𝑒 will lie 

between the 7th and 9th harmonic of the 1.6 𝑒𝑒𝑒𝑒 driving laser. The broad 

peak centered around 13.75 𝑒𝑒𝑒𝑒 can be sampled using the 9th and 11th 

harmonics. More XUV photons in the interesting regions of the 
absorption spectrum between the odd harmonics of the driving laser can 
be produced using few-cycle pulses to drive the HHG process or using 

two pulse driving field for the HHG process.  
    

B.2 XUV spectroscopy of magnetic materials 
Magnetic Tunnel Junctions (MTJ) that have the magnetic easy 

axis perpendicular to the plane of the sample have been garnering 
interest because of their potential application in low power and high 

density MRAM devices. These junctions display a property called 
perpendicular magnetic anisotropy (PMA)164,165. This effect is realized 
in practice using CoFeB-MgO based thin-film structures. The CoFeB 
layer plays the role of the ferromagnet and MgO layer is the insulating 

barrier between two oppositely magnetized CoFeB layers.  A strong 
electric field applied across the layers can be used to manipulate the 
PMA effect in MTJ devices. This effect is known as Voltage Controlled 

Magnetic Anisotropy (VCMA)166,167. Using voltages to manipulate the 
magnetization will be more energy efficient than the conventional Spin 
Transfer Torque (STT) in addition to being compatible with other 

voltage controlled semiconducting devices. The PMA effect at the 
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CoFeB-MgO interface is explained by the hybridization of 2𝑝𝑝𝑧𝑧 electrons 

of oxygen atom with the 3𝑑𝑑𝑧𝑧2 electrons in Co/Fe. This can be interpreted 

as a charge transfer from the oxygen in the MgO layer to the heavy 
metal (Co/Fe) in the CoFeB layer168. Charge transfer has been observed 
and measured using XUV absorption spectroscopy at the M-edge of Fe 

(~57 𝑒𝑒𝑒𝑒) in 𝛼𝛼 − 𝐹𝐹𝑒𝑒2𝑂𝑂3 where a charge transfer from the ligand (O) to 

metal (Fe)169 has been observed. 
To measure the timescales associated with VCMA induced 

magnetization, we can use pump-probe spectroscopy. For this 

experiment, a sample with only one CoFeB magnetic layer and without 
the extra capping layers (as shown in Fig. E2) will suffice. The electric 

field required to observe VCMA is ~1 𝑒𝑒
Å
. The electric field associated with 

the ~40 𝑓𝑓𝑓𝑓 Ti-Sapphire laser can easily surpass this field requirement if 

the polarization of the laser has a component into the plane of the 
sample. Thus, the NIR laser can be used as the pump. If the pump 
induced VCMA causes a change in the PMA of the interface, charge 

transfer from MgO to CoFeB should cause a transmission or reflection 
change in the M-edge of Co/Fe. The XUV radiation produced from HHG 
in Ne gas can be used as the probe. The probe pulse can sample the 

transmission or reflection of the M-edge of Co/Fe that lies between 50 −

60 𝑒𝑒𝑒𝑒 where the XUV flux is high if Ne is used as the generating gas.  
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Figure B.2: Sample geometry for probing PMA effect in CoFeB ferromagnet with a MgO 

insulating capping layer. 
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