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ABSTRACT 

 

 

The discovery of graphene led to an eruption of research into the expansive collection of two-

dimensional materials. The ability to fabricate stacked heterostructures with van der Waals 

materials layer-by-layer has allowed the production of unique devices and has rapidly advanced 

research in electronics and optics. Understanding the dynamics of carrier and phonon interactions 

within these systems is crucial for the development of optoelectronic devices. This thesis explores 

the dynamics of photo-excited carriers in two-dimensional systems: the effects of substrate choice 

on carrier relaxation in graphene and phonon induced bandgap renormalization in monolayer 

tungsten disulfide at high carrier densities. 

 Graphene-hBN (hexagonal boron nitride) heterostructures show promising use in 

electronics applications due to high carrier mobility. We first explore the effect of the hBN 

substrate on the relaxation rates of photo-excited carriers in these heterostructures using 

femtosecond pump-probe spectroscopy.  Time dynamics of photo-excited carriers in graphene-

hBN heterostructures show a cooling rate approximately four times faster on hBN substrates 

compared to silicon oxide substrates. We next study the effect of variation in isotopic concentration 

in hBN substrates on the relaxation rates of photo-excited carriers. We measure and compare the 

time dynamics of photo-excited carriers in graphene-hBN heterostructures using naturally 

occurring hBN (containing 20% 10B and 80% 11B) and isotopically pure hBN (containing 100% 

10B or 100% 11B). We observed a carrier relaxation rate ~1.7 times faster for isotopically pure hBN 
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substrate. Isotopically pure hBN substrates samples allow more efficient decay of optical phonons 

from graphene into acoustic phonons in the substrate, while the isotopic disorder in naturally 

occurring hBN causes isotope-phonon scattering.  

 Monolayer transition metal dichalcogenides are another van der Waals material which have 

garnered a lot of interest due to their direct optical band gap and strongly bound excitonic states in 

the visible light range. We utilize non-degenerate femtosecond pump-probe spectroscopy to 

measure the differential reflectivity in monolayer WS2 to investigate the interactions between 

carriers, defects, and phonons in the high carrier density regime. We find photo-excited carriers 

are trapped by defect states, which act as non-radiative recombination sites and emit phonons, 

which cause a phonon-induced band gap renormalization up to 23 meV. 
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CHAPTER 1 

 

Introduction 

 

 

Two-dimensional materials, despite having finite thickness, can be classified as such because 

carriers in the system are spatially confined in a two-dimensional plane. This confinement 

promotes many body interactions and leads to the emergence of new and exotic states in materials. 

Given this, it is not surprising that properties of two-dimensional materials can differ widely from 

their three-dimensional counterparts. When thinned to a single atomic layer, graphite becomes a 

zero-bandgap semimetal with both high electron mobility as well as high transparency, making it 

a promising candidate for next-generation optoelectronic devices1. The first isolation of single 

atomic layers of graphite, called graphene, was achieved by Andre Geim and Konstantin 

Novoselov in 20042, marking an important milestone within the field.  

 Not only did graphene expand the field of research in reduced dimensional physics, but the 

mechanical cleaving technique used was quickly applied to other similarly structured materials3.  

Van der Waals materials display the same weak coupling between layers as graphite but display a 

broad range of different electronic and optical properties. Examples include insulators such as 

hexagonal boron nitride and semiconductors like WS2, a transition metal dichalcogenide. The 

development of a fabrication technique stacking van der Waals materials layer by layer to form 
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heterostructures4 allowed for the flexibility to engineer unique devices with specific properties and 

stimulated expansive research into interlayer electronic and optical phenomena.  

 

1.1 Motivation 

Graphene’s large list of unique properties indicates substantial value in advancement of many 

different applications. Its high carrier mobility and thermal conductivity is attractive for use in 

photodetectors, saturable absorbers, photovoltaic cells, field effect transistors, and 

supercapacitors5–7. Additionally, the high strength, flexibility, and optical transparency allow use 

in applications with a wide variety of physical requirements including flexible devices5–7, such as 

biosensors, or transparent electronics8,9, such as transparent electrodes for solar cells. The list of 

applications is substantial; however, the reduced size of two-dimensional devices creates issues 

with heat management and many graphene-based devices are subject to issues with current 

saturation. Graphene is very sensitive to the effects of the substrate, and thus, device performance 

suffers greatly when unsuitable substrates are chosen.  

 Graphene-based devices saw reduced carrier mobility on SiO2 substrates due to presence 

of trapped charged impurities and trapped charge carriers as well as surface roughness4,10,11. 

Researchers have been able to avoid these issues by producing free-standing samples with reduced 

scattering from impurities5. However, suspended samples are not suitable for implementation in 

industry. Thus, it is important to investigate the mechanisms involved between the graphene and 

substrate, as well as other two-dimensional materials, to mitigate any downsides like decreased 

carrier mobility. Specifically, high power electronics require fast carrier cooling to overcome heat 

management issues. The dynamics of carriers, phonons, and other quasiparticles within these two-

dimensional systems can be complicated but must be understood to see these materials used to 
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their full potential. Many of these dynamics occur on the femtosecond to picosecond timescale. 

We utilize ultrafast pump-probe spectroscopy to explore the dynamics of photo-excited carriers in 

two-dimensional systems to understand the substrate effects on graphene-based heterostructures, 

as well as the complex dynamics between carriers, phonons and defects in WS2, two-dimensional 

semiconductor, in the high-carrier regime. 

 

1.2 Dissertation outline 

Chapter 2 covers the fundamentals of two-dimensional materials including graphene, hexagonal 

boron nitride (hBN), and transition metal dichalcogenides (TMDs). Additionally, phonons and 

their role in carrier relaxation are discussed, as well as the two-temperature model used in 

experiments discussed in subsequent chapters. Chapter 3 reviews experimental methods used in 

fabricating and characterizing two-dimensional heterostructures, including exfoliation and growth 

techniques, transferring procedures, and optical systems used for sample characterization. Chapter 

4 investigates ultrafast carrier dynamics in heterostructures of graphene on hBN, where we find 

graphene on hBN substrates cool approximately four times faster than on SiO2/Si substrates. 

Chapter 5 investigates the effects of isotopic concentration of hBN substrates on carrier dynamics 

for graphene-hBN heterostructures, where we find isotopically pure hBN substrates cool 

approximately 1.7 times faster than on naturally occurring hBN substrates. Chapter 6 explores the 

role of carriers, defects, and phonons on bandgap dynamics in monolayer WS2 in the high carrier 

density regime using nondegenerate pump-probe spectroscopy, where we find evidence of a 

phonon-induced renormalization of the bandgap, up to 23 meV. Chapter 7 briefly discusses 

conclusions from the three experiments and future directions. 
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CHAPTER 2 

 

Overview of Van der Waals Materials 

 

 

2.1 Two-dimensional materials 

Van der Waals materials exhibit strong covalent in-plane bonds and weak van der Waals-like out 

of plane forces between layers. This weak out of plane bond allows single atomic layers to be 

mechanically separated, commonly using the Scotch-tape method3, (discussed in Chapter 3). 

Transfer techniques have been developed, allowing us to pick and choose isolated monolayer 

sheets and stack them on one another to build heterostructures that exhibit specific properties12–14. 

In this chapter, I discuss the properties of multiple van der Waals materials, including graphene, 

hexagonal boron nitride (hBN), and transition metal dichalcogenides (TMDs). Additionally, I 

discuss phonons in graphene and outline the two-temperature model used in Chapters 4-5.  

 

2.1.1 Graphene 

Graphene, a semimetal15,16 with an optical absorption of 2.3% per layer17, is a two-dimensional 

van der Waals material made up of carbon atoms. Carbon’s electronic configuration is 1s22s22p2, 

however the energy difference between the 2s orbital and the 2p orbital allows the mixed state 

1s22s12p3 in graphene. The 2s, 2px, and 2py orbitals hybridize to form 3 sp2 orbitals. These 3  
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Figure 2.1: (a) The honeycomb lattice of graphene, consisting of carbon atoms. The parallelogram (dashed lines) 

represents the unit cell, containing one A and B site. The primitive lattice vectors are labelled a1 and a2. The nearest 

neighbor vectors are labelled δ1, δ2, δ3. (b) The Brillouin zone of graphene. Points of symmetry are labelled, along 

with the reciprocal lattice vectors b1 and b2. 

 

 

orbitals form strong in plane σ bonds with neighboring carbon atoms at 120° angles, leading to a 

honeycomb shaped lattice, while the remaining pz orbital forms out of plane π bonds with 

neighboring atoms. The hexagonal lattice lacks translation symmetry between each carbon atom 

and its nearest neighbor atom, and thus the unit cell contains two carbon atoms, labelled A and B 

in Fig. 2.1(a), with a lattice constant 𝑎 ≈ 2.46 Å. This means that the A and B sites must be treated 

as two separate triangular sublattices. 

The primitive lattice vectors that determine the unit cell are given by: 

𝒂𝟏 =
𝑎

2
 (3, √3)          𝒂𝟐 =

𝑎

2
 (3, − √3) (2.1) 

while the nearest neighbor lattice vectors are given by: 

𝜹𝟏 =
𝑎

2√3
 (1, √3)          𝜹𝟐 =

𝑎

2√3
 (1, −√3)         𝜹𝟑 =

𝑎

√3
 (−1,0) (2.2) 
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while the reciprocal lattice vectors of the Brillouin zone shown in Fig. 2.1(b) are given by: 

𝒃𝟏 =
2𝜋

3𝑎
 (1, √3)          𝒃𝟐 =

2𝜋

3𝑎
 (1, − √3) (2.3)

Graphene’s unique electrical properties are due to the π (bonding) and π* (anti-bonding) bands, 

as the σ and σ* bands are far away from the Fermi level18. To calculate the band structure, we can 

model our π and π* band electrons using a tight binding model15. If we limit hopping to only the 

nearest neighbor sites, our Hamiltonian in the second quantization takes the form16: 

𝐻 = −𝑡∑(𝑎𝑖
†𝑏𝑗 + 𝑎𝑖𝑏𝑗

†)

𝑖,𝑗

(2.4) 

where 𝑡 represents the nearest neighbor hopping energy, approximately 2.8 eV, i, j represent the 

lattice sites, and 𝑎𝑖 , 𝑏𝑗 (𝑎𝑖
†, 𝑏𝑗

†) represent the creation (annihilation) of an electron at site A, B, 

respectively. Our summation is summed over the A and B sites, which are connected by the nearest 

neighbor lattice vectors in Eq. 2.2. We can use these vectors and rewrite this summation in terms 

of the A sites as: 

𝐻 = −𝑡∑∑(𝑎𝑖
†𝑏𝑖+𝜹 + 𝑎𝑖𝑏𝑖+𝜹

† )

𝜹𝑖

(2.5) 

These operators can be expressed in momentum (k) space as: 

𝑎𝑖
† =

1

√𝑁/2
 ∑𝑒𝑖𝒌·𝒓𝑖  𝑎𝒌

†

𝒌

       and       𝑏𝑖+𝜹 =
1

√𝑁/2
 ∑𝑒−𝑖𝒌

′·(𝒓𝑖+𝜹) 𝑏𝒌′

𝒌′

 (2.6) 

and similarly for 𝑎𝑖 and  𝑏𝑖+𝜹
†

. Given that: 

∑𝑒𝑖(𝒌−𝒌
′)·𝒓𝑖

𝑖

=
𝑁

2
𝛿𝒌𝒌′ (2.7) 

we can rewrite our Hamiltonian as: 

𝐻 =  −𝑡∑𝑒−𝑖𝒌·𝜹

𝒌,𝜹

𝑎𝒌
†  𝑏𝒌 + 𝒆

𝑖𝒌·𝜹𝑏𝒌
†𝑎𝒌  =  ∑𝚿+ 𝐡(𝐤) 𝚿

𝒌

(2.8) 
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where our wavefunctions have the form: 

𝛹𝒌
† = (

𝑎𝒌
𝑏𝒌
)   and     𝛹𝒌 = (𝑎𝒌

† 𝑏𝒌
†) (2.9) 

And the Hamiltonian in matrix form is given by: 

ℎ(𝒌) = −𝑡 

(

 
 

0 ∑𝑒𝑖𝒌·𝜹

𝜹

∑𝑒−𝑖𝒌·𝜹

𝜹

0

)

 
 

(2.10) 

Our eigenvalues have the form: 

𝐸± = ±𝑡√∑𝑒−𝑖𝒌·𝜹 ·∑𝑒𝑖𝒌·𝜹

𝜹𝜹

(2.11) 

Using our nearest neighbor vectors from Eq. 2.2, we find: 

∑𝑒±𝑖𝒌·𝜹

𝜹

= 𝑒∓𝑖𝑎𝑘𝑥/√3 + 2𝑒±𝑖𝑎𝑘𝑥/2√3cos (
𝑎𝑘𝑦

2
) (2.12) 

Therefore, our eigenvalues are: 

𝐸± = ±𝑡√3 + 4 cos (
𝑎𝑘𝑦

2
) cos (

√3𝑎𝑘𝑥
2

) + 2cos (𝑎𝑘𝑦) (2.13) 

Plotting this gives us a look at the energy dispersion as a function of the lattice momentum, shown 

in Fig. 2.2(a). The plus and minus signs correspond to the conduction and valence bands, 

respectively. There are six crossover points between the bands which show up at the vertices of 

the hexagon of the Brillouin zone in Fig. 2.2(b), at the K and K’ points. Looking closer at these 

points, the spectrum is gapless and linear, analogous to a photon’s dispersion relation,  𝐸 = ħ𝑐𝑘. 

If we expand the Hamiltonian about the K point for 𝒌 = 𝑲 + 𝒒, where 𝒒 is small compared to 𝑲, 

we find: 𝐸± = ±
√3𝑎𝑡

2
ħ𝑘. We can see 

√3𝑎𝑡

2
 corresponds to the speed of light when compared to  
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Figure 2.2: (a) The band structure of graphene using the tight binding model, from Eq. 2.13. Inset: A close-up of a 

Dirac cone at the K point, showing its linear dispersion. (b) Viewed from above showing constant energy values. 

The Brillouin zone is outlined by the white hexagon, with K and K’ points labelled. 

 

the energy dispersion of photons, known as the Fermi velocity. This has a value of 𝑣𝐹 ≈

1 x 106 m/s, or ~ 
1

300
 times the speed of light15. 

 

2.1.2 Hexagonal boron nitride 

Another material used in these studies is hexagonal boron nitride (hBN). This material shares the 

hexagonal lattice structure with graphene, with alternating boron and nitrogen atoms shown in Fig. 

2.3(a). Boron and nitrogen’s similar electronic configurations to carbon result in a similar hexagon 

lattice from sp2 hybridization with a 1.8% larger lattice constant. However, graphene has carbon 

atoms at both the A and B sites, resulting in equivalent self-energy values on A and B sites, while 

hBN does not due to the alternating atoms. Compared to graphene’s Hamiltonian (Eq. 2.10), the 

diagonals of hBN’s Hamiltonian are not identical, resulting in a band gap for hBN19. Its large band 

gap of ~6 eV20 makes it a good material for electrical studies, offering a flat and clean
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Figure 2.3: (a) The hexagonal lattice of hBN, with alternating boron and nitrogen atoms. (b) A side view of naturally 

occurring hBN, consisting of 20% Boron-10 and 80% Boron-11 atoms. (c) A side view of isotopically pure hBN. 
 

surface while insulating materials of interest from the effects of the substrate, and additionally can 

be used to fully encapsulate materials that may be sensitive to air, such as NbSe2 and black 

phosphorus21.  

 Although hBN can be reduced to monolayer, the experiments in this dissertation only used 

the bulk form since thicknesses greater than ~10 nm provide an extremely flat and electrically 

clean substrate for sample construction4. Variations in substrate surface roughness and charge 

density can lead to formation of microscopic electron or hole puddles in graphene, making it 

difficult to measure electrical properties. Bulk hBN is an optimal substrate for studies of graphene, 

as the ultra-flat surface leads to a decrease in the formation of these puddles, improving device 

performance due to improved coupling to the substrate11,22. Two-dimensional materials that 

contain carbon and nitrogen, which occur naturally in high abundance as one isotope, 12C (98.9%) 

and 14N (99.6%), and don’t see much effect from isotope impurity at the atomic level. However, 

boron contains a more significant mixture of two isotopes, 10B (19.8%) and 11B (80.2%)23, as 

shown in Fig. 2.3(b-c), which leads to noticeable effects on hBN’s thermal conductivity and carrier 

relaxation dynamics24–27 and will be explored further in this dissertation. 
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Figure 2.4 The lattice structure of TMDs in the 2H phase as shown from above (top left) and the side (bottom). 

Inset: A close-up view of the trigonal prismatic shape of the atoms. 

 

 

2.1.3 Transition metal dichalcogenides 

Transition metal dichalcogenides (TMDs) are another two-dimensional material with the chemical 

formula MX2, where M represents a transition metal (Mo, W, etc.), and X represents a chalcogen 

(S, Se, Te, etc.). Depending on the transition metal and chalcogen atom, TMDs exhibit a variety 

of properties, with electronic phases ranging from metallic28 to insulating29. The work done in 

Chapter 6 focuses on WS2, one of the semiconducting species in the group IV TMDs (WS2, WSe2, 

MoS2, MoSe2). TMDs in this group are particularly interesting as they have optical band gaps near 

the visible light range (~600 - 800 nm)30 where they have high optical absorption.  

In the trigonal prismatic (2H) phase, TMDs have a hexagon shaped lattice when viewed 

from above but reveal three atomic layers in ABA stacking for each monolayer when viewed  
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Figure 2.5: The valence and conduction bands at the K and K’ points in WS2, showing the spin-orbit splitting in 

each band. Spin up states are shown in orange and spin down states are shown in blue. Optical selection rules are 

shown, where right circularly polarized light excites a carrier in the K band and left circularly polarized light excites 

a carrier in the K’ band. 

 

from the side, as shown in Fig. 2.4. In bulk crystals, these monolayers are weakly bonded with 

alternating orientation, each rotated by 180° from the adjacent layer. The band structures of group 

IV TMDs are often calculated using density functional theory due to the complexity and geometry 

of the system, showing an indirect band gap in bulk crystals. The lowest conduction band and 

highest valence band, located at Γ and 0.55 Γ-K respectively31, are heavily influenced by d orbitals 

in the metal atom and antibonding pz orbitals in the chalcogen atom, which have strong interlayer 

coupling32,33. As we reduce the thickness in layers the band gap increases while the separation of 

bands at the K point primarily remains unchanged due to weaker interlayer couplings of the d 

orbitals. When reduced to monolayer, these TMDs transition from an indirect to a direct bandgap 

semiconductor, with a direct band gap at the K and K’ points of the Brillouin zone34,35.  
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This transition to monolayer breaks inversion symmetry, causing distinguishable differences in the 

K and K’ points. Near the K point, spin-orbit coupling (SOC) breaks the spin degeneracy in the 

valance bands, which are composed mostly of d orbitals with 𝑚𝑙 = ±2. This leads to a large spin 

splitting on the order of hundreds of meV with opposite splitting in the K and K’ bands31,34, shown 

in Fig. 2.5. This is consistent with broken inversion symmetry combined with time reversal 

symmetry. The conduction band’s main contribution is from the 𝑚𝑙 = 0  d orbital, which has an 

out of plane orientation leading to no contribution to the spin splitting. Instead, spin splitting here 

is a result of chalcogen p orbitals with 𝑚𝑙 = ±1, resulting in a very minimal spin splitting of the 

bands on the order of a few meV35. WS2’s UVB (LCB) spin splitting is 430 meV36 (3 meV35). 

Optical selection rules lead to valley specific coupling, allowing right (left) circular polarized light 

coupling at the K (K’) valleys37. 

When an electron is excited to the conduction band in one of these valleys, it is strongly 

bound with the hole left behind. It forms an exciton, a strongly bound electron/hole pair through 

the Coulomb force, with large binding energies on the order of ~320 meV for WS2
38. The large 

binding energies lead to stability at room temperature. Radiative recombination of these electron-

hole pairs releases a photon with energy associated with the optical band gap. However, in the 

high carrier density regime we observe a Mott transition at carrier densities around approximately 

1 x 1013 cm-1, which corresponds with a bleaching of the exciton peak, switching from an excitonic 

regime to an electron-hole plasma regime39.  
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Figure 2.6: The six phonon modes of the carbon atoms in graphene at the Γ point. Longitudinal (L) and transversal 

(T), in-plane (i) and out-of-plane (o), for acoustic (A) and optical (O) phonon modes. 

 

 

2.2 Overview of carrier relaxation dynamics 

2.2.1 Phonons in graphene 

Phonons, quasiparticles that describe quanta of vibrational energy in lattice structures, are an 

important factor governing the relaxation rate of carriers and controlling heat dissipation in 

crystals. When there are multiple atoms in the unit cell, there are two different types of phonons: 

acoustic and optical. Acoustic phonons, in-phase vibrational modes of the atoms, have frequencies 

that tend to zero at the Γ point and higher values at the edges of the Brillouin zone. Optical 

phonons, out-of-phase vibrational modes of the atoms, have non-zero frequencies at the Γ point40. 

The phonon dispersion relation can be calculated using a technique as simple as a mass-spring 

model, 𝑀𝑖  𝑑
2𝒖𝑖/𝑑𝑡

2 = ∑ 𝐾𝑖𝑗(𝒖𝑗 − 𝒖𝑖),𝑗  where the force constant tensor (𝐾𝑖𝑗) is the bond strength 

and can be obtained experimentally41,42, or using more accurate techniques such as ab initio 

calculations or DFT theory43,44. The two carbon atoms in the graphene unit cell have 6 degrees of 

freedom and, therefore, 6 phonon modes. The phonon dispersion is comprised of 3 acoustic 

branches (A) and 3 optical branches (O). These can further be broken down into out of plane 

longitudinal (oL), in plane longitudinal (iL), and in plane transverse (iT)41,45. Fig. 2.6 shows 
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Figure 2.7: a) The degenerate iTO/iLO modes in graphene responsible for the G band at the Γ point. b) The iTO 

mode in graphene responsible for the D and 2D bands near the K point. c) The Raman process for the G band and d) 

the two-phonon second-order resonance Raman process for the 2D band, where the blue (red) arrow represents the 

incoming (emitted) light, and the dashed black arrows represent a phonon. 

 

atomic displacements for phonon modes defined at the Γ point of the Brillouin zone.  

 If an electron hole pair is excited to a virtual state by a photon and is scattered by an in-

plane longitudinal or transverse phonon, when it radiatively recombines it will release a photon 

with the energy difference of the phonon’s energy. Raman spectroscopy, a technique that analyzes 

samples by looking at vibrational modes of the atoms, is often used to characterize two-

dimensional materials. In Raman scattering, photons excite electrons from the ground state to a 

virtual state which can scatter inelastically to create (Stokes) or absorb (anti-Stokes) a phonon, 

leading to an emitted photon with different energy than the incident photon. The shift in energy 

between the incident and emitted photons is directly related to the energy of the phonons and can 

be related to characteristics of the sample.  



25 
 
 

 
Figure 2.8: A Raman spectrum for monolayer graphene with the G and 2D peaks labelled. The location of the D 

peak’s position is marked with an arrow. The absence of the D peak means the sample is defect free. 

 

Raman spectroscopy typically characterizes graphene by looking at the G, D and 2D bands. The 

G peak at ~1600 cm-1 originates from the in plane stretching modes (iLO/iTO) at the Γ point, 

shown in Fig. 2.7(a), with E2g (doubly degenerate) symmetry. This is the only Raman active mode 

at the Γ point for graphene, for which the Raman scattering process for this for this peak is shown 

in Fig. 2.7(c). Both the D peak at ~1350 cm-1 and 2D peak at 2700 cm-1 originate from the breathing 

modes of the atoms near the K point from a second order scattering processes involving the iTO 

phonons near the K point with A’1 symmetry, shown in Figure 2.7(b). For the D peak, this 

scattering is from a defect as well as an iTO phonon, while the 2D peak is an overtone of the D 

peak and is due to scattering by two iTO phonons. The Raman process for the double resonant 

process for the 2D peak is shown in Fig. 2.7(d). An example of Raman spectra for monolayer 

graphene is shown in Fig. 2.8, showing the labelled G and 2D peaks in a monolayer graphene 

sample, as well as the D peak’s established position marked with an arrow. The absence of a D 

peak allows one to characterize a sample as defect free. In the following chapters, these phonon 
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Figure 2.9: Arbitrary valued temperature profiles showing the two-temperature model, where Tel represents the 

electronic temperature and Top represents the optical phonon temperature. Electronic temperature decreases as 

electrons relax through emission of optical phonons, leading to a rise in the optical phononic temperature, limiting 

the relaxation time of the carriers. 

 

modes are often referred to by their Mulliken symbols, related to the irreducible representation. 

The phonon modes of interest in the are the E2g mode at the Γ point and the A’1 mode near the K 

point45,46. 

 

2.5 The two-temperature model 

In Chapters 4-5, we investigate the dynamics of photo-excited carriers in graphene heterostructures 

using the two-temperature model outlined in this section. The importance of optical phonons in 

relation to device operation is evident when looking at the thermal relaxation of excited carriers in 

samples. Longitudinal optical phonons decay into acoustic phonons that are not available for 

reabsorption by carriers and are instead absorbed by the substrate. In graphene, the optical phonons 

involved are the E2g optical phonons at the Γ point and the A’1 optical phonons near the K point47. 

The optical phonon population decays at a rate determined primarily by the optical phonon 
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lifetime. If the hot carrier decay rate is faster than the optical phonon lifetime, the carrier and 

phonon temperatures equalize, leading to a hot phonon bottleneck effect. This effect limits the  an 

increase in the relaxation time of the carriers in the system48. An example of this effect on the 

relaxation time of the electronic temperature of a sample is shown in Fig. 2.9, which depicts the 

electron and phonon temperature for an excited system as a function of delay after the initial 

excitation laser pulse. The electronic temperature, shown in red, reaches equilibrium with the 

optical phononic temperature, shown in black, which then limits the rate at which the electronic 

temperature decreases. This model can be used to determine the optical phonon lifetime in 

samples. The equations relating the electronic (𝑇𝑒𝑙) and optical phononic (𝑇𝑜𝑝) temperatures are: 

d𝑇𝑒𝑙
d𝑡

=
𝐼(𝑡) − Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝)

𝑐𝑒𝑙(𝑇)
(2.14) 

d𝑇𝑜𝑝

d𝑡
=
Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝)

𝑐𝑜𝑝(𝑇)
−
(𝑇𝑜𝑝 − 𝑇0)

𝜏𝑜𝑝
, (2.15) 

Where 𝐼(𝑡) is the absorbed laser irradiance, Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝) is the coupling rate between electrons and 

phonons, 𝑐𝑒𝑙(𝑇) and 𝑐𝑜𝑝(𝑇) are the electronic and optical phononic specific heat capacities, and 

𝜏𝑜𝑝 is the optical phonon lifetime. The laser is modelled as a gaussian pulse, and excites carriers 

into the conduction band, which thermalize quickly and decay into optical phonons. The coupling 

rate Γ relates the photo-excited carriers and optical phonons and is given by Eq. 2.16. The first 

term represents the emission of an optical phonon from an electron, and the second term represents 

an absorption of an optical phonon from an electron: 

Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝) = 𝛽 { [1 + 𝑛(𝑇𝑜𝑝)]∫𝐷(𝐸)𝐷(𝐸 − ħΩ)𝑓(𝐸, 𝑇𝑒𝑙)[1 − 𝑓(𝐸 − ħΩ, 𝑇𝑒𝑙)]𝑑𝐸

− 𝑛(𝑇𝑜𝑝)∫𝐷(𝐸)𝐷(𝐸 + ħΩ)𝑓(𝐸, 𝑇𝑒𝑙)[1 − 𝑓(𝐸 + ħΩ)] 𝑑𝐸}                   (2.16) 
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Here, 𝛽 represents the coupling strength between the electrons and phonons. For the work done in 

Chapters 4-5, we set this to a fixed value of 8 eV2 cm2 s-1. The optical phonons contributing to the 

relaxation rates are the degenerate E2g modes at the Γ point and the A1’ mode near the K point. For 

these phonons, we can take ħΩ = 200 meV. The density of states, 𝐷(𝐸) for electrons in graphene 

is given by: 

𝐷(𝐸) =
2𝐸

𝜋(ħ𝑣𝐹)2
(2.17) 

The population of optical phonons, 𝑛(𝑇𝑜𝑝), with energy ħΩ is given by the Bose-Einstein 

distribution and the population of carriers, 𝑓(𝐸, 𝑇𝑒𝑙), is given by the Fermi-Dirac distribution: 

𝑛(𝑇𝑜𝑝) =
1

exp (
ħΩ
𝑘𝑇𝑜𝑝

) − 1
               𝑓(𝐸, 𝑇𝑒𝑙) =

1

exp (
𝐸
𝑘𝑇𝑒𝑙

) + 1
(2.18)

 

The specific heats for graphene are taken from theoretical and experimental work49 : 

𝑐𝑜𝑝(𝑇𝑜𝑝) =  −4.79x10
9 + 1.82x107𝑇𝑜𝑝 + 1.34x10

4𝑇𝑜𝑝
2 + 5.16𝑇𝑜𝑝

3 (2.19) 

𝑐𝑒𝑙(𝑇𝑒𝑙) =
18휁(3)

𝜋(ħ𝑣𝐹)2
𝑘3𝑇𝑒𝑙

2 (2.20) 

This model allows us to calculate the electronic and optical phononic temperatures as a function 

of time. These temperatures can then be used to find the optical conductivity, a property that relates 

surface current to applied electromagnetic radiation, as a function of electronic temperature.  
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The optical conductivity has both interband and intraband contributions, which are given by the 

expressions50:  

𝜎𝑖𝑛𝑡𝑒𝑟(𝑇) =
𝜋𝑒2

2ℎ
𝑡𝑎𝑛ℎ (

𝐸𝑝𝑟𝑜𝑏𝑒

4𝑘𝐵𝑇𝑒𝑙
) (2.21) 

Im 𝜎𝑖𝑛𝑡𝑟𝑎 (𝑇) =
𝜋𝑒2

2ℎ
(
8 𝑙𝑛(2)

𝜋
) 

𝛾𝑘𝐵𝑇𝑒𝑙

(𝐸𝑝𝑟𝑜𝑏𝑒
2 + 𝛾2)

(2.22) 

Re 𝜎𝑖𝑛𝑡𝑟𝑎(𝑇) =
𝜋𝑒2

2ℎ
(
8 𝑙𝑛(2)

𝜋
) 
𝐸𝑝𝑟𝑜𝑏𝑒𝑘𝐵𝑇𝑒𝑙

(𝐸𝑝𝑟𝑜𝑏𝑒
2 + 𝛾2)

(2.23) 

These expressions allow us to find the refractive index for graphene, given by: 

𝑛 = √휀𝑐𝑜𝑟𝑒 +
𝑖(𝜎𝑖𝑛𝑡𝑒𝑟 + 𝜎𝑖𝑛𝑡𝑟𝑎)

휀𝑜𝜔
(2.24) 

Where 휀𝑐𝑜𝑟𝑒 is the relative permittivity contribution from the core electrons that do not participate 

in electronic transitions. Given the refractive index, we can calculate the reflectivity 𝑅(𝑡) of 

graphene-hBN heterostructures as a function of time delay using a transfer matrix method51–53. 

This technique allows us to explore the optical response in multilayer systems where many 

interfaces must be considered, as it relates the fields at different boundaries such that, for normal 

incidence of light: 

(
𝐸𝑖0 + 𝐸𝑟0

𝑛0(𝐸𝑖0 − 𝐸𝑟0)
) = 𝑀1𝑀2…𝑀𝑁  (

𝐸𝑡
𝑛𝑡𝐸𝑡  

) (2.25) 

Here, 𝑀𝑗  is the characteristic matrix for layer 𝑗: 

𝑀𝑗 = (
cos𝛿𝑗

𝑖sin𝛿𝑗

𝑛𝑗
 𝑛𝑗𝑖sin𝛿𝑗 cos𝛿𝑗

) (2.26) 

where 𝛿𝑗  =  𝑑𝑗𝑘𝑗 =
2𝜋

𝜆
𝑛𝑗𝑑𝑗 gives the phase shift.  
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Figure 2.10: The geometry of a graphene-hBN heterostructure on a silicon oxide substrate with layers labeled for the 

transfer matrix method. The thickness of each layer is given by dj, and the index of refraction is given by nj. 

 

We take 𝑀1𝑀2…𝑀𝑁 = 𝑀𝑇𝑜𝑡𝑎𝑙 for a multi-layered system. This allows us to use boundary 

conditions on the fields to find the reflection coefficients, which relate to the reflectivity by the 

complex conjugate 𝑅 = |𝑟|2. This gives: 

𝑟 =
𝑛0𝑚11 + 𝑛0𝑛𝑡𝑚12 −𝑚21 − 𝑛𝑡𝑚22
𝑛0𝑚11 + 𝑛0𝑚12 +𝑚21 + 𝑛𝑡𝑚22

(2.27) 

For a graphene-hBN heterostructure, shown in Fig. 2.10, we can use this model to fit experimental 

differential reflectivity of graphene if we use Eq. 2.24 to calculate the time-dependent index of 

refraction for graphene. These techniques will be applied in the experiments discussed in Chapters 

4-5 on carrier dynamics in hBN-graphene heterostructures. 
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CHAPTER 3 

 

Experimental Techniques 

 

 

In the experiments discussed in this thesis, monolayer flakes and heterostructures were fabricated, 

characterized, investigated using different experimental techniques. This chapter describes two 

methods utilized to produce flakes: mechanical exfoliation and chemical vapor deposition (CVD), 

wet and dry transfer techniques used to produce heterostructures, and the optical techniques used 

to characterize samples and measure time dynamics of carriers: Raman spectroscopy, 

photoluminescence, and pump probe spectroscopy. 

 

3.1 Sample fabrication 

Van der Waals materials have strong in plane bonds with weak out of plane interactions. There are 

a variety of different techniques to isolate monolayer flakes to fabricate heterostructure samples. 

The method must be chosen carefully as there are different advantages and disadvantages with 

each; Mechanical exfoliation techniques can lead to higher quality samples but with less flakes, 

while flakes grown with vapor deposition techniques tend to be larger but can contain more defects. 
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Figure 3.1: The mechanical exfoliation process for van der Waals materials. a) A bulk crystal of graphite is selected. 

b) This is placed on a piece of scotch tape and folded over itself to thin the material, producing the “mother tape.” 

This is used to produce “daughter tapes.” c) Chips are adhered to the daughter tapes on a microscope slide and 

heated to 100-120 °C. d) When cooled, care must be taken to peal the tape off, at approximately 180° for graphene.  

 

 

3.1.1 Mechanical exfoliation 

We can take advantage of these weak interactions by physically separating layers in a process 

known as mechanical exfoliation. The Scotch tape method2,54,  is the standard practice in producing 

monolayer to few-layer thick pieces of crystals, and is outlined in Fig. 3.1. We first place bulk 

crystals onto a piece of scotch tape and peel off the bulk piece, leaving a thin layer of material on 

the tape. This layer is then further thinned by repeatedly pressing this piece of tape (the “mother 

tape”) together and pulling it apart, typically 5 times. A second piece of tape (the “daughter tape”) 

is then pressed onto the mother tape and peeled off. This can be repeated about 2-3 times to produce 
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multiple daughter tapes, depending on the thickness of the original bulk crystal, to achieve the 

desired distribution of thicknesses.  

 While there are many choices for substrates to exfoliate onto, we use 285 nm SiO2/Si 

wafers as this thickness has the highest contrast between monolayer graphene and the substrate55, 

making it easier to locate monolayer graphene flakes. SiO2/Si wafers are diced into small 5-10 mm 

squares to use as substrates and placed in a plasma cleaner for one minute to remove any organic 

residues on the surface. These chips are then pressed onto one of the daughter tapes where the 

graphite spots are located, and lightly brushed with a paintbrush or tweezers to make certain the 

chips are adhered well to the graphite. The tape with the substrates attached are then placed onto 

a glass microscope slide and heated to 100-120 °C on a hot plate for two minutes. The heat allows 

the adhesive to soften, increasing the likelihood of transferring graphene onto the SiO2/Si 

substrates. Once removed from the heat source it is allowed to cool and the substrates are peeled 

off from the tape. For graphene, we pull the tape rapidly off the substrates at an angle of 180
o from 

the surface. This angle and speed allow for better transfer of monolayer graphene as opposed to 

thicker flakes.  

 During the removal from the tape, flakes with a range of different thicknesses will transfer 

onto the SiO2/Si substrates. An optical microscope is used to locate monolayer graphene flakes on 

each substrate. Due to the thickness of the SiO2 layer, graphene flakes of different thicknesses 

appear different colors due to the thin film interference effect55. As seen in Fig. 3.2(a), the 

monolayer graphene appears a light shade of purple, while the darker shade of purple is few-layer 

graphene. Fig. 3.2(b) shows a thicker hBN flake which visibly shows up green, and Fig. 3.2(c) has 

a monolayer and bilayer flake of WSe2 with different shades of purple and much thicker bulk in  
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Figure 3.2: Optical microscope images of van der Waals samples showing: a) monolayer to few layer graphene, b) 

bulk hexagonal boron nitride, c) monolayer and bilayer WSe2. The scale bars are 10 microns. 

 

yellow. This allows us to find flakes of the desired thickness and size. Although there are slight 

differences in the process for different materials, mechanical exfoliations can be used to produce 

few layer flakes for many van der Waals materials: including graphene, hexagonal boron nitride 

(hBN), and transition metal dichalcogenides (TMDs). While TMDs follow a similar process to 

graphene, as outlined above, there are some changes involved when exfoliating hBN. When 

exfoliating hBN, SiO2/Si substrates are not plasma cleaned before exfoliations to increase the ease 

of flake removal during transfer processes. Substrates are not heated on the hot plate after placing 

on the tape to reduce the amount of tape residue on the flakes. Additionally, since thicker hBN 

flakes are desired in the following experiments, substrates are peeled off very slowly from the tape 

at an angle of 90° from the surface to reduce cracking of the thicker hBN flakes.  
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Figure 3.3: a) The copper foil used for growth of graphene. b) The cleaning process for the copper foil, involving 

acetone, methanol, hydrochloric acid and deionized water. c) The pouch (folded from the larger piece) and the inner 

piece folded into a “W” shape which is placed inside the pouch before sealing it. Both pieces are above. d) The 

furnace used to achieve temperatures up to up to 1040 °C. e) A schematic of the growth process. 

 

 

3.1.2 Chemical vapor deposition 

While exfoliated flakes tend to be clean and have low defect densities, most flakes are small (on 

the 5-15 µm scale) making it time intensive to produce large flakes needed for devices. Chemical 

vapor deposition (CVD) is a technique used to produce large-area monolayer materials, with 

graphene flakes on the order of 100 µm56. In this process, a 25 µm thick piece of copper foil is cut 

into two rectangles (11 cm x 8 cm and 4 cm x 6 cm), then cleaned by sonicating in acetone for 20 
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Figure 3.4: a) CVD grown graphene on copper on a dark field optical microscope image. Dark star-shaped patterns 

exhibit evidence of a successful growth. b) CVD grown graphene post-transfer on SiO2/Si. Scale bars are 200 μm. 

 

minutes, and then rinsed in methanol and dried with compressed nitrogen. It is next fully 

submerged into a 20:1 H2O:HCl (deionized water and hydrochloric acid) solution for 30 seconds, 

rinsed in DI water, and dried with compressed nitrogen. The largest piece of copper is then used 

to make a pouch by wrapping it around a clean glass tube, and then folding the edges, leaving one 

side open. The smaller piece is folded into a “W” shape and then placed inside the pouch. The 

other side of the pouch is sealed, and the entire pouch is placed inside a 1” glass tube inside a 

furnace hooked to a vacuum pump. The pressure is pumped down until it reaches below 40 mTorr. 

Argon is flowed at 20 SCCM while the furnace is heated to 1020 °C. The temperature is then 

slowly raised to 1040 °C where it is held constant to anneal the copper for 60 minutes. The argon 

gas is shut off and the growth phase begins, flowing methane and hydrogen gas at rates of 1 SCCM 

and 2 SCCM respectively for 120 minutes. The experimental setup is illustrated in Fig. 3.3. The 

copper is then cooled to room temperature and brought back to ambient pressure. After removing 

the pouch from the furnace, it is cut open and the copper piece inside is carefully removed. As 

graphene grows on the surfaces of the copper piece, it is important to keep the pieces flat and not 

bend them. While it can be difficult to see graphene flakes on the copper with a microscope, a 
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dark-field (DF) setting can make it possible to see the outlines of graphene regions on the copper. 

A test transfer onto a clean SiO2/Si chip should be done to view the quality of growth before using 

the CVD graphene for any devices, a process outlined below in Section 3.1.3. 

 

3.1.3 Wet transfer of two-dimensional materials 

The choice of substrate for 2D devices plays an important role in the dynamics of photoexcited 

carriers. Graphene on hBN substrates have shown less electron puddles when compared to 

graphene on SiO2/Si substrates due to the charge inhomogeneity of the SiO2
11. Depending on 

whether CVD or exfoliated graphene is to be used, one of two methods is used to transfer the 

graphene onto a substrate. In Chapter 4, graphene-hBN heterostructures are produced with CVD 

grown graphene; while in Chapter 5, these heterostructures are produced with mechanically 

exfoliated graphene. 

 To transfer CVD grown samples, a wet transfer technique57 is used. First, the copper foil 

that the graphene was grown on is cut into small 5 mm squares. Care must be taken to not bend or 

crumple the foil to avoid damaging the graphene. Each square of foil is spin coated with 1-2 drops 

of PMMA 950 for 60 seconds at 2000 rev/min. These squares are baked at 100 °C for 2 minutes. 

After cooling, the foil squares are floated on top of a solution of HCl/H2O2/DI water at a ratio of 

2:1:9, respectively, with the PMMA coated side up. After 20 minutes, the copper should be etched 

away due to the hydrochloric acid. Hydrogen peroxide (H2O2) provides oxygen to accelerate the 

etching process. However, excessive bubbles can form under the films and cause damage to the 

graphene on the PMMA films. It is possible to use a clean glass microscope slide to lightly pull 

films up to release bubbles from under the floating films, but care must be taken to not fold or  
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Figure 3.5: The wet transfer procedure for transferring graphene grown with a chemical vapor depositon process 

from copper foil onto SiO2/Si substrates.  

 

damage the films. After 20 minutes, a clean microscope slide is used to carefully scoop each 

floating film one at a time and move them to float on top of a beaker of DI water for 20 minutes 

to rinse off any residual hydrochloric acid and hydrogen peroxide. This step is performed three 

times total, each time moving the floating films to a clean beaker of DI water.  

 Once the films have been moved to the third beaker of DI water, they can then be 

transferred onto the desired substrates. A pair of tweezers is used to hold and position the substrate 

below the floating film, which is the scooped out of the water. The substrate is held down while 

blowing nitrogen very lightly straight down onto the film to remove excess water. They are baked 

at 100 °C for 2 minutes, and then cooled to room temperature. Chips are then placed in acetone 

for 10 minutes to dissolve the PMMA, placed in IPA for 5 minutes, and blown dry with nitrogen. 

This process is outlined in Fig. 3.5. It is possible to transfer CVD grown monolayers onto 

exfoliated flakes, as we did in the experiment outlined in Chapter 4, but it can take many attempts 

as there is no way to know exactly where on the PMMA film the graphene is located, or how dense 

the graphene is without first doing a test transfer. In place of clean SiO2/Si chips, SiO2/Si chips 

that hBN had been exfoliated onto were used to scoop the PMMA films. These chips were than 

searched to find locations where transferred graphene had landed on hBN flakes on the chip. It is 
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beneficial to transfer many films onto exfoliated chips at once to increase the chances that graphene 

will land on an hBN flake. 

 

3.1.4 Dry transfer of two-dimensional materials 

Although CVD graphene is convenient to use when large graphene pieces are required, this 

technique can lead to lower quality samples, as it is easy to damage the graphene during the transfer 

process, and it is difficult to fully remove all the PMMA residue from the samples. Using exfoliated 

flakes can lead to cleaner samples but require a different transfer technique. In this case, we use a 

dry stamping method58,59. First, a stamp consisting of a polydimethylsiloxane (PDMS) square base 

with a polycarbonate (PC) film over top it is fabricated. The PDMS is mixed in a glass dish, at a 

ratio of 1:10 curing agent to base, using enough material to make it approximately 2 mm thick. It 

is then placed under vacuum to remove air bubbles, and then cured at 150 °C for 10 minutes, 

making sure the hot plate used lays completely flat. After it is cooled, a square piece is cut from it 

and placed on a clean glass microscope slide.  

 If graphene is picked up first, a polycarbonate (PC) film should be used. The PC solution 

is made by dissolving 5 g of PC pellets in 20 mL chloroform over about 24 hours, until the pellets 

are completely dissolved. It is then filtered (PTFE membrane with 0.2 μm pore sizes) and stored 

in a refrigerator. To produce the PC film, approximately 1-2 mL of the PC solution is dropped onto 

a clean microscope slide, while a second clean microscope slide is dropped on top of it, and then 

quickly flicked off leaving behind an even layer of the film. This is covered to shield from dust 

and allowed to dry for 2 minutes. A hole punch is used to cut a hole in a piece of Scotch tape, and 

then is pressed onto the dry PC film. A pair of tweezers is used to lightly scratch and adhere the 

tape to the film, being careful not to touch the film located in the hole. When the tape is peeled off,  
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Figure 3.6: a) The transfer station used for the stamping transfer procedure. Objectives are arranged on a rotational 

mount with a camera above. On the right is the translation mount that holds the stamp (circled in red) The metal 

cylinder chuck below the stamp contains a heating element for temperature control. Inset: A close-up view of the 

PDMS stamp. b) An optical image of a transfer process during the final melt phase. Shown in the red box are the 

characteristic “fingers” that form in the film. 

 

the hole will have a free-standing PC film across it. This film is then taped over the PDMS square 

that was placed on the microscope slide. This is the stamp used in the transfer process, shown in 

the inset of Fig. 3.6(a). 

 For the transfer process, we utilize a transfer stage, shown in Fig. 3.6(a), with temperature 

control up to 220 °C with an optical microscope that allows us to locate desired flakes, and a mount 

that holds the stamp with XYZ directional control. The transfer process is outlined in Fig. 3.7. 

First, the graphene flake is located and then the stamp is loaded into the mount, PC side facing 

down, and positioned overtop of the flake. As the PDMS and PC film are clear, it is possible to 

see through the stamp to see the flake, although it can be difficult to see monolayer graphene. The 

stage is initially heated to 50 °C, and the stamp is lowered until it is in contact with the chip, 

landing around 20-100 µm from the desired graphene flake. The stage is then heated to 120
 
°C at 

2
 
°C /min. As the temperature increases, the film expands and softens, and the area in contact 

increases until the film is in contact with the graphene flake. The stage heater is then turned off 

and allowed to sit until it returns to room temperature. The stamp is slowly raised until it is no 



41 
 
 

 

Figure 3.7: The dry transfer stamp procedure for transferring mechanically exfoliated flakes to build 

hetereostructures using a PDMS stamp and a PC film.  

 

longer in contact with the chip. The chip should be checked to make sure that the graphene flake 

was successfully pick up from the SiO2/Si chip. The chip is then removed and replaced with the 

second chip that contains the second flake (in our case hBN). The desired flake on the chip is 

located using the optical microscope, and the stage is reheated to 50
 
°C. As the stamp is lowered 

onto the sample, it is important to make sure that the hBN is overlapped perfectly with the graphene 

flake before coming into contact. When in contact, the stage is heated to a lower temperature of 

70-80
 
°C and then cooled to room temperature. The stamp is raised out of contact and the chip is 

removed from the stage.  

 This step can be repeated for as many flakes as needed. The final step is to melt the fully 

built stack onto a new substrate. A clean substrate (usually SiO2/Si or fused silica) is placed on the 

stage and heated to 40 °C. The stamp is slowly lowered until the film is in contact with the surface. 

We then heat at 2 °C /min until the temperature reaches 200 °C. Once the stage is at this 

temperature, the stamp is very slowly lifted off the chip, over approximately 30 minutes. The film 

will start to tear in a characteristic way that forms “fingers,” shown in Fig. 3.6(b). Chips are placed 
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in chloroform for 20 minutes to dissolve the PC film, then rinsed in IPA for 10 minutes, before 

being blown dry with nitrogen.  

If monolayer graphene or TMDs are being picked up directly with the film, PC must be 

used, but polypropylene carbonate (PPC) can be used in place of PC to directly pick up thicker 

flakes of hBN. If PPC is used, temperatures settings must be adjusted during the transfer process 

from the PC process, as PPC has a lower melting point. The stamp should be baked at 90 °C for 

50 seconds. When picking up the hBN, and other successive flakes, we heat from 40 °C to about 

60 °C. When performing the final melt onto a new substrate, it should  be heated to 120 °C. After 

melting down, we anneal the chip in vacuum at 350 °C for at least 15 minutes to remove any PPC 

residue. 

 

3.2 Optical methods 

3.2.1 Raman spectroscopy and photoluminescence 

The optical contrast between monolayer and bilayer graphene can be difficult to distinguish 

visually on an optical microscope. Raman spectroscopy, a technique that allows us to look at 

vibrational modes in crystals, can be used to distinguish monolayer from bilayer (or thicker) 

graphene flakes. We use a 532 nm CW laser and a setup as shown in Fig. 3.8(a). We first mount 

the SiO2/Si chip containing the graphene flake onto a mount, as shown in Fig. 3.8(b), then place 

the mount in the Raman setup on a piezo stage, shown in Fig. 3.8(c), with X, Y, and Z directional 

control. As the objectives are on a rotational mount, we let the laser pass through first without an 

objective, using the knobs on the stage to control the tip and tilt of the sample until the back 

reflection shows the chip is perpendicular to the incoming beam. We then rotate the objective into  
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Figure 3.8: a) Experimental Raman spectroscopy setup. b) The Raman stage mount that holds samples. The black 

circles are tape. c) The mounted samples attached to the piezo stage. 

 

the path and use the motors to bring the surface of the chip into focus using a camera, and then 

locate the desired flake. Scans are performed with either a 50x or 100x objective, while a 10x 

objective is used to locate the desired flake. Graphene can be characterized by the frequency shift 

and relative amplitude of its G and 2D peaks, showing up around 1580 cm-1 and 2700 cm-1, 

respectively. Typical Raman spectra of monolayer graphene compared to thicker flakes is shown 

in Fig. 3.9(a), with G and 2D peaks labelled. As the number of layers increases in a graphene flake, 

the 2D peak shifts to higher frequency, with an increasing width and a reduction in amplitude, due 

to an increased number of modes contributing to the peak. We can determine the number of layers 

by comparing the amplitude of the 2D peak in comparison to the amplitude of the G peak. Values  
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Fig. 3.9: a) Raman spectra of monolayer graphene (red) and bulk graphite (black). The G and 2D peaks have been 

labelled.  b) Photoluminescence spectrum of a monolayer TMD, MoS2.  

 

of  
𝐴𝐺

𝐴2𝐷
 that are ~ 0.5 (where AG and A2D represent the G and 2D peak amplitudes) signify 

monolayer graphene, where values of ~1 or above signify bilayer or thicker graphene46. 

 While Raman spectroscopy is a useful technique to distinguish monolayer from bilayer 

flakes in graphene samples, TMDs (MoS2, WS2, MoSe2, WSe2, etc.) require photoluminescence 

measurements to differentiate monolayer from thicker flakes and to characterize flake quality. 

Monolayer TMD flakes exhibit strong photoluminescence at a wavelength dependent on the 

energy of the band gap. As the number of layers decreases, the indirect band gap shifts, leading to 

a crossover to direct band gap at single layer thickness. This manifests in photoluminescence 

measurements as a strong peak at the optical band gap energy. In this procedure we use the same 

experimental setup as described for Raman spectroscopy, only moving the grating to send higher 

wavelengths to the CCD camera. A strong photoluminescence, as shown in Fig. 3.9(b), 

demonstrates monolayer thickness. The peak for monolayer MoS2 shows up at 670 nm, while WS2, 

the TMD discussed in later chapters, shows a strong photoluminescence peak at ~620 nm. 
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Fig. 3.10: An example of a pump-probe spectroscopy setup in reflection geometry. The pump pulse (modulated with 

a mechanical chopper) is used to excite samples while the probe pulse (delayed using a motorized delay stage) is 

measured using photodetector and a lock-in detector.  

 

 

3.2.2 Pump probe spectroscopy 

In pump probe spectroscopy, two ultrashort laser pulses are used: one higher power pump pulse is 

used to excite the sample, while a second lower power probe pulse is used to measure pump-

induced changes in the system; in our experiments, we measure pump-induced changes in the 

reflectivity of the probe. We utilize a 1 kHz 780 nm Ti:Saph laser with approximately 50 fs pulses, 

as measured with a frequency resolved optical gating60,61 (FROG) technique. In some experiments 

this is passed through an optical parametric amplifier (OPA) to tune the wavelength of the pump 

and probe, allowing us to pump or probe at specific energy levels. 

 The pump pulse passes through a mechanical chopper, which imparts an additional 

frequency (typically ~200 Hz) in the pump beam on top of the 1 kHz rep rate. When the pump 

pulse hits the sample; it excites electrons in the system. The probe pulse comes at a delayed time, 
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transmits through the sample, and reflects to the detector. Changes in the reflectivity of the probe 

are measured at the frequency of the mechanical chopper. Any probe signal at the pump’s chopped 

frequency must be due to pump-induced effects in the sample. As differential reflectivity can be 

on the order of 10-5 when compared to the unpumped reflectivity, we must use a method that can 

handle the low signal. After reflecting from the sample, we use a lock-in amplifier to extract the 

probe’s signal at the chopped frequency. Any probe signal not at the pump’s frequency is then 

filtered out by the lock-in amplifier. We use a motorized delay stage to adjust the time delay 

between the pump and probe beams.  

 Filtering out the pump light is important as the time resolved information is carried only 

by the probe pulse. The method to filter out the pump depends on the geometry and wavelengths 

of the experiment. For non-collinear geometries, we simply block the pump beam and collect the 

probe. For collinear geometries, we utilize a half wave plate and polarizer combination to rotate 

the pump’s polarization 90° from the probe’s polarization, and then use a second polarizer in front 

of the photodetector to filter out the pump. If the pump and probe are not the same wavelength, a 

wavelength dependent filter can be used.  

 Taking reflectivity measurements at various time delays between the two pulses allows us 

to measure the differential reflectivity as a function of time delay, and thus, gives us the ability to 

study the relaxation dynamics of photoexcited carriers. Photoexcited carriers excited by the pump 

pulse fill states, which cause changes in the reflectivity of the probe pulse, due to effects such as 

Pauli blocking or band gap renormalization. Over time, photoexcited carriers relax, returning the 

reflectivity to its initial value. Therefore, the timescales of the differential reflectivity can be 

connected to lifetimes of photoexcited carriers or optical phonons using models, such as the two-

temperature model discussed in Chapter 2. 
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CHAPTER 4 

 

Ultrafast Carrier-Phonon Dynamics 

in Graphene-hBN Heterostructures 
  

 

This chapter contains material published in: Golla, D., Brasington, A., LeRoy, B. J. & 

Sandhu, A. “Ultrafast relaxation of hot phonons in graphene-hBN heterostructures,” APL 

Mater. 5, 056101 (2017) 

 

The discovery of graphene and the ability to fabricate high quality stacked heterostructures with 

improved electrical, optical, and thermal properties4,10 has attracted substantial attention in the past 

decade. Hexagonal boron nitride (hBN) is another van der Waals material with similar hexagonal 

lattice structure to graphene, with a 1.8% larger lattice constant10. Its large band gap of ~6 eV, high 

dielectric constant, and atomically flat surface makes it a good substrate choice in graphene-based 

devices. Fast carrier cooling is important and desired in devices for high power applications. 

Heterostructures of graphene and hBN show improved mobility when compared to those using 

SiO2/Si substrates4,10,11 due to lower charged impurities, shielding from the SiO2/Si substrate’s 

charge impurities, and better interfacial adhesion11. This chapter explores the effect of hBN 

substrate on carrier relaxation in graphene-hBN heterostructures. 
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4.1 The hot phonon bottleneck effect 

As electronic devices continue to scale down in size and push power capabilities, heat management 

has become a critical issue. Relaxation dynamics of photo-excited (PE) carriers has been studied 

extensively by many groups using a variety of techniques such as photocurrent measurement, time 

resolved Raman spectroscopy, transport measurements, ultrafast pump-probe spectroscopy47,62,63, 

etc. Upon photoexcitation (with an ultrafast pulse, for example), electrons and holes are excited 

into a highly non-thermal system. The carriers exchange energy among themselves through 

Coulombic interactions and thermalize into a hot (∼1000’s K) Fermi-Dirac population within tens 

of femtoseconds64. 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) bottleneck47,65–69. Cooling through direct acoustic phonon emission is not viable 

because of a vanishingly small phase space for such a scattering process70. The hot optical phonons 

cool down through anharmonic decay to acoustic phonons which are subsequently 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 substrate68,71–73.  

 Theoretical predictions and experiments place the hot optical phonon lifetime in graphene, 

graphite, and carbon nanotubes in the 1–5 ps range47,65,74–77. 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 carbon nanotubes66,67,78. The HP 

bottleneck also affects the photoresponse79 of optoelectronic devices. It is important to explore 

cooling channels that can efficiently de-energize the optical phonons and remove the HP 

bottleneck. In that regard, graphene heterostructures incorporating an appropriate substrate, such 
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as hBN, could offer additional mechanisms for accelerating the cooling process. It has been 

recently reported that the active cooling efficiency due to the Peltier effect in graphene-hBN 

devices is more than twice as much as the highest reported room temperature efficiencies80. A 

comparative study of relaxation dynamics for graphene on hBN and SiO2 is missing from the 

literature. 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.  

 

4.2 Experimental setup 

Hexagonal boron nitride flakes were exfoliated and deposited on silicon chips that have a 285 nm 

thermally grown oxide layer. Pristine graphene was grown on copper foil using a low pressure 

chemical vapor deposition (CVD) method56 outlined in Chapter 3. PMMA was spin coated onto 

the copper foil before floating it on a mixture of hydrogen peroxide, hydrochloric acid, and de-

ionized water to etch away the copper. The remaining graphene/PMMA film was transferred to 

clean de-ionized water. The Si/SiO2 chip with exfoliated hBN was used to gently pick up the 

floating graphene/PMMA film and then dried. The chip was then placed in acetone to dissolve the 

PMMA layer. The samples were then subsequently annealed in an atmosphere of argon and 

hydrogen at 350 °C for 3 hours to get rid of residues and impurities and ensure better adhesion to 

the substrate. An optical image of one of the samples is shown in Fig. 4.1(a). The location marked 

with a 1 has graphene on hBN (g-hBN), whereas location 2 has graphene on SiO2/Si (g-SiO2). The 

Raman spectra of g-SiO2 and g-hBN are shown in Fig. 4.1(b). The absence of a D peak means that 

both the g-SiO2 and g-hBN are defect free. We infer from the G and 2D peak positions that g-SiO2  
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Figure 4.1: 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. 

 

and g-hBN are p-doped by about 3.5 × 1012 cm−2 and 1 × 1012 cm−2, respectively81,82. The 

maximum energy of the doped carriers is well below the 1.58 eV probing photon energy. 

For the pump-probe experiment we used amplified 780 nm pulses from a Ti-sapphire laser 

amplifier for both pump and probe in a reflectivity geometry, shown in Chapter 3 in Fig. 10. The 

spot sizes (FWHM) of the pump and probe beams were measured using the knife edge technique 

to be 154 μm and 23 μm, respectively. The FWHM as measured using the FROG technique was 

45 fs. The experiment was conducted with a range of pump pulse energies, all of which were below 

the damage threshold of graphene under irradiation with ultrafast pulses83. The pump was chopped 

using an optical chopper and the probe reflectivity of the sample was measured using lock-in 

detection. The polarizations of the pump and probe were crossed for better rejection of the pump. 
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Figure 4.2: Experimental differential reflectivity curves for different samples of g-hBN pumped using 60 μJ/cm2 per 

pulse. The reflectivity of g-SiO2 is shown for comparison (red: g-hBN and black: g-SiO2). Sample 2 and 3 contain 

the same g-SiO2 scan due to flake location. 

 

 

4.3 Time-resolved reflectivity measurements 

The relaxation of PE carriers is captured by the differential reflectivity, 
𝛥𝑅(𝑡)

𝑅0
, of the sample. The 

differential reflectivity shows the opposite trend as the electronic temperature in graphene, which 

means that a decrease in 
𝛥𝑅(𝑡)

𝑅0
 corresponds to an increase in the electronic temperature. Fig. 4.2 

shows 
𝛥𝑅(𝑡)

𝑅0
  as a function of the pump-probe time delay for three different g-hBN heterostructures 

along with curves for g-SiO2 for comparison. The pump pulse energy is 60 μJ/cm2. 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 ps which is a far greater time scale than 

those discussed in this letter. We have independently verified that this baseline does not contribute 

to the lifetimes extracted from our experiment. It is immediately evident from Fig. 4.2 that the 

relaxation dynamics of g-hBN are faster than that of g-SiO2. 
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4.4 The two-temperature model 

To measure the relaxation time scales in our g-hBN heterostructures, we use a two-temperature 

model49,84 to extract the optical phonon lifetimes in graphene samples. This model is outlined in 

detail in Section 2.2.2. The equations relating the electronic (𝑇𝑒𝑙) and optical phononic (𝑇𝑜𝑝) 

temperatures for graphene are: 

d𝑇𝑒𝑙
d𝑡

=
𝐼(𝑡) − 𝛤(𝑇𝑒𝑙, 𝑇𝑜𝑝)

𝑐𝑒𝑙(𝑇)
(4.1) 

d𝑇𝑜𝑝

d𝑡
=
𝛤(𝑇𝑒𝑙, 𝑇𝑜𝑝)

𝑐𝑜𝑝(𝑇)
−
(𝑇𝑜𝑝 − 𝑇0)

𝜏𝑜𝑝
(4.2) 

where 𝐼(𝑡) is the absorbed laser irradiance (for a Gaussian pulse with FWHM ~45 fs), Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝) 

is the coupling rate between electrons and phonons in graphene, 𝑐𝑒𝑙(𝑇) and 𝑐𝑜𝑝(𝑇) are the 

electronic and optical phononic specific heat capacities, 𝑇0 is the ambient room temperature, and 

𝜏𝑜𝑝 is the optical phonon lifetime. Following the outline in Section 2.2.2., we numerically calculate 

the index of refraction as a function of time, and then use this to calculate the reflectivity as a 

function of time using the transfer matrix method51–53. We fit our experimental differential 

reflectivity curves, shown in Fig, 4.2, with this model using the optical phonon lifetime as a fitting 

parameter. Experimental curves with modelled fits are shown in Fig. 4.3 for fluences of 50 μJ/cm2, 

60 μJ/cm2, and 80 μJ/cm2, shown in solid blue, green, and yellow lines, respectively. Fig. 4.3(a) 

contains reflectivity curves for g-hBN while Fig. 4.3(b) contains curves for g-SiO2. We find optical 

phonon lifetimes of 200 fs, 250 fs, and 375 fs (± 25 fs) for g-hBN heterostructures and lifetimes 

of 800 fs, 1200 fs, and 1500 fs (± 50 fs) for g- SiO2 heterostructures. Additionally, we extract the 

electron and optical phonon temperature profiles as a function of the time delay. Time dynamics  



53 
 
 

 
 

Figure 4.3: a) Differential reflectivity curves for graphene-hBN with different pump fluences: 80 μJ/cm2 (orange), 

60 μJ/cm2 (green), 50 μJ/cm2 (blue). b) Differential reflectivity curves for graphene-SiO2 for the same fluences. 

Inset: Electronic (red) and phonon (black) temperature profiles for low fluence case (50 μJ/cm2). 
 

of the electronic temperatures are controlled by a combination of the anharmonic decay time scale 

(τop) (coupling to the acoustic phonons and the substrate) and electron-phonon coupling 

(determined by an electron-phonon coupling parameter discussed in Section 2.2.2 ) 

 The temperature profiles (insets of Fig. 4.3) for the low fluence data illustrate the decay of 

carriers and optical phonons and show the impact this fast optical phonon decay has on electronic 

temperature cooling. While the g-SiO2 sample reaches electronic - optical phonon temperature 

equilibrium around 1200 K, g-hBN samples are able to cool to 600 K before they reach 

equilibrium. Additional temperature profiles for g-hBN and g-SiO2 at the medium and high 

fluences are shown in Fig. 4.4. When comparing optical phonon lifetimes, we find values four 

times faster in g-hBN compared to g-SiO2 at all measured fluences, showing a more efficient decay 

of optical phonons when hBN substrates are used. The range of values of τop for g-SiO2 (0.8–1.5 

ps) agrees well with previous measurements of phonon lifetimes in SiO2 supported graphene69,77. 
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Figure 4.4: Electronic (red) and optical phonon (black) temperature profiles for the medium and high fluences cases 

(60 μJ/cm2 and 80 μJ/cm2). Top row contains temperature profiles for g-hBN (left) and g-SiO2 (right) at 60 μJ/cm2. 

Bottom row contains temperature profiles for g-hBN (left) and g-SiO2 (right) at 80 μJ/cm2.  
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4.5 Discussion 

We determined lateral heat transfer in the samples could be ignored due to the large spot size of 

the pump beam. The diffusion time scale, given by 𝑡 =
𝐴

𝛼
  where 𝛼 = 2.5 

𝑐𝑚2

𝑠
 is the diffusivity of 

graphite and 𝐴 = 2.25 𝑐𝑚2 is the spot size of the pump beam, is of the order of 90 μs, while 

lifetime measurements are on the few-picosecond scale. At higher fluences (i.e., high initial carrier 

densities), multibody effects like carrier screening, plasmonic modes, and plasmon-phonon 

interactions might come into play85. 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. At low fluence where these multibody effects are relatively small, 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: 

𝐺𝑘 =
𝑐𝑒𝑓𝑓

𝜏𝑜𝑝
(4.3) 

Where: 

1

𝑐𝑒𝑓𝑓
=

1

𝑐ℎ𝐵𝑁
+

1

𝑐𝑜𝑝 + 𝑐𝑒𝑙
(4.4) 

The heat capacity ceff is the effective heat capacity per unit area of the composite graphene-hBN 

system86. The heat capacity and 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. We estimate the interfacial conductance for g-hBN to be 16.25 

MW/m2K using the room temperature value for ceff and the extracted τop value from the 50 μJ/cm2 

fluence data. The corresponding value for the graphene-SiO2 interface is 3.75 MW/m2K.  
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TABLE I.  Interfacial thermal conductance and thermal time constants for graphene on hBN. 

 

Study Gk (MW/m2 K) Thermal time constant (fs) Notes 

Mao et al.87 187 17 Room temperature, theoretical 

Pak et al.88 4 800 Room temperature, theoretical 

Chen et al.89 7.41 435 Room temperature, experimental 

Zhang et al.90 3 1076 200-700 K, theoretical 

Ting Li et al.91 1-10 300-3000 200-600 K, theoretical 

 

Ideally, to estimate the room temperature thermal conductance, one would have to conduct the 

pump-probe experiment at extremely low pump fluence to ensure that the temperature change is 

minimal. Since we observe that optical phonon lifetime decreases with decreasing fluence, the 

measured phonon lifetime for such an experiment would be shorter. Accordingly, the room 

temperature interface thermal conductance would be higher than our estimate. Regardless, our 

estimates facilitate comparison between the relative thermal conductivities of g-hBN and g-SiO2 

interfaces under identical conditions, which is the main focus of our study. The value of Gk for g-

hBN measured here is still higher than that reported in the work by Chen et al 89. 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, there are no previous measurements of the 

relaxation of carriers in graphene on hBN. For the purpose of 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 I. 

 The interaction between the carriers in graphene and the surface plasmon polaritons (SPP) 

of the polar substrate has been proposed as a possible cooling mechanism for overcoming the HP 

bottleneck in graphene71–73,92. It has been established that graphene on hBN substrates has lower 

charge doping level than graphene on SiO2
10 which is also the case in our samples as evidenced 
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by the slightly upshifted (~10 cm−1) and narrower G peak82 for g-SiO2. If SPP interactions were 

the dominant cooling mechanism, the doping of graphene due to SiO2 will shield this interaction 

and reduce the efficacy of this channel consequently increasing the relaxation time for phonons in 

g-SiO2. The interaction between graphene and the substrate also depends on many 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 

nitrogen87. The curvature of the graphene sheet is an additional contributor to the interface thermal 

resistance in g-SiO2
88. Annealing contributes to the graphene sheet conforming to the substrate 

and hBN being atomically flat means the graphene sheet in g-hBN has lower cumulative curvature 

than the graphene sheet in g-SiO2 effectively decreasing interfacial resistance in g-hBN. 

 

4.6 Conclusions 

In conclusion, we have used differential reflectance spectroscopy to study the carrier dynamics of 

graphene-hBN heterostructures. We extract the optical phonon lifetime and interface thermal 

conductance using a two-temperature model. The thermal relaxation rates of graphene-hBN are 

significantly faster than those of graphene-SiO2 thus mitigating the hot phonon bottleneck. We 

conclude that hBN substrates will enhance the thermal performance of high-power graphene 

devices. Faster relaxation of carriers in graphene-hBN heterostructures has also recently been 

observed through photoconductivity measurements and attributed to hyperbolic phonon 

coupling93.  
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CHAPTER 5 

 

Ultrafast Carrier-Phonon Dynamics in 

Boron-Isotope-Enriched Graphene-hBN Heterostructures 

 

This chapter contains material published in: Brasington, A. et al. “Phonon Life- 

times in Boron-Isotope-Enriched Graphene-Hexagonal Boron Nitride Devices,” 

Phys. Status Solidi RRL 16, 2200030 (2022). 

 

In atomically thin systems, the choice of substrate plays an important role in determining the 

electrical and optical properties of a heterostructure.  In particular, graphene and hBN 

heterostructures have extremely high carrier mobilities, which makes them ideal for electronics 

applications94–98. The substrate also has a crucial impact on the opto-electronic performance which 

is governed by the interplay between the relaxation of photo-excited carriers and heating of the 

device due to the presence of hot-phonon bottleneck47,65,99. In our previous work, we showed that 

hexagonal boron nitride (hBN) substrates improves the thermal relaxation rates of carriers in 

graphene as compared to silicon dioxide substrates, thus mitigating the hot-phonon bottleneck22. 
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5.1 Isotopes in hBN 

Naturally occurring boron contains a mixture of two isotopes with atomic masses 10 and 11 with 

abundances of 20% 10B and 80% 11B respectively. Theoretical and experimental studies have 

shown a higher thermal conductivity with higher isotopic purity of hBN, due to reduced phonon 

scattering from isotopic disorder (randomly distributed boron isotopes)24–27. The isotopic purity of 

hBN should have an impact on the carrier relaxation rate, due to modification of the hBN phonon 

mode lifetimes, thermal conductivity, and the interfacial thermal conductance. In this work, we 

have investigated this question using femtosecond pump-probe differential reflectance 

spectroscopy. Our results show that the carriers cool 1.7 times faster when boron isotopically pure 

hBN is employed as the substrate. 

 

5.2 Experimental setup 

Monolayer graphene and bulk-hBN were produced using mechanical exfoliation on Si/SiO2 chips. 

Three different types of crystals of hBN were used to create the hBN flakes with varying boron 

isotope concentrations. hBN crystals were grown using isotopically enriched 10B and 11B100 along 

with the naturally occurring isotope mixture of B which is 80% 11B and 20% 10B. After identifying 

monolayer graphene flakes and 20-40 nm thick hBN flakes, a dry transfer stamping technique4 

was used to transfer monolayer graphene onto the hBN flakes with different isotopic purities. A 

polycarbonate (PC) film was used on a PDMS stamp to sequentially pick up graphene and then 

the hBN flakes. Graphene-hBN stacks were then attached to fused silica substrates to allow for 

transmission measurements, in the stacking configuration shown in Fig. 5.1(a). 
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Figure 5.1: (a) Stacking configuration for samples.  Graphene on (b) 10B-enriched hBN, (c) 11B-enriched hBN, and 

(d) natural purity hBN.  The graphene flake is outlined by the dashed red line. 

 

Samples were then cleaned in acetone and isopropyl alcohol to remove the PC film. Optical images 

of different graphene-hBN heterostructures are shown in Fig. 5.1, with panel (b) showing 10B-

enriched hBN, panel (c) showing 11B-enriched hBN, and panel (d) represent natural purity hBN. 

In each case, the extent of the graphene monolayer is outlined in red. Samples were then cleaned 

in acetone and isopropyl alcohol to remove the PC film. Optical images of different graphene-hBN 

heterostructures are shown in Fig. 5.1, with panel (b) showing 10B-enriched hBN, panel (c) 

showing 11B-enriched hBN, and panel (d) represent natural purity hBN. In each case, the extent of 

the graphene monolayer is outlined in red. We characterized the samples by conducting Raman 

spectroscopy, and then investigated the time-dynamics of the relaxation of charge carriers in the 

graphene using femtosecond pump-probe spectroscopy, as described below. 

Fused Silica

hBN

Graphene

a) b)

c) d)
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Figure 5.2: Raman spectra of the graphene on 10B-enriched hBN (blue), 11B-enriched hBN (red), naturally occurring 

hBN (green). Inset: Full width half max of Raman peaks by 10B concentration. 

 

 

5.3 Raman spectroscopy 

To establish the quality and vibrational properties of the samples, we employed Raman 

spectroscopy.  Each of the three hBN samples with varying boron isotope concentrations was 

excited using a 532 nm CW laser and the Raman scattered light was dispersed by a grating and 

detected using a thermoelectrically cooled CCD. Samples include 10B to total boron concentrations 

of 0%, 20%, and 100%. The spectral profile of the E2g mode of each sample is shown in Fig. 5.2. 

We fit the E2g Raman line with a Voigt to extract the peak position and to isolate the instrumental 

Gaussian width from the Lorentzian width. A shift in the frequency of the E2g mode can be seen 

as the 10B purity increases, due to the difference in atomic mass of the boron atoms. This shift in 

peak energy is proportional to 𝑚−
1
2 as expected from a harmonic oscillator analysis in agreement 
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with previous results101. The full width half max (FWHM) is shown in the inset in Fig. 5.2 for 

different boron purities, i.e., for 0% 10B (100% 11B), natural 10B to 11B ratio, and 100% 10B (0% 

11B). The width decreases as the B isotope purity increases in either the 10B or 11B directions, 

showing a longer phonon lifetime for increased isotopic purity. The Lorentzian widths for the pure 

10B and 11B hBN samples are 4.5 and 5.7 cm-1, respectively, while the width for hBN with the 

natural distribution of boron isotopes is 9.7 cm-1. Essentially, the isotopic variation leads to phonon 

scattering, which manifests as a larger linewidth, and a decrease in phonon lifetimes with the 

hBN101–103. 

 

5.4 Time-resolved reflectivity measurements 

For the time resolved studies, we employed an 800 nm center wavelength, 100 fs pulse duration, 

1kHz repetition rate Ti:Sapphire laser amplifier. The laser beam was split into two parts, the pump 

and the probe, using a beam splitter (Fig. 5.3). The pump pulse was frequency doubled to 400 nm 

using a barium borate (BBO) crystal, and then filtered to remove any residual 800 nm light. The 

pump pulse was chopped using an optical chopper whose frequency was controlled by a lock-in 

amplifier.  The probe pulse passed through a variable delay stage to control the timing between 

the pump and probe pulses.  Finally, the pump and probe pulses were recombined with an optical 

window and focused onto the sample using a 6.33 mm lens (NA = 0.68), with the probe pulse 

focusing to a tighter spot to reduce spatial variation in the pump fluence. The reflectivity of the 

probe pulse was measured at each time delay using lock-in detection.  
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Figure 5.3: (a) Experimental setup for pump-probe measurements. BBO crystal is used to produce the second 

harmonic of 800 nm laser wavelength, to be used as a pump pulse. BS1 and BS2 are beam splitters. F1 and F2 are 

filters blocking 800 nm and 400 nm light, respectively. Differential reflectivity curves on each sample, (b) 10B-

enriched hBN, (c) 11B-enriched hBN, (d) natural purity hBN, with fit optical phonon lifetimes labeled for each. 

Calculated differential reflectivity curves are overlaid as solid black lines. (e) The calculated differential reflectivity 

curves overlaid on one another for comparison, for 10B-enriched hBN (blue), 11B-enriched hBN (red), natural purity 

B-enriched hBN (green). 

 

 

5.5 Discussion 

As the pump pulse excites carriers into the graphene conduction band, these photoexcited 

carriers quickly thermalize through electron-electron scattering64,104,105. These thermalized  

carriers then cool through the emission of optical phonons, which decay into acoustic phonons that 

are absorbed by the substrate99. The choice of this substrate and its coupling to graphene play an 

important role in the relaxation of photo-excited carriers. Thermal conductivity in hBN has been 

predicted to be higher for increased isotopic purity, due to reduced phonon scattering from isotopic 

disorder24–26. Graphene on hBN cools four times faster than graphene on SiO2 substrates due to 
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increased thermal conductivity of the interface22. The lateral heat transport in graphene is 

negligible because the laser spot size is large and therefore the interfacial thermal conductivity 

determines the cooling of graphene. The role of the interfacial thermal conductance of the substrate 

in determining the relaxation rates can be analyzed by studying the differential reflectivity for 

samples with varying boron isotope concentrations. 

 The pump-induced change in the temperature of the heterostructure modifies inter and 

intra-band optical conductivity terms that determine the refractive index, which in-turn determines 

the reflectivity of the probe106. Thus, by analyzing the time-dependence of the reflectivity, one can 

obtain the timescales associated with the relaxation of hot carriers in graphene. Fig. 5.3 shows the 

variation of differential reflectivity with time-delay between pump and probe. The absorbed pump 

pulse energy leads to fast heating of carriers to temperature of a few thousand Kelvin, which 

manifests as a sharp decrease in reflectivity during the pump excitation. As the carriers relax and 

cool by emitting optical phonons the reflectivity trend reverses. The hot optical phonons then decay 

into acoustic phonons which couple into the substrate. The heat exchange through the interface 

cools the graphene and the reflectivity reaches a baseline value. The rate that this differential 

reflectivity returns to zero gives a measure of the decay of the excited carriers and the decrease of 

the electronic temperature of the graphene sample. We model the relaxation dynamics carriers in 

terms of the two-temperature model49,84 used in the previous chapter: 

𝑑𝑇𝑒𝑙
𝑑𝑡

=
𝐼(𝑡) −  Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝)

𝑐𝑒𝑙(𝑇)
(5.1) 

𝑑𝑇𝑜𝑝

𝑑𝑡
=
Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝)

𝑐𝑜𝑝(𝑇)
−
𝑇𝑜𝑝 − 𝑇0

𝜏𝑜𝑝
(5.2) 

Where I(t) is the incident pump excitation, given by a Gaussian with a FWHM of 110 fs. Tel and 
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Top are the electronic and optical phonon temperatures of graphene, and T0 is the ambient 

temperature. The electronic and phononic heat capacities of graphene are represented by cel and 

cop. The function Γ(𝑇𝑒𝑙, 𝑇𝑜𝑝) denotes the coupling between electrons and phonons, that governs the 

decay of carriers into optical phonons. We calculate the electronic and optical phonon 

temperatures, and fit our experimental data with the model above, using the optical phonon lifetime 

op as a fitting parameter.  

 From the fits shown in Fig. 5.3, for the 10B and 11B-enriched g-hBN samples, we extract 

graphene optical phonon lifetimes of 262 fs (± 36 fs) and 286 fs (± 29 fs), respectively, while the 

natural purity g-hBN sample has a longer lifetime of 451 fs (± 65 fs). Using the lumped heat 

capacity model107,108 to obtain the effective heat capacity ceff, one can then determine the interfacial 

thermal conductance as Gk = ceff/op. Thus, faster decay and shorter lifetimes of optical phonons in 

the case of isotopically pure hBN substrate translate to higher thermal conductance. These results 

are in agreement with theoretical and experimental studies, which have shown a lower thermal 

conductivity for naturally occurring hBN than 10B and 11B-enriched hBN samples24–27, as well as 

a slightly higher thermal conductivity in 10B-enriched hBN samples when compared to 11B-

enriched hBN samples26. The thermal conductivity in hBN is heavily influenced by phonon-

phonon scattering and phonon-isotope scattering at temperatures over 100 Kelvin, leading to a 

noticeable decrease in cooling times when utilizing substrates with isotopic purity109. 

The model used in fitting also gives insight into the time-dependence of electron and 

phonon temperatures. We find electronic temperatures reach approximately 3000 K for all 

samples, which quickly drop as photo-excited carriers decay into optical phonons. We compare 

the calculated electronic and optical phonon temperatures for naturally occurring and isotopically 

pure hBN in Fig. 5.4, where solid and dashed lines represent the naturally occurring hBN and 
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Figure 5.4: Electronic (red) and optical phonon (black) temperature profiles for graphene on naturally occurring 

hBN (solid lines) and graphene on 10B-enriched hBN (dashed lines). 

 

 

10B-enriched hBN, respectively. When the electronic and optical phonon temperatures reach 

equilibrium, cooling is limited by the lifetimes of the optical phonons, which leads to a slowed rate 

of cooling. This is often referred to as the bottleneck effect47. In contrast to the isotopically pure 

hBN, the use of naturally occurring hBN substrate leads to electron-phonon equilibration at a much 

higher temperature, followed by a slower decay limited by the optical phonon lifetime. 
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5.6 Conclusions 

 In conclusion, our time-resolved study of differential reflectivity allows us to monitor 

cooling dynamics of carriers in graphene-hBN heterostructures and extract associated optical 

phonon lifetimes. When pure boron isotopically pure hBN is used, the carriers relax faster, the 

optical phonon lifetime is shorter, and the interfacial conductance is higher. Specifically, we see 

an improvement of approximately 1.7 times in the lifetime of the optical phonons in graphene 

when comparing isotopically enriched hBN substrates to the naturally occurring hBN substrates. 

Reducing isotopic disorder within the samples reduces the phonon-isotope scattering leading to 

more efficient decay of optical phonons in graphene samples into acoustic phonons in the hBN 

substrate. Thus, isotopically pure substrates show a promising improvement in heat management 

in graphene devices at room temperature.  
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CHAPTER 6 

 

Role of Defects and Phonons in Bandgap Dynamics of 

Monolayer WS2 at High Carrier Densities 
 

This chapter contains material published in: Brasington, A. et al. Role of defects 

and phonons in bandgap dynamics of monolayer WS2 at high carrier densities. 

JPhys Mater. 4, 015005 (2021). 

Monolayer semiconducting transition metal dichalcogenides (TMDs) are a subclass of 2D 

materials that retain the honeycomb structure of graphene but offer a direct optical band gap in the 

visible spectrum. TMDs exhibit strongly bound excitonic states in the visible region of the 

spectrum110–112, which opens possibilities for a multitude of opto-electronic device applications. 

For example, the large photo-absorption cross-section could translate into efficient photovoltaic 

devices by harnessing photoexcited charge carriers. Conversely, charge carriers can be injected 

into TMD based p-n junction devices to make visible light sources113. However, the room 

temperature photoluminescence (PL) efficiency of TMD samples is low (~1%)114 therefore 

photodetectors and light emitting diode devices made using TMD materials suffer from low 

quantum efficiency. In particular chemical vapor deposition (CVD) grown large area samples are 

known to contain many defects111,115 and the electronic states associated with defect sites act as 

carrier traps and recombination centers for excitons effectively reducing the PL efficiency116. 
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Another important factor affecting the non-radiative recombination rate is carrier-phonon 

interactions. Apart from reducing the PL efficiency, phonon related effects are responsible for low 

mobility and current saturation22,78,117. 

 

6.1 Phonons and defects in TMDs 

In view of the above discussion, further improvements in device efficiency requires better 

understanding and control of the many-body interactions involved in the photoexcitation and 

relaxation processes. Various theoretical efforts have concentrated on modelling lateral thermal 

conductivity118–120, phonon relaxation lifetimes121, phonon-mediated free carrier cooling122 and 

phonon-induced band structure changes123. Experimental work on TMDs has mostly focused on 

the study of excitonic interactions in the low carrier density regime115,124–127. The limited studies 

on carrier-phonon interactions have used Raman spectroscopy128–130 at low carrier density.  Work 

in the high carrier density regime, above the Mott density, has focused mainly on carrier induced 

bandgap renormalization (BGR) rather than phonons39,131,132. Understanding the high carrier 

regime is important to many applications, such as lasers, saturable absorbers, and photodetectors, 

which are limited by relaxation rates in the materials.  Additionally, this regime offers an area of 

new and exciting physics, where interesting effects such as population inversion, large BGR, and 

exciton bleaching can be studied.    

 We employ pump-probe techniques to gain direct insight into the evolution of many-body 

interactions between carriers, defect states and phonons in WS2. In particular, we utilize high pump 

pulse intensity to create photo-excited carrier densities an order of magnitude above the Mott 

density to study the role of carriers, defects, and phonons at these high densities. We find that the 

pump pulse intensity to create photo-excited carrier densities an order of magnitude above the Mott  
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Figure 6.1: (a) Optical image of monolayer WS2 flakes on a sapphire substrate.  In optical contrast, the WS2 appears 

brighter than the surrounding substrate.  The scale bar is 20 microns. (b) Absorbance spectrum of WS2 at room 

temperature. (c) PL spectrum of WS2 at 4.3 K excited by 532 nm 

 

density to study the role of carriers, defects, and phonons at these high densities. We find that the 

relaxation of carriers leads to a rich structure in the transient absorbance spectra due to mechanisms 

associated with carrier-trapping and recombination via defect states. We discover a long lived 

BGR at high pump fluences that we attribute to carrier-phonon interactions. We use a simple three-

level model to simulate the dynamics of photoexcited carriers and determine the phonon induced 

BGR and relaxation timescales. 

Monolayer WS2 samples were grown using a CVD procedure on sapphire substrates133. 

Individual triangular flakes as seen in Fig. 6.1(a) are monocrystalline with no domain walls133,134. 

The absorbance was obtained by measuring the optical reflectivity of the sample (WS2 on sapphire) 

compared to the sapphire background. If nsub is the refractive index of the sapphire substrate, Ro 

and Rsub are the reflection coefficients from the sample and bare sapphire substrate respectively, 

we calculate the absorbance, A0, of the sample using the relation106: 

R0 − Rsub
Rsub

=
(1 + nsub)A0
nsub − 1

(6.1) 

 

The absorbance spectrum of the WS2 shown in Fig. 6.1(b) has two peaks at 2.0 eV and 2.4 eV 

corresponding to the A and B excitons, respectively. 
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6.2 Experimental setup 

For the time resolved experiments, 50 fs pulses from a 1 kHz, 800 nm centre wavelength, 

Ti:Sapphire laser amplifier were frequency doubled to 400 nm and modulated at 200 Hz with a 

mechanical chopper to be used as the pump beam. The pump fluence was 1500 μJ/cm2. 

Wavelength-tuneable laser pulses (~50 fs) in the range 600 – 650 nm from an optical parametric 

amplifier (OPA) were used to probe the pump-induced reflectivity changes in the WS2 sample. 

The FWHM spot size of the laser (3 μm) was much smaller than the monocrystalline WS2 

flakes. The pump and probe beams were cross-polarized to reject the pump scatter at the detector. 

If  R0 and R(t) represent the sample reflectivities measured by the probe in absence of the pump 

and at time delay t after the pump excitation respectively, the pump-induced change in reflectivity 

of the probe beam, ΔR(t) = R(t) − R0, and consequently the differential reflectivity, 
ΔR(t)

Ro
, can be 

measured using a lock-in detection scheme. We independently verified that the sapphire substrate 

shows no pump induced reflectivity changes and the signal we measure is due to the WS2 sample.  

The differential reflectivity can be converted to pump-induced absorbance change, ΔA(t), using 

Eqn. 6.1: 

ΔA(t) =
ΔR(t)

R0
(A0 +

nsub − 1

1 + nsub
) (6.2) 

 

6.3 Time-resolved absorbance measurements 

After photoexcitation, a host of multibody processes dictate the transient change in absorbance, 

such as phase space filling135, spectral broadening136, stimulated emission137, and carrier phonon 

interactions122,123,138. To gain insight into the carrier dynamics, we measure the spectra variation 
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of the transient absorbance near the excitonic resonance by varying the wavelength of the probe 

beam while keeping the pump wavelength and fluence fixed. The results of time-dependent 

transient absorption data for three probe wavelengths are shown in Fig. 2. The data are acquired 

using probe energies slightly below resonance, Fig. 6.2(a), on resonance with, Fig. 6.2(b), and 

slightly above resonance, Fig. 6.2(c), of the A exciton in the unperturbed case.  From the 

absorbance of WS2, Fig. 6.1(b), we estimate an initial photoexcited carrier density of 

2 × 1014 cm−2 in this case, which is above the Mott density at which bound excitons cease to 

exist139. 

In the short timescale (less than 3 ps), the three curves in Fig. 6.2 all exhibit a sharp Pauli 

blocking dip followed by an increase in transient absorbance. This behaviour corresponds to the 

following sequence of events. The pump pulse excites carriers into the conduction band which 

quickly lose energy via intraband scattering within a picosecond. The increase in the population 

of carriers results in Pauli blocking and reduces the absorption of the probe beam consequently 

causing a dip in the transient absorbance. The strength of the Pauli blocking dip is determined by 

the population of carriers within the bandwidth of the probe laser around the excitonic resonance.  

Thus, the absorbance near time delay zero initially decreases. The carriers are quickly trapped by 

the defects and localized on the order of 1 − 2 ps115,116,140. The Pauli blocking dip is then followed 

by an increase in transient absorbance, which is attributed to the absorption of the probe by the 

carriers trapped in the mid-gap defect states115,141–145. All defect-captured carriers represent 

possible initial states for probe absorption to higher lying final states. This positive absorption 

competes with the absorption dip due to Pauli blocking. This absorption channel causes an increase 

in ΔA that immediately follows the Pauli blocking dip. The existence of defect states responsible 
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Figure 6.2: Differential absorbance curves for WS2 at probe energies of (a) 1.92 eV (red shifted from A-peak), 

(b) 2.00 eV (on resonance with A-peak) and (c) 2.07 eV (blue shifted from A-peak) with a pump fluence of 

1500µJ/cm2 Calculated differential absorbance curves obtained using our rate equation model are overlaid as solid 

red lines. Insets: Schematic of the transitions and the probe energy, where the black and green lines represent the 

ground and exciton levels respectively 
. 

for this absorption increase is confirmed in our CVD grown sample in the low temperature (4.3 K) 

PL spectrum obtained with a monochromatic light source, as shown in Fig. 6.1(c). The low fluence 

of monochromatic light implies low carrier densities and strong tendency towards the formation 

of excitonic states. The broad peak labelled ‘LE’ (for Localized Excitons) at 1.95 eV represents 

excitons that are trapped at defect sites 124. The narrow peak labelled ‘FE’ is the free exciton peak 

which is blue shifted by about 60 meV from its position at room temperature (RT) due to carrier 

phonon interactions. The width of the LE peak in Fig. 1(c) is indicative of a broad range of defect 
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energies. In TMDs, defects such as metal atom vacancies, chalcogen atom vacancies, oxygen 

interstitial and grain boundaries have been identified using a variety of techniques such as TEM, 

XPS, STM, Raman spectroscopy and PL spectroscopy115,116,140,146–152. Carrier trapping by defects 

related to oxygen substitution has been observed in CVD grown TMDs115,141,153. Typically, carrier 

trapping by defects is followed by the slow (~10 – 100 ps) release and recombination of trapped 

charges. As we discuss later, in addition to carrier-induced BGR, phonons emitted during the 

recombination process play an important role in the BGR, which affects the transient absorption 

signal at longer pump-probe time delays. 

The process described above is highly dynamic as the intraband scattering timescale and 

defect capture timescale are commensurate (~1 ps)111,154. We note that there are additional 

contributions to the dynamics from Auger recombination and carrier-induced BGR. Carrier 

induced BGR can cause a red shift in the absorption spectrum therefore a decrease in the transient 

absorbance signal (larger dip) at the location of excitonic resonance39,132,155 with increasing pump 

fluence. Defect-assisted fast Auger recombination has been proposed as a non-radiative pathway 

for relaxation in the few-picosecond regime. This partially counters the effect of Pauli blocking 

(smaller dip).  

Overall, the experimental data demonstrates that the absorption from defect trapped 

carriers dominates at high fluences, resulting in a weak dip followed by a fast upswing in transient 

signal. The upswing in signal does not continue beyond a few picoseconds and the transient 

absorption reaches a local maximum, from where it starts to decrease again.  This behaviour at 

longer time delays can be seen most clearly in the ‘on-resonance’ [Fig. 6.2(b)] and ‘above 

resonance’ [Fig. 6.2(c)] scans. This observation requires a new mechanism. 
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At the high excitation densities used in our experiments, another important mechanism for the 

spectral shift of the excitonic absorption peak is phonon induced BGR, which is expected to have 

a later onset, and has not been explored in previous studies. The differential absorbance at the three 

probe photon energies shows qualitatively different behaviour in the 3 to 30 ps delay range. 

Beyond 30 ps, all curves exhibit a slow (~100 ps) evolution to the baseline level, which is attributed 

to trapped carriers being released through non-radiative recombination. This process reduces the 

population of carriers in the system and the excess energy is released as phonons leading to lattice 

heating. The timescale of this mechanism is slower than that of carrier trapping and experimentally 

measured values range from 10 ps to 800 ps115,140,141,153,156,157 depending on the doping levels and 

defect density of the sample.  

The magnitude and sign of the transient absorbance signal between 3-30 ps, and the turning 

point at ~ 20 ps strongly depends on the probe photon energy. This broad feature is positive at a 

probe energy of 1.92 eV, negative at 2.00 eV and slightly negative at 2.07 eV as seen in Fig. 6.2(a-

c), respectively. The change in sign of ΔA with increasing probe energy indicates an optical BGR 

effect corresponding to a red shifted absorption profile136,155. However, the late onset of the feature 

rules out carrier-carrier interactions as a possible cause for BGR since the carrier population is 

maximum immediately following the incidence of the pump pulse and any carrier induced 

renormalization must maximize at short (~100 fs) time delays. The same argument rules out other 

carrier-population induced effects such as exciton-exciton annihilation, bi-exciton formation, intra 

and intervalley dark excitons, stimulated emission, etc. as the cause of the broad peak near t ~ 20 

picoseconds. 
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Figure 6.3: (a) Schematic of the model used to simulate the coupled dynamics between the carriers |𝑪⟩, defect-

trapped states |𝑫⟩ and the ground state |𝑮⟩. (b) Calculated time-dependent populations of carriers in the conduction 

band (solid red), trapped carriers in the defect states (dashed red), and the number of phonon creation events (blue). 

 

6.4 Modelling carrier and phonon relaxation dynamics 

Based on the sign and magnitude of transient absorption signals at long time delays, and the 

arguments presented above, phonon induced BGR emerges as the primary mechanism causing the 

late onset absorption change is. Phonons are emitted during the relaxation of photoexcited carriers 

and during the slow non-radiative recombination of carriers at defect sites. There is ample evidence 

for the existence of phonon induced renormalization in the literature. Calculations predict a large 

cross section for carrier-phonon interaction in TMDs123,126,138,158.  Ab-initio calculations for MoS2 
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have predicted a large optical phonon-induced renormalization of the excitonic peak155. Previous 

work has shown a bleaching of the exciton peak lasting ~5 ps,   followed by a long lived red shift 

of the exciton peak39. Multi-phonon assisted recombination at defect sites has been proposed as 

the mechanism responsible for carrier relaxation in InGaAs/GaAs quantum dots159,160. Recently, a 

two-level recombination mechanism for defect mediated recombination through phonon emission 

was proposed to explain the non-radiative recombination rate of excitons in CdTe161. Therefore, 

we invoke phonon-induced BGR to develop a phenomenological description of the probe 

wavelength dependence observed in the transient absorption results.  

 To understand how phonon induced BGR is responsible for the observed dynamics, we 

propose a simple three-level model to simulate the dynamics of photoexcited carriers in TMDs. 

This model allows the magnitude and timescales of various many-body effects to be separated. 

The energy schematic of our model is shown in Fig. 6.3(a). The three states considered are the 

carriers |C⟩, defect-trapped states |D⟩ and the ground state |G⟩. The various relaxation pathways and 

associated timescales are shown in Fig. 6.3(a). The phonons emitted during defect-assisted 

recombination are denoted by the red wavy line.  

The population dynamics of the photoexcited TMD are described by the system of coupled 

differential equations: 

dnc
dt
=
ηI(t)

ℏ𝜔
− γcapnc (6.3) 

dncap

dt
= γcapnc − γrelncap (6.4) 

dnph

dt
= k γrelncap − 

nph

τph
(6.5) 

where I(t) is the incident pump excitation with a 50 fs Gaussian profile centered at energy ℏ𝜔;  η 
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is the absorbance of monolayer WS2 at the pump energy;  nc,  ncap and nph are the population of 

carriers in the conduction band, population of carriers in the defect states and phonon population 

respectively. For simplicity, we ignore the difference between the capture (and release) times of 

electrons and holes. γcap is the carrier capture rate of defect states,  γrel is the carrier release rate 

from defects which generates phonons and τph is the phonon relaxation time. γcap is fixed at  

1.0 x 1012 s−1 to be comparable to previous studies in TMDs115,116. This parameter only affects the 

fast dynamics at time delays less than 5 ps and does not affect the behaviour of the model in the 

later time delay regime where the slower phonon related dynamics are active. As carriers are 

released and undergo non-radiative recombination, phonons are released. The factor k in Eqn. 6.5 

is a constant giving the number of phonons released per recombination event, and phonon 

population divided by k can be defined as the number of phonon creation events.  The time-

dependent evolution for nc,  ncap and nph/𝑘 is shown in Fig. 6.3(b). Initially, carrier populations 

reach far above the Mott density, which is approximately 1 x 1013 cm-1. After approximately 30 

ps, the carrier populations have decayed below the Mott density.  

 After solving the above equations, the differential absorbance is modelled using a linear 

relation: 

ΔA(ω, t) = αcnc(t) + αcapncap(t) + ΔABGR(ncap(t), nph(t), ω) (6.6) 

where the coefficient αc determines the contribution of Pauli blocking and carrier-induced 

bleaching of the exciton level and αcap determines the defect-induced absorption. The third term 

in Eqn. 6.6 is the contribution to the transient absorbance signal due to BGR from defect trapped 

carriers and phonons as a function of the populations of the carriers in the defect states, the 

population of phonons, and the probe energy ω. At long time delays (>30 ps), the BGR due to the 
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Figure 6.4: (a) Unperturbed absorbance at room temperature from Fig. 1 (b) (black) and absorbance obtained at 

maximum renormalization (orange), at approximately 20 ps.  (b) Change in absorbance, given by renormalized 

absorbance minus unperturbed absorbance, as a function of time and energy. 

 

population of phonons dominates as the defect trapped carriers are released.  Mathematically, this 

is represented as the unperturbed Lorentzian associated with the absorption profile subtracted from 

a perturbed Lorentzian which is shifted and broadened by an amount proportional to the 

populations of carriers and phonons. At each probe energy ω, we sample over a Gaussian 

distribution to model the probe spectrum. The values of each α coefficient, γrel and τph are varied 

to simultaneously fit the three experimental data plots in Fig. 6.2.  The value of the carrier release 

rate, γrel , is obtained as 3.22 x 1010 s-1 which is a best fit to the data. This value is of the same 

order of magnitude as that of carrier-capture timescales measured in previous works115,140,141. We 

(b)
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obtain good fits to the data, as shown by the solid lines in Fig. 6.2, with the value τph = 36 ps for 

all three probe energies, which is similar to what previous studies have found156,157. 

 Fig. 6.4(a) shows the background subtracted Lorentzian absorbance profile of the A-

exciton of WS2 at room temperature (black) and the same peak broadened (∆Γ) and red shifted 

(ΔE) (orange) due to phonon induced renormalization123,136,153. The difference between the curves 

(ΔABGR) represents the contribution of the third term in Eqn. 6.6. Looking at Fig. 6.4(a), the 

absorbance at 20 ps is higher for 1.92 eV, and lower for 2.00 eV and 2.07 eV, leading to the 

maximum and the minima absorbance values around 20 ps in Fig. 6.2. The absorbance peak shifts 

and broadens as the number of phonons induced changes, leading to changes in the differential 

absorbance as a function of time. The complete differential absorbance as a function of energy and 

time is shown in Fig. 6.4(b). By comparing the values of  ΔAph at our probe energies to the value 

of the phonon-induced renormalization (ΔABGR) extracted from the model, we deduce a maximum 

energy shift ΔE ~23 meV and broadening 
∆Γ

Γ
 ~ 36% due to BGR.  

 While the above results are obtained by allowing both the carrier release rate and phonon 

lifetime to be free parameters as shown by the red point in Fig. 6.5, it is also possible to fix the 

phonon lifetime and repeat the fits. Theoretical calculations have given a large range for the 

phonon lifetimes156,157,162, and we can explore how our fit quality changes with variation of this 

parameter. We can obtain good fits with a range of phonon lifetimes from 5 – 100 ps. The 

relationship between the carrier release rate and phonon lifetime along with the residuals from the 

fits are shown in Fig. 6.5. As the phonon lifetime decreases, the carrier release rate must also 

decrease which essentially ensures that the number of phonons in the system stays roughly constant 

so that the phonon induced BGR is sufficient to produce the changes in absorption observed in 

Fig. 6.2.   
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Figure 6.5: Top: The carrier release rate, γrel, as a function of the phonon lifetime. For each point, the phonon 

lifetime is fixed and the recombination rate is obtained from fitting the three differential absorbance curves in Fig. 2 

simultaneously. The red point is the best fit leaving the recombination rate and phonon lifetime as a free parameter. 

The dashed red lines show the best fit region. Bottom: The residual squared for each fit. 

 

The redshift of the excitonic peak with increasing temperature can be modelled using a variant of 

the Varshni equation163. 

EX(T) = EX(0) − S〈ℏω〉 [coth (
〈ℏω〉

2kBT
) − 1] (6.7) 

Here, T is the lattice temperature, S is a constant proportional to the electron-phonon coupling and 

〈ℏω〉 is the average phonon energy. The parameters, S = 2.47,  and EX(0) = 2.08 eV, were 

obtained from cold PL data164. At room temperature, the value of the average phonon energy that 

couples to the carriers, 〈ℏω〉, is predicted to be close to that of optical phonons in WS2 (50 meV)123. 

Using Eqn. 8, we can calculate the lattice temperature as 500 K. Using the bulk heat capacity value 

of WS2
165 and absorbance of WS2 at 400 nm (0.16), if the entire photon energy at a fluence of 

1500µJ/cm2 is converted to lattice heating, the increase in temperature is ~800 K. Therefore, we 
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estimate that about a quarter of the excited carriers relax via phonon-mediated recombination as 

we only observe a 200 K increase in temperature. 

 

6.5 Conclusions 

In summary, the presence of defect states modifies the transient absorbance via carrier-

trapping and recombination. The transient absorbance signal is dominated by carrier-carrier 

interactions at short time delays and carrier-phonon interactions at longer time delays. At the high 

excitation densities generated in our experiment, phonon-induced BGR becomes significant, 

leading to a red-shift of the excitonic resonance of up to 23 meV. The phonon-induced effects are 

delayed compared to carrier-induced effects due to the slow build-up of phonons generated during 

carrier recombination at defect sites. Using a simple three-level rate equation model, we isolate 

the phonon-induced contribution to the transient absorbance dynamics. We estimate the relaxation 

time scale for phonons in WS2 between 20 − 45 ps. Strong phonon-induced optical BGR has been 

previously predicted in theory for MoS2
123. To our knowledge, ours is the first time-domain 

measurement of the phonon-induced BGR and phonon relaxation time in TMDs. Our results 

elucidate the importance of many-body interactions between carriers, defects, and phonons in the 

optical properties of TMD based devices.  
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CHAPTER 7 

 

Conclusion 

 

 

The dynamics of carriers and phonons can be complicated, but understanding their effects and 

interactions is crucial for the development of nanoscale devices where these effects can play a 

large part in device performance. In this thesis, I presented the findings of three experiments where 

time dynamics of photo-excited carriers and phonons were explored in two-dimensional systems 

using femtosecond pump-probe spectroscopy.  

 

7.1 Summary 

In our first experiment, we measured the differential reflectivity of graphene-hBN heterostructures 

and extracted optical phonon lifetimes in graphene using a two-temperature model. We found 

carrier relaxation rates improved by a factor of four when using hBN substrates compared to silicon 

oxide substrates. Hexagonal boron nitride offers an improved atomically flat surface with a similar 

lattice structure to graphene, leading to better an improved interfacial thermal conductance, as well 

as a shielding effect on charge impurities in the SiSO2/Si substrates.  

 In our second experiment, we investigated the impact of isotopic concentration on hBN 

substrates on carrier relaxation rates, as naturally occurring boron contains a mixture of isotopes 

(20% 10B and 80% 11B). We compared carrier relaxation timescales of graphene-hBN 
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heterostructures using naturally occurring hBN and isotopically pure 10B and 11B substrates. Our 

findings showed isotopically pure hBN substrates further improved relaxation rates of carriers by 

a factor of ~1.7 due to a reduction in phonon-isotope scattering.  

 In our third experiment, we explored the interaction between carriers, phonons, and defects 

in the high carrier regime in monolayer WS2 using non-degenerate pump probe spectroscopy. At 

densities above 1 x 10-13 cm-1, dynamics become complicated as the system undergoes a Mott 

transition, a many-body effect leading to ionization of excitons into an electron-hole plasma. 

However, this regime is important in many applications where relaxation rates cause significant 

carrier accumulation, such as lasers or high-power detectors. We measured differential reflectivity 

at wavelengths spanning the excitonic resonance and introduced a model to explain our findings. 

We found that mid-gap defect states act as carrier traps, leading to non-radiative recombination of 

carriers resulting in a high population of phonons. Our findings indicate a phonon induced bandgap 

renormalization up to 23 meV. 

 

7.2 Future directions 

Carrier and phonon processes in solid-state devices discussed in previous chapters (carrier-carrier 

scattering, carrier-phonon scattering, etc.) occur on the femtosecond to picosecond timescale. 

However, the advancement of ultrafast science has allowed the measurement of attosecond 

dynamics. High-harmonic generation (HHG), a nonlinear process where intense laser light is 

focused in a medium to produce higher order harmonics of the principal frequency, is a 

fundamental tool in producing extreme-ultraviolet (XUV) attosecond pulses. This doesn’t just 

provide a useful source of XUV light, but is also used to study nuclear dynamics166, electron 

tunneling167, and photoionization of gases. 



85 
 
 

 The HHG process is understood with a semiclassical three-step model, where a high-

intensity laser distorts the atomic potential and tunnel ionizes an electron, which is then accelerated 

by the laser field before being recaptured by the core and emitting a high energy photon168. High 

harmonic generation has also been observed in solids, including such as ZnO169, MoS2
170, SiO2

171, 

GaSe172, and graphene. However, the HHG process in solids is not well understood. It cannot be 

explained by the same three-step process that gases use; instead, it is explained with two 

contributions: intraband current and interband polarization. Excited electrons tunnel into the 

conduction band, are accelerated, producing an intraband current, and then recombined, leading to 

an interband polarization. The interactions between carriers and phonons are important, as these 

interactions can have a large effect on carrier lifetimes, causing dephasing, and thus, affecting 

coherence in harmonics produced. 

 This process requires laser intensities on the level of the Coloumb potential of outer shell 

electrons within gases. For solids, previous work has used intensities on the order of approximately 

1-5 TW cm-2.169,170 At these intensities, there is clear concern for crystal damage. Photon energies 

are kept below the electronic bandgap to reduce the possibility of this damage, but these intensities 

are still high enough to produce multi-photon absorption. Solids are an interesting material for 

HHG for many reasons. Specific crystals that lack inversion symmetry, such as monolayer TMDs 

or hBN, allow the production of even-order harmonics169,170,173—forbidden in spherically 

symmetric systems such as gases. Additionally, HHG in solids displays unique features like 

ellipticity dependence174 and orthogonally polarized harmonics170. The large family of van der 

Waals materials as well as the endless possibilities of combinations and geometries make it 

attractive to develop new solid HHG sources. HHG in solids has allowed us to reconstruct the band 

structure175 and Berry curvature176 of solids. It is of interest to further investigate HHG in solids. 
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