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Abstract

Exfoliation of graphene in 2004 initiated intensive attention on layered two-

dimensional (2D) materials. So far, except for graphene, a large family of 2D

materials has been reported, such as transition metal dichalcogenides (TMDCs),

hexagonal boron nitride (h-BN), black phosphorene (BP), metal nitrides/carbides

(MXenes) and their van der Waals (vdW) heterostructures, etc. The large number of

species, unique electrical and optical properties and versatile functionalities render

2D materials as promising materials for electronic, optoelectronic and photovoltaic

devices. This thesis investigates ultrafast charge dynamics in 2D material system

based on real-time time-dependent density functional theory (rt-TDDFT) method

within Ehrenfest framework. This work is divided into three major parts.

In first part, we investigate the ultrafast interlayer charge transfer process in the

graphene/WS2 heterostructure. Our results demonstrate that photo-induced holes

transfer from WS2 to graphene more efficient than electrons. The ultrafast charge

dynamics arises from the coupling to nuclear vibrations and its amplitude and polar-

ity show a strong dependence on the external electric fields. Further analysis reveals

that carrier dynamics in the heterostructure is the result of competition between

interlayer and intralayer relaxation process, which is governed by the couplings be-

tween carriers and their acceptor states. This work establishes a firm correlation

between the charge dynamics and couplings between states in 2D heterostructures,

and provide practical methodology to manipulate carrier dynamics at heterointer-

faces.

In second part, we study the carrier multiplication (CM) phenomenon in six mono-

layer TMDCs MX2 (M = Mo, W; X = S, Se, Te). Our results present that CM is

observed in all six TMDCs. The threshold energy of CM can be substantially re-

duced to 1.75 bandgap (Eg) via couplings to phonon modes. Since electron-phonon

couplings (EPCs) can result in significant changes in electronic structures, even

trigger semiconductor-metal transition, and eventually assist CM beyond threshold

limit. Chalcogen vacancies can further decrease the threshold due to sub-gap defect

states. In particular for WS2, CM occurs with excitation energy of only 1.51Eg. Our

results identify TMDCs as attractive candidate materials for efficient photovoltaic

devices with the advantages of high photo-conductivity and phonon-assisted CM
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characteristic.

In third part, we report the effect of doping levels on CM in graphene. Our calcu-

lation results indicate that doping level can introduce remarkable differences in CM

conversion efficiency in graphene. Specifically, the CM quantum yield (QY) can be

promoted from 1.41 to 1.89 when the Fermi level rising from 0.40 eV to 0.78 eV via

n-doping. Consistently, time- and angle-resolved photoemission spectroscopy (TR-

ARPES) measurements on n-doped graphene present the same correlation between

doping levels and CM conversion efficiency. Our results provide a practical strategy

to promote the performance of graphene as a photovoltaic material by tuning doping

levels.
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Chapter1: INTRODUCTION

1.1 Layered two-dimensional materials

Since graphene was successfully exfoliated in 2004[1], 2D materials have attracted

intensive attention owing to their exceptional properties. Due to the quantum size

effect, the transport of carriers, heat and photon can be strongly confined in 2D

plane, leading to remarkable changes in electronic and optical properties [2, 3].

Graphene, as the best-known 2D material, exhibits extraordinary properties, in-

cluding carrier mobility, optical transparency and thermal transport, making it as

an promising candidate materials for electronic and photonic devices [4]. Thus,

enormous applications, achievements and fundamental scientific research based on

graphene inspired researchers to explore new members of 2D materials. The li-

brary of layered 2D materials grows fast, currently, it has consisted of more than

150 families. In general, 2D materials are categorized based on their structures, for

example, graphene, TMDCs[5], h-BN[6], BP[7], MXenes[8, 9]. The emergence of

diverse layered 2D materials has illustrated their promising potential applications

in electronics, photovoltaic, catalysis and biomedicine[10–12].

Owing to zero bandgap semimetal nature, graphene presents high charge-carrier

mobility and extraordinary conductivity [13, 14]. It has been reported that charge-

carrier mobility of graphene can reach up to 2×105 cm2V−1s−1[15, 16] and saturation

velocities are∼5×107cm s−1[17]. Such a highly permitting electron transport charac-

teristics have potential benefits for the applications in field effect transistors (FETs),

which could operate at frequencies as high as 100 GHz and even at terahertz fre-

quencies[18, 19]. Graphene also offers a tremendously high optical transparency of

up to 97.7%[20], which enables its superior performance in transparent electrodes in

solar cell[21]. Meanwhile, the superb thermal conductivity, with a value of ∼5×103

W/mK, establishes graphene as an excellent material for thermal management[22].

Except for graphene, TMDC materials, represented by MX2 (M =Mo, W; X = S, Se,

Te) also attract intense attention due to their unique electrical and optical properties.

TMDCs exhibits indirect-to-direct bandgap transition when exfoliated from bulk to

monolayer. This tunable bandgap accompanied by strong optical absorption and

large exciton binding energy render TMDCs as optimal candidates for a variety of

optoelectronic devices, including FETs, photodetectors, solar cells, light-emitting

diodes, and phototransistors[23–27]. For example, monolayer MoS2, with a direct

bandgap (∼ 1.8eV), good mobility (∼ 700 cm2V−1s−1), efficient optical absorption

(∼ 107 m−1 for sunlight) and high current on/off ratio (∼ 107-108), is of great interest
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Chapter1: INTRODUCTION

of high-performance flexible electronics and optoelectronic devices[28].

With dangling-bond-free surface and free of lattice-matching, random combination

of 2D materials in one vertical stack creates a plethora of vdW heterostructures[29,

30]. Owing to the weak vdW couplings, the vdW heterostructures could combine

superior properties of individual components to achieve desirable functionalities[31,

32], opening up an unprecedented opportunity for the development of novel elec-

tronic, optoelectronic and spintronic devices. It has been demonstrated that vdW

heterostructure is an optimal platform to construct vertical transistors, including

tunneling FETs[33], band-to-band tunneling transistors[34] and hot carrier tran-

sistors[35]. In addition, vdW heterostructures also present superior performance

in photodetection, especially for infrared photodetection, with ultrafast response

speed, ultrahigh sensitivity and polarization sensitivity[36–38]. It has been reported

that vdW heterostructures have various magnetic properties, including ferromag-

netic semiconductors/metals, antiferromagnetic insulators[39, 40]. The magnetism

of these 2D magnets can be tuned by applying external electric fields and varying

carrier concentration. Such characteristics provides possibilities to design diverse

magnetic devices, such as memory devices, logic devices etc[41, 42].

1.2 Ultrafast dynamics in 2D materials

Owing to the atomically thin thickness, carriers in vdW heterostructures are ex-

posed to layer-layer coupling, the properties of heterostructures are determined not

only by constituent monolayer, but also by the interactions between the layers. For

example, the formation of vdW heterostructures in TMDC layers can profoundly

affect their excited-state dynamics, ranging from dissociation of intralayer excitons

and the formation of interlayer excitons to the relaxation of spin and valley polar-

ization[43]. Manipulation of band alignment provides a powerful way to control and

optimize the charge dynamics in TMDC heterostructures. In type-I heterostruc-

tures, photo-induced carriers can only flow from the layer with a larger bandgap

to the layer with a narrower bandgap[44]. In type-II heterostructures, on the other

hand, electrons are accumulated in the layer with a lower conduction band minimum

(CBM), while holes are maintained in the other layer with a higher valence band

maximum (VBM)[45]. In general, photo-excited carrier dynamics process extends

from hundreds of femtoseconds to several microseconds in TMDC heterostructures

[46]. On the short timescale (≤1 ps), interlayer/intralyer charge transfer and energy

3



Chapter1: INTRODUCTION

dissipation dominate the relaxation dynamics. On the longer timescale (≥1 ps),

the recombination of interlayer excitons is relevant[47]. The rate of these process

can be varied by order of magnitude depending on the constituent layers, stack

configurations and external electric fields for heterostructures[48–50]. Therefore,

understanding the charge carrier dynamics in vdW heterostructures is of central

importance for their potential applications in electronics and optoelectronics.

Photoexcitation with phonon energy exceeding Eg can create electron-hole pairs in

semiconductors. When the excess energy of excited carriers is beyond Eg, carri-

ers obtain sufficient energy to scatter an additional electron from occupied valence

bands to empty conduction bands through Coulomb interactions. This process is

known as CM, which is the reverse process of Auger recombination. It is reported

that CM can overcome the Schokley-Queisser limit and raise solar cell efficiency up

to ∼46%[51]. Energy conservation limits optimal CM threshold to be ∼2Eg. How-

ever, CM is inefficient in bulk semiconductor with the threshold energy of ∼6Eg

due to constraints imposed by the momentum conservation rule[52] and competi-

tive phonon-assisted energy dissipation. The situation is different in nanostructures,

where quantum confinement relaxes the strict momentum conservation requirement

and phonon bottleneck inhibits phonon emission[53, 54]. CM has been predicted

to be extraordinary effective in graphene, due to its linear band structure[55, 56]

combined with weak EPC[57, 58] and strong electron-electron scattering[59, 60].

Further research demonstrates that the amount of generated hot carriers is highly

sensitive to the doping level of graphene, that is, the location of Fermi level[61]. The

tunability of ultrafast hot carrier dynamics via doping concentration provides an ef-

fective approach to control photoconductivity properties of graphene. Meanwhile,

CM phenomenon is observed in monolayer TMDCs with threshold as low as 2Eg,

and conversion efficiency can reach up to 99%[62, 63]. These characteristics are su-

perior to previously reported nanocrystals[64–66], which provide a practical strategy

to improve the performance of graphene/TMDC heterostructures in optoelectronic

devices.

1.3 Theoretical method

Density functional theory (DFT), based on single-particle Kohn-Sham (KS) equa-

tions[67, 68], have successfully described ground-states properties, such as bond

lengths and bond energies, but it is not suitable for dealing with excited states
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Chapter1: INTRODUCTION

quantitatively. A well-known example is that DFT underestimates semiconductor

bandgap by more than 50%, which is attributed by the lack of electron-hole in-

teractions and the screening effects in DFT. While TDDFT, developed by Runge

and Gross[69], can give accurate values for bandgaps, absorption spectra, and many

other excited state properties, including non-adiabatic couplings, potential energy

surfaces (PESs), electron transport, atom collisions and molecular vibrations un-

der a strong field[70]. Although an exact theory in principle, TDDFT based on

adiabatic local density approximation (ALDA), has limitations in describing Ryd-

berg states, charge transfer and multiple excitation states[71, 72]. Incorporating

exact-exchange or modified algorithms in exchange-correlation functional presents

significant improvements in above challenging situations[73–75], which maintains a

perfect balance between computational cost and high accuracy.

There are numerical implementations of TDDFT. Most conventional TDDFT sim-

ulations involve linear response of electron density to an external field with a given

frequency, and are generally formulated in the frequency domain[76]. This scheme

can reproduce absorption and oscillator strengths accurately by calculating the poles

of the density-density response function. However, the dynamics of the excited car-

riers cannot be investigated. While rt-TDDFT evolves wavefunctions in the time

domain, which yields a full time-resolved, potentially non-linear solution. To de-

scribe excites states correctly, the most ambitious method is to treat the entire

system, including nuclei, quantum-mechanically. Unfortunately, the expensive com-

putational costs limit the scope of applications and can only be applied to small

systems within a short timescale. If the nuclear quantum effects are unimportant,

the system can be dealt with a mixed quantum-classical (MQC) method, where

electronic subsystem is described quantum mechanically while nuclear subsystem

evolves along classical Newton’s trajectories.

The key issue in quantum-classical method is the quantum-classical self-consistency

problem: the electronic subsystem must propagate correctly under the influence

of nuclear subsystem, with the transitions between different quantum states along

the evolution process; meanwhile, the trajectories of nuclei must respond to the

quantum transitions. Ehrenfest dynamics and surface hopping are the most widely

applied methods to solve time-dependent Schördinger equation. Ehrenfest method,

also known as mean-field method, evolves classical subsystem on a averaged PES,

which provides a good description of the transition probabilities. Surface hopping,

on the other side, describes the quantum-classical correlation via stochastic hops
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Chapter1: INTRODUCTION

between different PESs[77, 78].

1.4 Outline of the thesis

This thesis is written in a cumulative form, with main results published in peer-

reviewed journals. This thesis is organised as follows:

Chapter 1 gives a brief introduction to the main topics covered in the rest of thesis.

Chapter 2 describes the basic theoretical background of the most important

quantum-mechanical methods used in this work.

Chapter 3 presents the results of my work on the ultrafast charge transfer in

graphene/WS2 heterostructure. A thorough analysis on the possible origins of the

ultrafast interlayer charge transfer is presented. Practical methods to manipulate

heterointerfacial carrier dynamics are also given. This chapter is based on article 1

in the list of publications.

Chapter 4 introduces the CM characteristics in monolayer MX2 (M = Mo, W; X

= S, Se, Te). A detailed discussion of the role of phonon modes in CM process is

presented, which provides insight into the design strategy to break CM threshold

limit in monolayer TMDCs. This chapter is based on the article 2 in the list of the

publications.

Chapter 5 contains the investigation of the effect of doping level on CM in graphene.

Theoretical simulations and experimental measurements figure out the mechanism

of CM in doped graphene, which pave a new pathway to improve graphene efficiency

in optoelectronic devices. This chapter is based on the article 3 in the list of the

publications.

Additional information related to chapter 3, 4 and 5 is given in appendices.
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Chapter 2

General theory
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Chapter2: GENERAL THEORY

2.1 Density functional theory - an overview

Since the advent of quantum mechanics, it was realized that many-body Schödinger

equation cannot solved exactly. The idea of implementation of electron density was

considered as a practical way to describe a many-body system. Although the origin

of DFT can be traced back to Thomas-Fermi model[79, 80], the modern DFT was

established based on Hohenberg-Kohn (HK) theorem[81].

Based on Born-Oppenheimer (BO) approximation[82], a stationary electronic state

Ψ satisfies many-body time-independent Schödinger equation

ĤΨ =
[
T̂ + V̂ + Û

]
Ψ =

[
N∑
i=1

−∇2
i

2
+

N∑
i=1

V (ri) +
N∑
i=1

N∑
j<i

U(ri, rj)

]
Ψ = EΨ

(2.1)

in which the kinetic energy, external field potential energy and electron-electron

interaction energy are denoted by T̂ , V̂ , and Û , respectively.

The central statement of HK theorem can be summarized as follows:

• The external potential V̂ , and hence the total energy E, is a unique functional

of the electronic density ρ(r).

• Ground state energy can be written as a functional of density E[n], which

gives the ground state energy E0 if and only if the input density is the true

ground state density ρ0(r).

• There exists a density functional F [ρ]:

E [ρ] = F [ρ] +

∫
ρ(r)V (r)dr (2.2)

where F [ρ] is universal functional of density, which is independent of external

potential V [r]

Thus, instead of solving many-body Schödinger equation, the ground state eigen-

value can be obtain, at least in principle, by minimizing the density functional in

Eq.2.2. However, the explicit form of F [ρ] remains unknown, and approximations

have been suggested, such as Thomas-Fermi approximation. Unfortunately, the

accuracy of existed approximations is unsatisfactory, making HK theorem rather

limited in practical calculations.
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A major milestone in the development of modern DFT is KS equation[83], in which

introduces a fictitious non-interacting system with the same density as the original

system. In this way, the universal functional F [ρ] can be written as a sum of

kinetic energy of non-interacting system, the Coulomb energy and an uncertain

term exchange-correlation energy

F [ρ] = Ts [ρ] + VH [ρ] + Exc [ρ]

= − ℏ2

2m

∑
i

fi
〈
ψi

∣∣∇2
∣∣ψi

〉
+

1

2

∫ ∫
dr1dr2

ρ(r1)ρ(r2)

|r1 − r2|
+ Exc [ρ]

(2.3)

The ground state wavefunction of non-interacting system is expressed as a Slater

determinant with single-particle orbitals ψi. The density can then be computed

from single-particle orbitals

ρ(r) =
∑
i

fi |ψi(r)|2 (2.4)

With Eq.2.3 and Eq.2.4, a set of single-particle orbitals can be found to minimize

E[ρ] under the constraints of
∑occ

i ⟨ψi|ψi⟩ = N . Shödinger-type equations for such

coupled single-particle orbitals are[
−∇2

2
+ νs(r)

]
ψi(r) = ϵiψi(r) (2.5)

in which νs is effective single-particle potential, given by

νs(r) ≡ νext(r) +

∫
dr′ ρ(r′)

|r − r′|
+ νxc [ρ] (r) (2.6)

The last two terms are referred as Hartree and exchange-correlation potential, where

the exchange-correlation potential is defined by

νxc [ρ] (r) =
δExc [ρ]

δρ(r)
(2.7)

Eq.2.5 is known as KS equation. Since νs is a functional of density, KS equations

must be solved self-consistently.

Clearly, an approximation for Exc[ρ] is needed for practical DFT calculations. On

the one hand, the approximate Exc[ρ] functionals can be applied to any system of

interest. On the other hand, a good approximation should perform equally well

for very different physical situations. Local density approximation (LDA) is the

simplest Exc functional, which depends solely upon the electronic density on each

9
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point in space. In LDA, the exchange-correlation energy, for a spin-unpolarized

system, is written as

ELDA
xc [ρ] =

∫
drρ(r)ϵxc(ρ(r)) (2.8)

where ϵxc(ρ) is exchange-correlation energy per particle of a homogeneous electron

gas with charge density ρ. LDA has been demonstrated to be a remarkably accurate

for a wide variety of system with slowly varying spatial density.

A profound improvement is achieved via the emergence of generalized gradient ap-

proximation (GGA). Since LDA is derived from homogeneous gas model which tends

to underestimate the exchange energy and overestimate the correlation energy[84].

Within GGA functional, the gradient of the density is included to account for the

non-homogeneity of the true electron density. The expansion has following form

EGGA
xc [ρ] =

∫
drρ(r)ϵxc(ρ(r),∇ρ(r)) (2.9)

The impact of GGA is quite dramatic, especially in molecular geometries and ground

state energies.

In recent years, potentially more accurate meta-GGA functionals are developed,

which incorporate second derivative of the electron density based on GGA function-

als. The meta-GGA functionals take the form

EMGGA
xc [ρ] =

∫
drρ(r)ϵxc(ρ(r),∇ρ(r),∇2ρ(r), τ(r)) (2.10)

with τ(r) = 1
2

∑occ
i |∇φi(r)|2, the non-interacting positive kinetic energy density.

Thus, the additional flexibility of the functional form gained by introducing new

variables can be used to incorporate more precise properties into approximations.

In this way, it has been possible to improve the accuracy of GGA for some physical

properties.

The final class of approximations to exchange-correlation energy are so-called hybrid

functionals which incorporate a portion of exact exchange energy from Hartree-Fork

theory with the rest of the exchange-correlation energy from other schemes, such as

LDA or GGA,

EHY B
xc [ρ] = aEHF

x [ρ] + (1− a)Ex [ρ] + Ec [ρ] (2.11)

in which a is the empirical mixing parameter. Hybrid functional are tremendously

popular and successful in quantum chemistry.

Developing accurate approximations for Exc is an ongoing topic. Currently, KS-

DFT has successfully yields excellent results for the ground state properties even

10
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with the simplest LDA functionals. However, KS-DFT scheme cannot give a reliable

description of excited states, such as absorption spectra, bandgap in semiconductors

etc.

2.2 Time-dependent extension

DFT has presented its superior advantages to handle an ample range of station-

ary problems. While TDDFT is an extension of DFT, which aims to investigate

properties and dynamics of many-body system in the presence of time-dependent

potentials, such as electric or laser fields. TDDFT has successfully captured features

like, excitation energy, photoabsorption spectra and frequency-dependent response

properties.

2.2.1 Formal foundations of TDDFT

Time-dependent Schördinger equation (TDSE) for a many-body system is as follows

i
∂

∂t
Ψ(r, t) = Ĥ(r, t)Ψ(r, t) (2.12)

Although the many-body Schördinger equation achieves a remarkably excellent de-

scription of nature, it poses a tricky task of computational complexity. In fact,

even the simulations of Helium atom in a laser field take several months with a

modern computer[85]. In this circumstance, TDDFT was developed to relieve the

computational burden. The formal foundation of TDDFT is the Runge-Gross (RG)

theorem[86], a time-dependent analogue of HK theorem. Similarly, the central idea

of RG theorem can be summarized as

• For a give initial state, time-dependent density is a unique functional of exter-

nal potentials.

Unlike stationary systems, there is no variational principle on the basis of total

energy in time-dependent scheme. However, there exists a quantity analogous to

the energy, the quantum mechanical action

A [ρ] =

∫ t1

t0

〈
Ψ [ρ] (t)

∣∣∣∣i ∂∂t − Ĥ(t)

∣∣∣∣Ψ [ρ] (t)

〉
dt (2.13)
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Time-dependent problem can therefore be solved by calculating the stationary point

of the functional A[ρ], yielding the so-called time-dependent KS equation

Ĥelψi(r, t) =

[
−1

2
∇2 + νs(r, t)

]
ψi(r, t) = i

∂ψi(r, t)

∂t
(2.14)

in which ψi(r, t) are the TDKS orbitals which produces the time-dependent density

ρ(r, t) =
∑
i

fi |ψj(r, t)|2 (2.15)

and the TDKS effective potential can be expressed as

νs(r, t) = νext(r, t) +

∫
ρ(r′, t)

|r − r′|
dr′ + νxc[ρ](r, t) (2.16)

The last term, time-dependent exchange-correlation potential, can be written as the

functional derivative of exchange-correlation part of Exc[ρ]

νxc [ρ] (r, t) =
δExc [ρ]

δρ(r, t)
(2.17)

Exchange-correlation potential is evaluated from electron density at a particular

time. But it does not contain the information about the history of the density,

which implies that memory effects on exchange-correlation potential are completely

ignored. The response of exchange-correlation potential to density fluctuations can

be directly derived from the second derivative of Exc

Exc [ρ]

δρ(r, t)δρ(r′, t)
=
δνxc [ρ] (r, t)

δρ(r′, t)
∼= δ(t− t′)

δνxc [ρ] (r)

δρ(r′)
(2.18)

Inevitably, the exact expression of νxc is unknown. In contrast to stationary DFT,

approximations to νxc are still in their infancy. The simplest one is ALDA, which

assumes νxc is the ground state exchange-correlation functional at each time.

νALDA
xc [ρ](r, t) = νLDA

xc [ρ]|ρ=ρ(r,t) (2.19)

This adiabatic approximation brings considerable simplicity to the scheme and yields

excellent performance in many cases, such as excitation energies[87]. Naturally,

ALDA approximation inherits shortcomings of LDA, showing poor descriptions of

charge transfer, double excited states, Rydberg excited states, as well as conical

intersections[72, 88–92]. Many efforts have been made to go beyond the adiabatic

approximation, including time-dependent optimized effective potential approxima-

tion[93] and functional with memory[94], etc.
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2.2.2 Linear response

There are two major methods to solve TDKS equations, namely, linear response

technique and real-time propagation of KS orbitals. Linear response technique is

a perturbative method which is limited to weak fields. Excitation energy can be

exacted within this frame due to the discrete poles at these energies.

Time-dependent external potential can be express as

νext(r, t) = νext(r, 0) + δνext(r, t) (2.20)

The system will respond to this perturbation, and the response can be written as

ρ(r, t) = ρ(r, 0) + δρ(r, t) + δρ(2)(r, t) + · · · (2.21)

The first order response is expressed as

δρ(r, t) =

∫
dt′

∫
dr′χ(r, r′, t− t′)δνext(r

′, t′) (2.22)

The polarizability χ is the linear density-density response function of the system.The

above response functions are in time domain. With Fourier transform (FT) and con-

volution theorem, the time-dependent equations can be transformed to frequency-

dependent equations, which allows to determine the response to individual frequen-

cies of light. Performing FT and convolution, the density linear response is

δρ(r, w) =

∫
dr′χ(r, r′, w)δνext(r

′, w) (2.23)

with

χ(r, r′, ω) = lim
η→0+

∑
I

[
⟨Ψ0 |ρ̂(r)|ΨI⟩ ⟨ΨI |ρ̂(r′)|Ψ0⟩

ω − (EI − E0) + iη
− ⟨Ψ0 |ρ̂(r′)|ΨI⟩ ⟨ΨI |ρ̂(r)|Ψ0⟩

ω + (EI − E0) + iη

]
(2.24)

where Ψ0 and and ΨI represent many-body wavefunction of ground state and Ith

excited state, and corresponding energy are labeled by E0 and EI . If Ψ0 is single

determinant, we could get

χ0(r, r′, ω) = lim
η→0+

∞∑
ij

(fi−fj)
[
ψ∗
i (r)ψ

∗
j (r)ψi(r

′)ψ∗
j (r

′)

ω − (ϵj − ϵi) + iη
−
ψ∗
i (r)ψ

∗
j (r)ψi(r

′)ψ∗
j (r

′)

ω + (ϵj − ϵi) + iη

]
(2.25)

where fi is the occupation of ψi orbital in KS ground state.
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Dyson-like equation for the polarizabilty χ is

χ = χ0 + χ0 [νH + fxc]χ (2.26)

with

fxc =
δνxc
δρ

(2.27)

where νH is Hartree potential, and fxc is the exchange-correlation kernel.

The poles of polarizability χ are the excitation energies of system, which can be ob-

tained via the solution to an eigenvalue problem. To explore the excitation energies,

we move to the matrix representation to solve Casida equation[95][
A K

−K∗ −A∗
]
[XY ] = Eλ [XY ] (2.28)

Based on adiabatic approximation, A and K are frequency-independent, as follows

Akl
ij = (ϵj − ϵi)δikδjl +Kkl

ij (2.29)

Kkl
ij =

∫
dr

∫
dr′ψ∗

i (r)ψj(r)(νH + fxc)ψk(r
′)ψl(r

′) (2.30)

Hence, the excitation energies and eigenvectors of given systems can be yielded by

Eq.2.28.

2.2.3 Real-time time-dependent density functional theory

Rt-TDDFT is another mature methodology to solve TDKS equations, which is based

on integrating the TDKS equations in time domain. In contrast to linear response

TDDFT which computes transition frequency from a ground state reference. Rt-

TDDFT is superiorly powerful technique to simulate ultrafast carrier dynamics,

including interlayer charge transfer and the response to external fields. Being in-

trinsically non-perturbative, rt-TDDFT can also cooperate with both the linear and

nonlinear regime of excitation.

As an exact theory in principle, approximations must be employed to maintain a

perfect balance between computational cost and high accuracy. The most common

approximation is adiabatic approximation, also named by BO approximation which

assume electron and nuclei evolve on different time scale, allowing the system Hamil-

tonian splitting into fast (electron) and slow (nuclei) degrees of freedom. Within

adiabatic approximation framework, rt-TDDFT gives surprisingly well descriptions
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of systems in weak fields. However, adiabatic approximation cannot account for

multielectron excitation which is deviate from ground states. In such a case, excited

state molecular dynamics occurs beyond BO regime, and is non-adiabatic. Non-

adiabatic molecular dynamics (NAMD) modeling is nontrivial and consists of two

basic components. On the one hand, electronic structure methodology adequately

depicts excited state PESs. On the other hand, MD algorithms can describe non-

adiabatic phenomena and trajectory propagation. Recently, numerous methods have

developed to deal with the quantum effects arising from the nuclear motions, which

ranges from fully quantum-mechanical treatment of nuclei[96, 97] to semiclassical[98]

to MQC methods[99]. The first class is the most ambitious approach to account for

excited state dynamics which is limited by the computational cost. The latter two

classes are particularly suitable for large systems. Ehrenfest dynamics[100–103] and

surface hopping method[104] are the most widely applied MQC methodology.

Mean-field trajectory method, so-called Ehrenfest, is the simplest MQC approach.

Assuming the nuclear wavefunction represented by a single Gaussian wavepacket

basis, the many-body wavefunction in Eq.2.12 can be rewritten as

Ψ(r,R, t) = Φ0(R, t)
∑
i

ci(t)ψi(r,R) (2.31)

in which Φ0(R, t) is a normalized single phase-less Gaussian wavepacket. ci(t) is the

time-dependent coefficient of electronic wavefunction and ψi(r,R) is the solution of

stationary Schödinger equation. Thus, TDSE can be expressed as

i
∂Ψ(r,R, t)

∂t
=

∑
i

[
Φ0(R, t)Ĥelψi(r,R) + ψi(r,R)(−∇2

R

2
)Φ0(R, t)

−∇RΦ0(R, t)∇Rψi(r,R) + Φ0(R, t)(−
∇2

R

2
)ψi(r,R)

]
ci(t)

(2.32)

Multiplied by Φ∗
0(R, t) and ψ

∗
j (r,R) on the both sides of Eq.2.32, and integrating

overall nuclear space R and electronic space r

i
∂ci(t)

∂t
=

[
ϵi + T̂N

]
ci(t) +

∑
j

[
−⟨Φ0| ∇R |Φ0⟩ d(1)ji + (−1

2
)d

(2)
ji

]
cj(t) (2.33)

where d
(n)
ji are the nth order non-adiabatic couplings (NACs) between electronic

states j and i

d
(1)
ji = ⟨ψj| ∇R |ψi⟩ (2.34)
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d
(2)
ji = ⟨ψj| ∇2

R |ψi⟩ (2.35)

Nuclear degrees of freedom are treated classically, as following

TN ≡ − ℏ2

2M
∇2

R → P⃗ 2

2M
(2.36)

Due to assumption of a single uncorrelated nuclear wavepacket, the kinetic contri-

bution in Eq.2.33 can be ignored which is a constant across the different electronic

states. Second order NACs d
(2)
ja ≈ 0. Thus, inserting Eq.2.36 into Eq.2.33

i
∂ci(t)

∂t
= ϵici(t)−

i

ℏ
∑
j

d
(1)
ji P⃗ cj(t) (2.37)

The equations of motions for R and P⃗ are obtained by Ehrenfest theorem [105] and

electronic Hamiltonian
∂R

∂t
=

P⃗

M
(2.38)

∂P⃗

∂t
= −⟨Ψ| ∇RĤel |Ψ⟩ (2.39)

The force acting on nuclear classical trajectory is give by

F =
∑
i

|ci(t)|2 ∇Rϵi +
∑
i<j

2Re{c∗i (t)cj(t)}d
(1)
ij [ϵj − ϵi] (2.40)

Ehrenfest dynamics is quite appropriate for nanostructures, such as quantum dots,

nanotubes and the other systems with weak correlations of nuclear motion and elec-

tronic states, in which nuclei are heavy and the range of their motion is minimal.

Attempt to address the loss of electron-nuclear correlation in Ehrenfest method,

Tully developed surface hopping scheme, where nuclei propagates on a single elec-

tron PES[78], as in the case of BOMD. But the classical trajectory has a finite

probability to hop to another PES. In general, the hopping probability is design

to maintain the equality between population and the actual number of trajecto-

ries on the surfaces[106]. However, this approach introduces an excessive number

of hopping events, eventually becoming mean-field PES which is inadequate to de-

scribe the chemical processes involving different reaction pathways. Fewest-switches

surface hopping (FSSH) method is an effective way to keep the balance between

accuracy and the fewest number of hops[78]. FSSH hopping probability is given by

Pi→j(t) = max

0,−δt2ℏRe
[
c∗i (t) ∗ cj(t)

[
d
(1)
ij Ṙ

]]
cic∗i

 (2.41)
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in which δt is the evolution time step. The propagation of electronic wavefunc-

tion follows the same equation of motion (Eq.2.37) as that in Ehrenfest dynamics.

Hopping proceeds as follows: (1) The hop probability to all included states are de-

termined, if the probability is negative, the probability is set to zero. (2) A random

number is created to compare to hop probability to determine the occurrence of

hopping. (3) When the hopping occurs, the nuclear moving velocity Ṙ is adjusted

along the direction of NACs dij to conserve total energy. The key to the success

of the surface hopping method is including strong electron-nuclear dynamics, be-

yond mean-field method. Surface hopping method preforms much more excellently

in describing the photoisomerization, like photochemistry, than that in Ehrenfest

method.
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Chapter 3

Electric field tunable ultrafast

interlayer charge transfer in

graphene/WS2 heterostructure

Vertical vdW heterostructures have attracted extensive attractions due to their ex-

cellent electrical and optical properties. In this chapter, we investigate the ultrafast

interlayer charge transfer in graphene/WS2 heterostructure via non-adiabatic molec-

ular dynamics (NAMD) calculations. Our results indicate that photo-excited holes

transfer from graphene to WS2 is two times faster than that of electrons. This in-

terlayer charge transfer is related to the nuclear vibration of graphene and WS2,

which can be manipulated by external electric fields. It is further demonstrated

that carrier transfer rate at heterointerfaces is determined by the coupling between

donor and acceptor states, which is the result of the competition between interlayer

and intralayer relaxation process. These results provide insights into understand-

ing of ultrafast carrier dynamics in vdW heterostructures and broaden their future

applications in photovoltaic and optoelectronic devices.
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3.1 Introduction

VdW heterostructures have attracted extensive attention due to their potential ap-

plications in areas of electronic, photonics and renewable energies, etc[107, 108]. The

newly developed graphene/TMDC heterostructures with superior light-absorption

properties of TMDCs [109] and high electrical conductivity of graphene [110, 111]

have been taken as candidate materials for novel optoelectronic devices[112–114].

Enormous experimental and theoretical efforts have been devoted to study ultra-

fast carrier dynamics at graphene/TMDC heterointerfaces[115–121]. It is reported

that the lifetime of photo-excited electrons is ∼1 ps in graphene/MoSe2 heterostruc-

ture[122]. Similar results are observed in graphene/WS2 heterostructure, in which

interlayer hole transfer takes place less than 200 fs, an order magnitude faster than

that of electron[123–125]. However, the origin of ultrafast interlayer charge transfer

in weak coupling graphene/TMDC heterostructures is still unclear.

From the perspective of practical applications, applying with external electric fields

has been taken as one of the most effective methods to improve performances of

TMDCs due to their nondestructive and reversible nature[126–128]. Electric field

tunable electrical and optical properties have been demonstrated in graphene/WSe2

heterostructure[50]. In the case of optoelectronics, it has been reported that external

electric fields can be used to manipulate the amplitude and even reverse the polar-

ity of photo-induced current in graphene/MoS2/graphene device[129]. Similarly,

the gate-tunable photo-induced current is also observed in graphene/WS2/graphene

heterostructure[130]. Meanwhile, graphene/WS2/graphene stack also exhibits out-

standing performances in photoresponse, which is achieved by the modulation of

the Schottky barriers between graphene and WS2 with a gate voltage[131]. Al-

though many experimental efforts have been made to promote performance of

graphene/TMDC heterostructures in optoelectronics via the manipulation of het-

erointerfacial carrier dynamics, the mechanism of these microscopic processes re-

mains uncertain.

In this chapter, we utilize TDDFT combined with NAMD method to investigate

the ultrafast charge dynamics in graphene/WS2 heterostructure. The results show

that interlayer hole transfer is more efficient than electrons. This ultrafast carrier

dynamics is attributed by phonon modes of graphene and WS2, and its amplitude

and polarity show a strong dependence on external electric fields. Detailed analysis

indicates that interlayer charge transfer process in graphene/WS2 heterostructure is
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governed by the coupling between carriers and their final states, in other words, it

is the result of the competition between carrier interlayer and intralayer relaxation

processes. Further calculations demonstrate that nuclear vibrations in graphene

and WS2 enhance the interlayer couplings and favor the ultrafast interlayer charge

transfer after excitation. This work establishes a firm correlation between the charge

dynamics and couplings between states in vdW heterostructures, which broaden

their applications in optoelectronics.

3.2 Computational details

First-principles calculations of graphene/WS2 heterostructure are performed with

linear combination of atomic orbital methods implemented in SIESTA[132]

with Perdew-Burke-Ernzerhof (PBE) exchange-correlation functional[133, 134].

Troullier-Martins norm-conserving pseudopotentials [135] are employed to describe

the core electrons. An orthogonal 5×5 graphene/4×4 WS2 supercell is fully relaxed

until the residual forces are less than 5× 10−3 eV/Å and the total energy variation is

less than 10−6 eV with vdW-DF2 functional[136]. The optimized lattice parameters

are a = 12.433 Å and b = 21.524 Å, corresponding to 0.6% stretch of graphene and

1.7% compression of WS2. The Brillouin Zone is sampled by 5×5×1 k-mesh grid

with a 250 Ry energy cutoff for the orthogonal supercell to obtain electronic struc-

tures. A 30 Å vacuum layer is employed to avoid the interactions between repeated

images.

The electron and nuclei dynamics are simulated within TDAP code[137]. Core

electron are described by the same pseudopotentials[135] and exchange-correlation

functional is PBE functional[133, 134]. The orthogonal supercell is sampled at Γ

point and the system evolves with a 0.02419 fs time step. Initial ionic velocities are

determined by the equilibrium Boltzmann-Maxwell distribution at a given 300 K.

3.3 Results and discussion

3.3.1 Excitation carrier dynamics

To investigate the photo-induced carrier dynamics at graphene/WS2 heterointerface,

a 5×5 graphene/4×4 WS2 supercell is built, as shown in Figure 3.1(A). Due to

the weak vdW interaction, the electronic structures are essentially superposition
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of individual band structures of graphene and WS2. As shown in Figure 3.1(D),

Dirac point of graphene is located ∼34 meV below the Fermi level with a negligible

bandgap of 4.3 meV. On the other hand, WS2 remains a direct bandgap with a

value of 2.04 eV at K point, with VBM 1.11 eV below EF and CBM 0.93 eV above

EF . These results are consistent with angle-resolved photoemission spectroscopy

(ARPES) measurements, where VBM is 1.20 eV below EF [123]. The wave functions

of VBM and CBM also indicate that the weak vdW interactions indeed have minor

influence on the electronic structures (Figure 3.1(B) and (C)). The microscopic

processes upon photoexcitation are presented in Figure 3.1(E), an electron-hole pair

are generated in WS2 layer with the energy of the bandgap, in which an electron

is moved from VBM to CBM, and consequently hole and electron both transfer to

nearby graphene states.

To quantify the charge transfer process, the amount of hole and electron transferred

from WS2 to graphene is calculated by integrating the carrier density over the whole

graphene layer

ni(t) =
∑

µ,ν∈graphene

c∗µi(t)Sµνcνi(t) (3.1)

where c is the molecular orbital coefficient, and S is the overlap matrix. µ and ν are

the atomic orbitals belong to graphene, and i represents the hole or electron orbital.

As shown in Figure 3.2(A), nh(t) oscillates periodically by filling and emptying

graphene states with a period of∼35 fs, and a gradual accumulation of hole (∼0.3) on

the graphene layer is observed within first 100 fs. Meanwhile, ne(t) shows a relatively

slow but steadily increasing trend, with ∼0.15 electron transferring to graphene

layer in the same time period. Our calculations are in accordance with reported

experimental measurements, in which photoexcited holes transfer to graphene more

efficiently than electrons, with lifetime of ∼200 fs for hole and ∼ 1 ps for electron,

respectively[115, 125]. Aeschlimann et al. attributed this difference to the energetic

alignment of the heterostructure, in which p-doped graphene has about 6 times

more acceptor states for hole transfer than that of electron transfer[123]. However,

in this work, pristine graphene is employed and the density of acceptor states for

electron and hole are closed (Figure A.1). Therefore, there must be other factors

related to faster hole interlayer transfer process. As shown in Figure 3.2(D), acceptor

states on graphene layer locate between hole and electron orbitals. As the system

propagating, both hole and electron orbitals get closer to their acceptor states. As

a result, hole orbital and its acceptor states on graphene overlap at ∼15 fs, while

this occurs at a later time ∼25 fs for electron orbital. This overlap promotes the
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Figure 3.1: Electronic structures of graphene/WS2 heterostructure. (A) Illustration

of the graphene/WS2 heterostructure, where WS2 lies on top of graphene. Hole and

electron excited by incident light transfer from WS2 to graphene layer. The brown,

yellow and purple spheres represent carbon, sulfur and tungsten atoms, respectively.

The green arrow represents positive electric field direction, pointing from graphene to

WS2. Wave function of (B) VBM and (C) CBM states of WS2 on Γ−point, positive

and negative parts are in red and blue, respectively. The same crystal structure as

Figure 3.1D is employed. To highlight the wavefunction, all atoms are represented by

grey spheres. (D) The band structures of the heterostructure with different external

electric fields varying from -0.3 V/Å to +0.3 V/Å. Fermi energies (EF ) are set to

zero. The color of each band indicates the degree of localization of each state to

graphene and WS2, where one (red) represents that the state completely localizes to

graphene, while zero (blue) represents that the state completely localizes to WS2.

(E) Band structures in the vicinity of Γ−point with zero external field to illustrate

the photoexcitation process. Incident light excites one electron from the VBM of

WS2 to its CBM, as indicated by black arrow. The photoexcited hole and electron

are then transferred to nearby graphene states, as indicated by red and blue arrows.

The color map is the same as in Figure 3.1D.
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coupling between donor and acceptor states, leading to an ultrafast interlayer charge

transfer to graphene. These results imply that the faster interlayer hole transfer is

determined by the stronger coupling. To quantify the coupling between donor and

acceptor states, time-dependent density matrix is projected onto initial eigenstates

σij(t) =
∑
µνκλ

(cµi(0)Sκµ)
∗Pκλ(t)Sλνcνj(0) (3.2)

where c is the molecular orbital coefficient and µ, ν, κ, λ are atomic orbitals. The

overlap matrix S and single-electron density matrix P are in non-orthogonal atomic

basis representation. The summation in the above equation runs over all atomic

orbitals. i and j are the eigenstates at t=0.

As shown in Figure 3.3, σ is divided into sub-blocks labelled by the layer number

Ln, and each sub-block contains all the eigenstates localized on the layer. The

diagonal element σii (yellow block) represents the occupation of the state i, and the

off-diagonal element σij (green block) represents the coupling between states i and

j. The coupling between i and states on the layer of interest is then obtained by

summing over all the off-diagonal elements within Ln,

τi,Ln(t) =
∑

j ̸=i,jϵLn

|σij(t)| (3.3)

for example, the red block represents the coupling between state i and all states

on layer L1, denoted by τi,L1 . Similarly, τi,L2 (blue block) is the coupling between

state i and all states on layer L2. In this work, the total coupling is obtained by

summing over the states from h − 5 to e + 5 within the layer of interest τi,L(t) =∑e+5
j ̸=i,j=h−5 |σij(t)|, while L represents graphene (G) or WS2 (W ).

As shown in Figure 3.2(E) hole orbital couples stronger to the states on graphene

while electron orbital couples stronger to the states onWS2. Precisely, time-averaged

value of τh,G(t) is ∼0.27, which is two times larger than that of τh,W (t) (∼0.14).

This is consistent with the tunneling model, in which the interlayer charge transfer

is determined by the direct tunneling at points in Brillouin Zone where graphen and

WS2 bands cross[124]. The tunneling matrix elements for hole is much larger than

that for electron. Thus, despite of weak binding of heterostructures, photoexcited

hole interlayer transfer happens on an ultrafast timescale. In contrast, larger τe,W (t)

drives electron intralayer relaxation within WS2 layer more efficient. These results

are further demonstrated by defining the charge localization
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Figure 3.2: Excitation dynamics of graphene/WS2 heterostructure. (A) Amount of

photoexcited hole and electron transferred from WS2 to graphene. The electron and

hole transfer are shown in blue and red, respectively as a function of time. Time-

evolution of photoexcited (B) hole and (C) electron localization γe/h(t) on graphene

and WS2 layers. (D) Time-evolution of energy levels ε(t). Same color map as the

Figure 3.1D is employed to show the charge localization. (E) Time-evolution of the

couplings, τe,G(t), τe,W (t), τh,G(t) and τh,W (t). The color indicates the strength of

the coupling between photoexcited carriers and acceptor states.

γh(t) =
e+5∑

j �=h,j=h−5

|〈j(0)|h(t)〉|2 , γe(t) =
e+5∑

j �=h,j=h−5

|〈j(0)|e(t)〉|2 (3.4)

Consistently with our previous results, Figure 3.2(B) and (C) present that excited

hole delocalizes more rapidly to graphene due to the stronger coupling τh,G(t). While

a large proportion of excited electron remains localized on WS2 due to the more

efficient intralayer relaxation. In other words, there is a competition between inter-

layer and intralayer carrier relaxation pathways, which is determined by the coupling

τe/h,L(t). Next, we investigate how the carrier dynamics is influenced by the nuclear

degrees of freedom in graphene/TMDC heterostructrues.
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Figure 3.3: Illustration of the coupling matrix. σ is divided into sub-blocks ac-

cording to different layers (solid lines), and the sub-blocks are further divided into

eigenstates within the layer (dashed lines). The diagonal element σii, shaded by

yellow, represents the occupation of state i. The off-diagonal element σij, shaded

by green, represents the coupling between states i and j. Summing up all the off-

diagonal elements within the layer L1 (red shaded area) or L2 (blue shaded area)

gives the coupling between state i and all states on layer L1 or L2, denoted by τi,L1

or τi,L2 respectively.

3.3.2 The role of phonon modes in heterointerfacial carrier

dynamics

To demonstrate the role of nuclear vibration in heterointerfacial carrier dynamics,

FTs of ne/h(t), εe/h(t) and τe/h(t) are performed. As shown in Figure 3.4, hole

transfer displays characteristic frequencies at ∼1067 cm−1 and ∼1584 cm−1. The

oscillation at ∼1067 cm−1 can also be found in the FTs of εh(t) as grey highlighted

area in Figure 3.4(A). The ∼1584 cm−1 frequency (Figure 3.4(A), red shaded area)

reflects the C=C stretching mode G[138], which can also be observed in the dynam-

ics of ne(t) (Figure 3.4(B), red shaded area). For electron dynamics, apart from G

mode, a noticeable peak at ∼413 cm−1 (Figure 3.4(B), left red shaded area) is found

in FTs of εe(t) and τe,G(t), corresponding to the out-of-plane vibrational mode A1g

of WS2[139]. In addition, the oscillatory component at ∼620 cm−1 (Figure 3.4(B),
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Figure 3.4: Comparison of FTs of photoexcited (A) hole and (B) electron transferred

to graphene ne/h(t), their corresponding energies εe/h(t) and the couplings to elec-

tronic states of graphene layer τe/h,G(t). Red, blue and green curves correspond to

the FTs of ne/h(t), εe/h(t) and τe/h,G(t), respectively. The red shaded areas highlight

the frequencies associated with ionic vibrations, and the grey shaded areas represent

the frequencies associated with the collective motion of carriers.

grey shaded area) are not associated with any phonon modes of graphene or WS2.

Therefore, it is expected that C=C stretching G mode is responsible for both in-

terlayer hole and electron transfer while out-of-plane A1g mode instead is related to

interlayer electron transfer only.

To better understand the relationship between phonon modes and interlayer charge

dynamics, the scenarios of fixed nuclear motions are investigated. We decouple the

nuclear motion from the charge dynamics by freezing atoms in (i) both layers, in

(ii) WS2 layer only and (iii) graphene only, and excitation dynamic are displayed in
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Figure 3.5. With all atoms clamped, the charge dynamics ni(t) presents two main

features. On the one hand, for excited hole, a periodic sloshing between graphene

and WS2 with a prominent amplitude is observed, but there is no net hole on

graphene within this period. On the other hand, the electron transfer is totally

suppressed. These results further demonstrate that nuclear vibration is responsible

for interlayer charge transfer in graphene/WS2 heterostructure, in which the energy

of carriers is dissipated by phonons during transition. Corresponding FTs of ne/h(t),

ϵe/h(t) and τe/h,G(t) are presented in Figure 3.6. The excited hole and electron

dynamics exhibit a distinct oscillation at ∼1100 cm−1 and ∼657 cm−1, which is

corresponding to the above frequencies at ∼1067 cm−1 and ∼620 cm−1 in the case

with moving atoms. This is the same as that in MoS2/WS2 heterostructure, where

hole dynamics present a similar oscillation when all atoms clamped. Wang et al.

attributed the origin of this coherent oscillation by the collective motion of holes,

which leads to strong dynamics coupling owing to the electric fields caused by charge

transfer[140]. Therefore, the characteristic oscillation of charge dynamics derives

from the collective motion of carriers. From Figure 3.5(C), there is no coupling

between excited electron and graphene acceptor states, with a time-averaged value

of 0.01. Instead, electron orbital couples more strongly to WS2 states, with a time-

averaged value of 0.32. As a results, excited hole fills and empties periodically the

nearby graphene states, while a large majority of excited electron resides on WS2

layer but relaxes to neighboring WS2 states (Figure 3.7).

We further investigate the scenario when only atoms in WS2 layer are clamped.

Similarly, stronger couplings between excited hole and graphene states drive hole

filling and emptying periodically nearby graphene states, but with a net amount of

0.2 hole transferred to graphene layer after 100 fs. Meanwhile, 0.1 electron gradu-

ally builds up on graphene layer within the same period. The carrier transfer rate is

reduced by half compared with the case with moving atoms. For the case of frozen

graphene, electron dynamics presents a similar trend as fixed WS2, but no net hole

transfer is observed within 100 fs. The excitation dynamics with clamped graphene

and WS2 layers in frequency domain is presented in Figure 3.8. When atoms in WS2

layer are clamped, photoexcited hole and electron dynamics exhibit characteristic

oscillation of the C=C stretching mode G, shaded by red areas in Figure 3.8(A). In

contrast, the out-of-plane vibration A1g [139] of WS2 only contributes to the electron

interlayer transfer. As showed in Figure 3.8(B), A1g-mode (shaded by red area) can

only be observed in electron dynamics when atoms in graphene are fixed. These
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Figure 3.5: Excitation dynamics of graphene/WS2 heterostructure with all frozen

atoms, frozen WS2 layer and frozen graphene layer. (A) Amount of photoexcited

electron and hole transferred from WS2 to graphene. (B) Time-evolution of the

energy levels ε(t). The same color map as the Figure 3.1D is employed to show

the charge localization. (C) Time-evolution of the couplings, τe,G(t), τe,W (t), τh,G(t)

and τh,W (t). The color indicates the strength of the coupling between photoexcited

carriers and acceptor states.

results imply that vibration of graphene is associated to electron and hole interlayer

transfer process while vibration of WS2 only contributes to electron interlayer dy-

namics. This is also in accordance with the excited hole and electron orbital spatial
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Figure 3.6: Comparison of FTs of photoexcited (A) hole and (B) electron transferred

to graphene ne/h(t), their corresponding energies εe/h(t) and the coupling to elec-

tronic states of graphene layer τe/h,G(t) with all frozen atoms. Red, blue and green

curves correspond to the FTs of ne/h(t), εe/h(t) and τe/h,G(t), respectively. The grey

shaded areas represent the frequencies associated with the collective motion of car-

riers.

distribution, where excited hole distributes over the whole sandwich structure of

WS2 while excited electron is largely localized on W atoms (Figure 3.1(B)-(C)).

3.3.3 Electric field tunable carrier dynamics

In recent few years, intensive experimental research focuses on electric field tunable

interlayer carrier relaxation dynamics at graphene/TMDC heterointerfaces. For

example, built-in potential induced by gate-tunable Schottky barrier can acceler-
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Figure 3.7: The Time-evolution of photoexcited (A) hole and (B) electron localiza-

tion on graphene and WS2 with all frozen atoms.

ate interlayer charge transfer in graphen/MoS2, even achieving the modulation of

amplitude and polarity of photocurrent[129]. As aforementioned, the observed ul-

trafast interlayer charge transfer is the result of the competition between interlayer

and intralayer relaxation which is determined by the corresponding coupling. Thus,

the couplings τe/h,L(t) and external electric fields are the keys to manipulate the

heterointerfacial carrier dynamics. Vertical external electric fields are applied to

heterostructure, ranging from -0.3 V/Å to +0.3 V/Å. As shown in Figure 3.1(D),

electric fields have negligible effect on the electronic structures of graphene, but

shift energy states of WS2. Negative electric field downshifts WS2 states by 0.4 eV,

increasing acceptor states for hole transfer but decreasing acceptor states for elec-

tron transfer (Figure A.1). In contrast, positive electric field upshifts WS2 states

by 0.4 eV, which favors the electron interlayer transfer but prevents hole transfer.

As shown in Figure 3.9(A), negative electric field indeed accelerates interlayer hole

transfer with ∼0.35 of hole transferred to graphene at first 100 fs, which is faster

than the case without electric field. But interlayer electron transfer is completely

impeded. On the contrary, positive electric field promotes interlayer electron trans-

fer, in which 0.25 of electron is delocalized to graphene within 100 fs, compared to

the amount of ∼0.15 in the case without electric field. These results are consistent

with experimental observation in graphene/MoS2/graphene, in which -6 V top-gate

bias enhances photoexcited hole transfer to top graphene while +4 V bias reverse

the polarity of photocurrent via electron transferred to top graphene[129].

To further explore the origin of electric field tunable interlayer relaxation process,
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Figure 3.8: Comparison of FTs of photoexcited hole and electron transfer to

graphene ne/h(t), their corresponding energies εe/h(t) and the coupling to electronic

states of graphene layer τe/h,G(t) with (A) frozen WS2 layer and (B) frozen graphene

layer. Red, blue and green curves correspond to the FTs of ne/h(t), εe/h(t) and

τe/h,G(t), respectively. The red shaded areas represent the frequencies associated

with ionic vibrations, and grey shaded areas represent the frequencies associated

with the collective motion of carriers.

we present the time-evolution of energy levels and corresponding couplings τe/h,L(t)

in Figure 3.9(B)-(C). Since negative electric field introduces more acceptor states for

hole transfer, τh,G(t) is enhanced and significantly accelerates interlayer hole trans-

fer. Positive electric field has the same effect on acceptor states for electron transfer

and thus stronger τe,G(t) facilitates the interlayer electron transfer. Comparing the

couplings in Figure 3.9(C) with that in Figure 3.2(E), external electric fields indeed

have significantly effects on the coupling between donor and acceptor states and
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Figure 3.9: Excitation dynamics of graphene/WS2 heterostructure with external

electric fields varying from -0.3 V/Å to +0.3 V/Å. (A) Amount of photoexcited

electron and hole transferred from WS2 to graphene. (B) Time-evolution of the

energy levels ε(t). Same color map as the Figure 3.1D is employed to show the

charge localization. (C)Time-evolution of the couplings, τe,G(t), τe,W (t), τh,G(t) and

τh,W (t). The color indicates the strength of the coupling between photoexcited

carriers and acceptor states.

hence interlayer charge transfer rate. The scenario with ±0.1 V/Å electric fields are

presented in Figure 3.10, the charge dynamics exhibits the same response to exter-

nal electric fields. As shown in Figure A.2, +0.1V/Å electronic field increases the

electron acceptor states, while -0.1V/Å electric field increases hole acceptor states.

Consequently, +0.1V/Å electric field boosters τh,G(t), accelerating interlayer hole

transfer, while -0.1V/Å electric field improves τe,G(t), stimulating interlayer electron

transfer. Thus, it is possible to control interlayer charge transfer rate selectively via

external electric fields, and therefore separate the photo-generated carriers. These

results provide a versatile strategy to manipulate the photoexcited carrier genera-

tion, separation and transport process in graphene/TMDC heterostructures.
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Figure 3.10: Excitation dynamics of graphene/WS2 heterostructure with external

electric fields varying from -0.1 V/Å to +0.1 V/Å. (A) Amount of photoexcited

electron and hole transferred from WS2 to graphene. (B) Time-evolution of the

energy levels ε(t). Same color map as the Figure 1D is employed to show the charge

localization. (C)Time-evolution of the couplings, τe,G(t), τe,W (t), τh,G(t) and τh,W (t).

The color indicates the strength of the coupling between photoexcited carriers and

acceptor states.

3.4 Conclusion

In summary, we employ TDDFT-NAMD method to investigate the ultrafast inter-

layer charge transfer process in graphene/WS2 heterostructure. Our study reveals

that interlayer charge dynamics is determined by the coupling between donor and

acceptor states, which is the origin of different transfer rates of excited hole and elec-

tron in heterostructure. Meanwhile, it is found that phonon modes of graphene and

WS2 are related to the interlayer coupling and then facilitate the interlayer charge

transfer. Specially, C=C stretching G-mode is associated with both interlayer hole

and electron transfer process, while out-of-plane A1g-mode only contributes to in-

terlayer electron transfer. Moreover, we demonstrate the possibility of electric field

modulation of the interlayer couplings and the control of carrier dynamics. Based

on these findings, we could utilize the external electric fields to manipulate the ex-
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cited carrier dynamics at vdW heterointerfaces. These results not only provide a

deep understanding of heterointerfacial phenomena, but also offer new insights for

constructing ultrasensitive optoelectronic devices.
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Chapter 4

Carrier multiplication in transition

metal dichalcogenides beyond

threshold limit

Carrier multiplication (CM) is a process whereby absorption of a single photon cre-

ates multiple electron-hole pairs. Current state-of-the-art nanomaterials including

quantum dots and carbon nanotubes have been demonstrated CM, but not satisfac-

tory due to the high threshold energy and inherent difficulties with carrier extrac-

tion. In the chapter, we report CM in monolayer TMDCs MX2 (M = Mo, W; X=

S, Se, Te). Surprisingly, the threshold energy of CM in monolayer TMDCs can be

effectively modulated by nuclear vibrational modes. EPC could induce significant

changes in electronic structures, even lead to semiconductor-to-metal transition, and

eventually reduce the threshold energy of CM to less than twice bandgap (2Eg). The

stronger EPC drives CM process dominating the carrier relaxation dynamics after

photo excitation, achieving a higher conversion efficiency ηCM . Our results show

that the strongest EPC in monolayer MoS2 results in the highest ηCM when the

carriers with the same excess energy in six monolayer TMDCs. Further analysis

indicates that chalcogen vacancies also lower the threshold energy of CM via de-

fect states among the bandgap. Especially, for monolayer WS2 with a bandgap of

1.95 eV, sulfur vacancies reduce the onset energy of CM to 1.51Eg. These results

identify TMDCs as promising candidate materials for efficient optoelectronic de-

vices with combination of high photoconductivity and phonon-assisted tunable CM

characteristics.
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4.1 Introduction

Exciting semiconductors with photon energies exceeding their bandgap creates

electron-hole pairs which can be collected to produce an electric current. When

the excess energy of photoexcited carriers is higher than Eg, carriers obtain suffi-

cient energy to excite another pair of electron-hole, which is known as CM. Beard

et al. predicted that CM characteristics could overcome Schokley-Queisser limit and

raise solar efficiency up to ∼46%[51]. Due to energy conservation limit and phonon-

assisted energy dissipation, the threshold energy of CM should be closed to around

2Eg ∼2.5Eg for maximal use of solar energy[141]. However, in bulk semiconductor,

the relatively weak Coulomb interactions and momentum conservation constraints

limit the threshold energy as high as ∼6Eg[52], which is impractical for applications.

Meanwhile, phonon scattering act as a competing pathway for excited carriers in

bulk semiconductors, which efficiently dissipates the excess energy. Eventually, CM

is rarely realized in photovoltaic devices based on traditional bulk materials. In

contrast, CM performance can be promoted in nanostructures, in which quantum

confinement relaxes the strict momentum conservation requirements and phonon

bottleneck impedes phonon emission[53, 142–144]. It has been reported that CM

threshold energy in bulk PbSe is as high as 4.5Eg[52] whereas it is substantially

reduced to 3Eg[141] in corresponding quantum dots and 2.2Eg[145] in nanorods.

Recently, CM phenomenon is observed in 2D TMDC films of 2H-MoTe2 and 2H-

WSe2 with threshold energy as low as 2Eg, and conversion efficiency can reach up

to nearly 99%[62, 63]. These performances are superior to those previously reported

nanostructure materials[64–66, 146–148]. To further optimize materials for photo-

voltaic applications, it is meaningful to explore if the threshold energy limit can be

overcome.

Layered TMDC materials, represented by MX2 (M=Mo, W; X= S, Se, Te), are

intensively investigated due to their fascinating properties. MX2 exhibits indirect-

to-direct bandgap transition when exfoliated from bulk to monolayer[149, 150].

Meanwhile, the weak vdW interaction between individual layers allows easy for-

mation of multiple layered heterostructures[151], which permits further tuning of

material properties. MX2 also presents distinctive electrical and optical properties.

It has been demonstrated that carrier mobility in monolayer MoS2 is at least 200

cm2V−1s−1 at room temperature, similar to graphene nanoribbons[152]. In partic-

ular, the mobility in WSe2 can reach up to 500 cm2V−1s−1 which is comparable to

the best performance of single silicon crystal[5, 153]. In addition, the absorption
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of sunlight in monolayer MX2 is typically 5-10%[154, 155], an order of magnitude

larger than that in common photovoltaic materials[156]. Thus, exceptional mechani-

cal flexibility, bandgap tunability, high carrier mobility, efficient sunlight absorption,

together with the CM characteristics, render TMDCs as promising candidate mate-

rials for highly efficient next-generation solar cells.

In this chapter, we combine NAMD with rt-TDDFT to investigate the CM char-

acteristics in various monolayer TMDCs. CM phenomenon is observed in all six

monolayer TMDCs, with threshold energy as low as 1.75Eg caused by the couplings

to phonons. It is found that nuclear vibrations introduce significant changes in

electronic structures, which favors CM and overshadows the phonon-assisted en-

ergy dissipation pathways. This leads the onset of CM with excitation energy lower

than 2Eg. When the excess energy is the same in the six monolayer TMDCs, MoS2

with the strongest EPC achieves the highest CM conversion efficiency ηCM . Mean-

while, chalcogen vacancy, as a common defect in TMDCs, can also improve CM

efficiency by scattering electrons from valence bands to defect states. Particularly,

sulfur vacancies reduce the threshold energy to 1.51Eg in monolayer WS2. This work

demonstrates the role of phonon modes in CM process, and provide insights into

the design strategy to break CM threshold limit in TMDCs via phonon and defect

engineering.

4.2 Computational details

First-principles simulations of monolayer TMDCs are performed with linear combi-

nation of atomic orbital methods implemented in SIESTA[132]. The core electrons

are described by Troullier-Martins norm-conserving pseudopotentials[135]. The non-

local exchange and correlation energies are treated with PBE functional[133, 134].

The structure is fully relaxed until the total energy variation is less than 10−6 eV

and the residue forces are less than 5×10−3 eV/Å. The Brillouin Zone of unit cell

is sampled by a 15 × 15 × 1 k-mesh grid with a 250 Ry energy cutoff to obtain

electronic structures. A 30 Å vacuum layer is employed to avoid the repeat image

interactions. NAMD simulations are calculated based on TDDFT using the TDAP

code[137] with a time step of 0.02419 fs. The 3
√
3 × 3

√
3 supercell is sampled at

Γ point, and the initial ion velocities are obtained by the equilibrium Boltzmann-

Maxwell distribution at a given temperature 300K.

The calculations of EPC parameters λ is based on DFT implemented in SIESTA
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[132] together with INELEASTICA [157]. In the limitation of low temperature,

phonon absorption is suppressed and Eliashberg function α2F is written as

α2FE
nk(ω) =

∑
νq

∑
n′

|gν(nk, n′k+q)|2 × δ(ϵn′k+q − ϵnk − ℏωνq)δ(hω − hωνq) (4.1)

where the summations include all electron scattering from ϵn′k+q states to ϵnk states

with emission of a phonon with energy of ℏωνq. This transition process is mediated

by EPC matrix elements gν(nk, n′k+q). The EPC parameter λnk is defined as

λnk = 2

∫
dω
α2FE

nk(ω)

ω
(4.2)

For monolayer TMDCs, VBM and CBM of monolayer TMDCs locate at K point,

thus we consider q that is around K-point with a distance of 0.1Å−1 in reciprocal

space to satisfy energy conservation.

4.3 Results and discussions

4.3.1 Carrier excitation dynamics

To investigate the CM phenomenon in monolayer MoTe2, twelve electron-hole pairs

are created by moving electrons from valence bands to conduction bands at 300K.

The excitation energy is set as ∼2Eg, where hole and electron excess energy (∆Eh

and ∆Ee) equal to 0.86Eg and 0.14Eg, respectively. The excess energy is defined as

the difference in the energy of carriers with respect to band edge. To quantify the

efficiency of CM, we define the carrier generation QY as the number of electron-hole

pairs produced per absorbed photon. Recently, remarkably efficient CM is observed

in layered MoTe2, in which the threshold energy is as low as 2Eg with carrier genera-

tion QY=2[62, 63]. Ellingson et al. attributed the low threshold by the asymmetric

transition where the total kinetic energy is resident on only one kind of carrier and

is therefore sufficient to scatter additional electron-hole pair[144]. In principle, ∆Eh

(0.86Eg) and ∆Ee (0.14Eg) are insufficient to excite another electron-hole pair across

the bandgap. Surprisingly, Figure 4.1(A) shows that the amount of carriers keeps

increasing upon excitation and carrier generation QY reaches ∼1.07 at 500 fs. The

origin of the relatively low CM conversion efficiency in our calculations is as follows.

Firstly, twelve electron-hole pairs are excited in monolayer MoTe2, with a concen-

tration of 3.58×10−14cm−2 which is larger than that in experiment work. Thus, an
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Figure 4.1: Excitation dynamics of monolayer MoTe2 with different carrier excess

energies at different temperatures. Electron-hole pairs are generated by photon with

energy of 2Eg at temperature 77 K, 300 K and 500 K. The excess energies of carrier

are ∆Ee/h = 0.14/0.86Eg (left panel) and ∆Ee/h = 0.5Eg/0.5Eg (right panel). (A)-

(B) Carrier generation QY of CM in MoTe2 as a function of time upon excitation.

Inset: CM conversion efficiency at the three temperatures. (C)-(D) Time-evolution

of energy states at 300 K. Purple and green lines are hole and electron states,

respectively. The dashed lines show the Fermi level EF . (E)-(F) Eg(t) at 300 K is

compared with the excess energy of hole ∆Eh and electron ∆Ee. The dashed lines

represent the bandgap at t = 0 fs. Inset: FTs of time-dependent bandgap Eg(t).

Vertical dashed line represents phonon mode A’ with vibrational frequency of 163.7

cm−1 39
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Figure 4.2: Excitation dynamics of monolayer MoTe2. Twelve electron-hole pairs are

excited with carrier excess energy of ∆Ee/h=0.14/0.86Eg Density of excited (A) hole

and (B) electron as a function of time and energy. (C) Decay dynamics of carrier

after reaching maximum carrier generation. The carrier lifetime is fitted with an

exponential function and lifetime is found to be 1.93 ps.

efficient Auger recombination becomes a competitive pathways for carrier relaxation.

As shown in Figure 4.2(A)-(B), partial excited holes and electrons populate higher

energy states, which is the fingerprint of Auger process. This decay dynamics can

be fitted by exponential decay with a lifetime of ∼1.98 ps (Figure 4.2(C)), which

can be attributed to Auger trapping free carriers with 1-2 ps time scale lifetime in

TMDCs[158–161]. Meanwhile, surface/defect trapping which effectively competes

with Auger process also make contributions to the higher conversion efficiency in ex-

periments. Apart from Auger recombination, monolayer crystal structure accelerates

charge carrier nonradiative recombination. As shown in Figure 4.2(A)-(B), excited

holes partially occupy conduction band states while excited electrons populate va-

lence band states, corresponding to the nonradiative recombination. Corresponding

to Figure 4.1(C) that excited hole and electron both decay back to conduction bands

and valence bands at ∼600 fs. To demonstrate above statements, the excitation dy-

namics of MoTe2 with only one electron-hole pair is presented in Figure 4.3(A).

With a lower carrier concentration, the lifetime of excited carriers becomes longer

and carrier generation QY is raised to 2 and conversion efficiency ηCM reaches up

to 100% which is consistent with the experimental observations[62, 63]. Obviously,

Auger recombination and non-adiabatic recombination are impeded by the lower

carrier concentration (Figure 4.3(B)-(C)).

To reveal the mechanism of CM in monolayer MoTe2, time-evolution of bandgap
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Figure 4.3: Excitation dynamics in monolayer MoTe2. One electron-hole pair are

generated, and carrier excess energy are distributed as ∆Ee/h=0.14/0.86Eg. (A)

Time-evolution of carrier generation QY. Density of excited (B) hole and (C) electron

as a function of time and energy.
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Figure 4.4: Excitation dynamics in monolayer MoTe2 with applied strain. Electron-

hole pairs are excited with carrier excess energy of ∆Ee/h = 0.14/0.86Eg. Inset:

The bandgap of monolayer MoTe2 under tensile and compressive strain.

is plotted in Figure 4.1(E). Upon excitation, the bandgap of MoTe2 oscillates pe-

riodically owing to the nuclear vibrations. Overall, the bandgap becomes narrower

along the whole trajectory and even drops to 60% of its initial value, which enables

excited holes have sufficient energy to excite additional electron-hole pair across the

bandgap. Obviously, Figure 4.1(E) shows that ∆Ee(t) surpasses the bandgap at ∼50
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fs, triggering CM. Previous research showed that tensile strain could lead to signif-

icant changes in electronic structure of monolayer TMDCs. This could even induce

semiconductor-to-metal transition with deformation of ∼10%[162, 163]. Our cal-

culations also indicate 3% of tensile and compressive strain could narrow bandgap

by 20% (inset of Figure 4.4). In other words, besides energy dissipation, nuclear

vibrations can also cause significant changes in electronic structures and carrier re-

laxation dynamics. To further investigate the influence of phonons on the bandgap,

FTs of Eg(t) is plotted in the inset of Figure 4.1(E). FTs displays a characteristic

frequency at ∼163.7 cm−1 which is associated to the out-of-plane vibrational mode

of tellurium atoms (A’). Therefore, it is expected that A’-mode of MoTe2 has im-

pressive effect on the bandgap. Thus, the resulting bandgap reduction favors CM

process, especially when the excess energy of carriers ∆Ee/h is below the threshold

limit.

4.3.2 Phonon-assisted CM beyond threshold limit

To better understand the role of phonon modes in CM process, nuclear vibrational

modes of monolayer TMDC are calculated. The phonon dispersion of monolayer

MoTe2 and ionic vibrations of four optical phonon modes are presented in Figure 4.5.

These vibrational frequencies are in accordance with previous studies[164, 165]. The

effect of optical phonon modes on the bandgap is demonstrated in Figure 4.5(B),

where we present the bandgap as a function of the displacement amplitude of these

modes. Obviously, all four optical phonons narrow the bandgap of MoTe2, the same

phenomenon is also observed in other five TMDCs (Figure B.3-FigureB.7). The

phonon-dependent bandgap in our calculations are consistent with the results cal-

culated by hybrid HSE06 functional, in which the equibiaxial tensile strains can lead

to phase transformation from semiconducting 2H phase to metallic 1T phase[162].

As mentioned above, our results also observe a narrower bandgap of monolayer

MoTe2 caused by strains (Inset of Figure 4.4). At room temperature, only A’-mode

and E”-mode can be activated effectively based on Bose-Einstein distribution. Com-

pared with A’-mode, E”-mode only reduces bandgap by 2%. Thus, the contribution

of E”-mode is negligible, while A’-mode is responsible for the narrower bandgap at

room temperature, which is consistent with the results in the inset of Figure 4.1(E).

We further study the scenario where MoTe2 is excited at different temperatures

to identify the positive effect of EPC on CM process (Figure 4.1). Electron-hole

pairs with energy of 2Eg are created at 77 K, 300 K and 500 K, respectively.
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Figure 4.5: Lattice vibrational modes in monolayer MoTe2. (A)Phonon dispersion

of monolayer MoTe2. The colormap indicates the phonon occupation number which

is determined by the Bose-Einstein distribution at 300 K. (B) The bandgap as a

function of the vibration amplitude of four optical phonon modes in monolayer

MoTe2. The inset shows vibrational modes of optical phonons at Γ point.

Here, we take account for two type of excitation: (i) asymmetric electron-hole

pairs with ∆Ee=0.14Eg/∆Eh=0.86Eg and (ii) symmetric electron-hole pairs with

∆Ee=∆Eh=0.50Eg. To facilitate our analysis, we quantify the CM conversion effi-

ciency as follows

ηCM =
φmax − 1
hν
Eg

− 1
× 100% (4.3)

where φmax is the maximum QY in the time-evolution process, and hν is the energy

of phonons. In previous works, it was reported that carrier relaxation pathways via

phonons is the main channel for energy dissipation[141]. Therefore, it is generally

anticipated that weakening EPC is a straightforward method to enhance ηCM . How-

ever, this viewpoint ignores the influence of nuclear motions on the bandgap. As

shown in Figure 4.1(A), with phonon-induced narrower bandgap, CM phenomenon

is observed even when the excess energy ∆Eh is only 0.86Eg. With a higher temper-

ature, the vibration excursions of atoms are larger. Consequently, a higher carrier

generation QY in MoTe2 is achieved via a narrower bandgap. The CM conversion
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efficiency ηCM is promoted from 5.26% to 9.37% when then temperature rising from

77 K to 500 K. Similarly, increasing temperature has the same effect on improving

ηCM for the symmetric electron-hole pair excitation, as shown in Figure 4.1(B). Es-

pecially, at 77 K and 300 K, CM is not observed, and nonradiative recombination

and Auger recombination dominate the carrier relaxation process. This can be ex-

plained by the fact that ∆Eh(t) and ∆Ee(t) are both below Eg(t) along the whole

trajectory (Figure 4.1(F) and Figure C.2). As discussed above, the oscillation of

Eg(t) is caused by A’-mode. However, at 77 K, only a few phonons are excited and

Eg(t) keeps much larger than the excess energy of carriers. In contrast, at 500 K,

intensive vibrations shrink the bandgap by ∼50% and trigger the onset of CM. To

further demonstrate the role of bandgap in CM process, we also stimulate the carrier

dynamics in monolayer MoTe2 under ±3% strain. The inset of Figure 4.4 displays

that the bandgap of monolayer decreases significantly under tensile and compressive

strains, which is expected to stimulate CM efficiency. As shown in Figure 4.4, carrier

generation QY is enhanced, +3% strain improve QY of CM slightly, with a value of

∼1.08. Particularly in the case with -3% strain, QY gives rise to ∼1.12, increased

by nearly 30% compared with the case without strain. In this way, we present the

possibility to reduce the threshold energy for CM in monolayer TMDCs.

Figure 4.6: Excitation dynamics of monolayer MoTe2 with excitation energy of

1.75Eg. The hole and electron excess energies are ∆Ee/h=0.58/0.17Eg. (A) Carrier

generation QY as a function of time. (B) Time-evolution of bandgap Eg(t), hole

excess energy ∆Eh(t) and electron excess energy ∆Ee(t).

To examine the above mechanism, we excite MoTe2 with energy of 1.75Eg at 300K.

Precisely, ∆Ee and ∆Eh are 0.58Eg and 0.17Eg, respectively. As shown in Figure 4.6,

CM is indeed observed after excitation, and CM conversion efficiency ηCM is ∼4%
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at 500 fs. Figure 4.6(B) shows that phonon-induced reduction of bandgap is about

0.45Eg, thus excited electrons have sufficient energy to scatter extra electrons across

bandgap at ∼150 fs, resulting in CM. It is the first time that CM process occurs

with excitation energy lower than 2Eg, which implies that phonons have positive

effect on CM process in monolayer TMDCs. Next, we further explore the possibility

of phonon-assisted CM in other MX2, and compare their conversion efficiency ηCM .

The EPC parameter for electronic state nk is defined as

λnk = 2

∫
dω

∑
νq

∑
n′ |gν(nk, n′k + q)|2 × δ(ϵn′k+q − ϵnk − ℏωνq)δ(ℏω − ℏωνq)

ω
(4.4)

where the summations over all electron scattering events from state ϵn′k+q to ϵnk

with the emission of a phonon with energy of ℏωνq. Figure 4.7(B) displays the

sum of EPC parameters of VBM and CBM at K-point (λ = λV BMK + λCBMK) in

six monolayer MX2, which is consistent with reported theoretical valued obtained

by density functional perturbation theory[166]. Clearly, EPC parameters decrease

with the atomic radii when the metal atoms changed from Mo to W and chalcogen

atoms changed from Te to S. This can be explained by the reduced separation be-

tween atoms where the displacements of atoms have stronger influence on electronic

interactions.

Table 4.1: Effective carrier excess energy ∆Eeff in six monolayer TMDCs

WTe2 MoTe2 WSe2 MoSe2 WS2 MoS2

∆Eeff (Eg) 0.73 0.76 0.69 0.65 0.66 0.65

To verify the relationship between ηCM and EPC parameters, six monolayer MX2

are excited by the phonons with energy of 2Eg, and the carrier excess energy are

distributed as ∆Ee/h ∼ 0.70/0.30Eg (or ∆Ee/h ∼0.30/0.70Eg). In this situation, the

effective energy for CM is ∼0.70Eg, but the exact values of excess energy depend

on the electronic structures of materials, given in Table4.1. From Figure 4.7(B),

there is clear correlation between ϕmax and λ in monolayer TMDCs. In other words,

the stronger EPC, the more efficient CM. The strongest EPC in monolayer MoS2

gives rise to about 7 times higher ηCM than that in WTe2 with weakest EPC.

Figure 4.7(C) and Figure 4.7(D) present the time-evolution of bandgap in each

MX2 upon excitation. Consistent with above results, monolayer MX2 with stronger

EPC indeed leads to an overall narrower average bandgap. Meanwhile, FTs of
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Figure 4.7: Excitation dynamics of the six monolayer TMDCs. Electron-hole pairs

are excited with photon energy of 2Eg, with excess energies distributed as ∆Ee/h ∼
0.7/0.3Eg (or ∼ 0.3/0.7Eg). (A) Time-evolution of carrier generation QY of CM.

The inset presents the effective carrier excess energy ∆Eeff in six monolayer TMDCs.

(B) Comparison of CM conversion efficiency ηCM and EPC strengths λ in the six

monolayer TMDCs. Time-evolution bandgap Eg(t) of (C) WX2 and (d) MoX2 (X

= S, Se, Te). Insets: FTs of Eg(t). Colored dashed lines represent the frequencies

of phonon mode A’ in each TMDC.

bandgap also reveal the A’-mode characteristics, which further confirms the bandgap

reduction and enhancement of CM are phonon-related.

4.3.3 Effect of defects on CM

Monolayer TMDCs, as light-absorbing materials for solar cells, their absorption

should significantly overlaps with solar spectra, and therefore can be able to uti-

lize the energy for carrier generation. As Beard et al. stated, the ideal bandgap of

light-absorbing materials with CM characteristics for photovoltaics should be closed

to 1.0 eV[51, 141]. Thus, it is essential to optimize CM threshold of TMDCs for

better performance in photovoltaic devices. Defect engineering has been one of
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Figure 4.8: Excitation dynamics in monolayer pristine WS2 and WS2 with sulfur

vacancy. Electron-hole pairs are excited with photon energy of 1.51Eg, and carrier

excess energies are distributed as ∆Ee/h = 0.36/0.15Eg. (A) Time-evolution of

carrier generation QY of CM. Density of excited electron as a function of time and

energy in (B) WS2 with sulfur vacancy and in (C) pristine WS2. Green fillings in

(B) represent the sulfur vacancy states in the conduction bands. Time-dependent

bandgap Eg(t), hole excess energy ∆Eh(t) and electron excess energy ∆Ee(t) in (D)

WS2 with sulfur vacancy and in (E) pristine WS2.

key strategies of material design and defect-assisted CM had been previously re-

ported in amorphous silicon[167]. Various defects and impurities are unavoidable

during the processes of TMDCs. Among different defects, chalcogen vacancies are

known to introduce sub-gap states[168], which provide possibilities to manipulate

the threshold energy of CM. Therefore, sulfur vacancy is introduced to our mono-

layer WS2 model, with a concentration of 3.66×1013cm−1. As shown in Figure C.3,

sulfur vacancy introduces two defect states among bandgap, including a shallow

hole trap state and a deep electron trap state. The hole trap state is 0.03 eV above

VBM while electron trap state is 0.48 eV below CBM, resulting in the reduction
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of bandgap by 0.51 eV. Electron-hole pairs are then excited with photon energy

of 1.51Eg in pristine WS2 and defective WS2. The carrier excess energies are dis-

tributed as ∆Ee/h=0.36/0.15Eg. Here, Eg corresponds to the bandgap of pristine

WS2. Figure 4.8(A) displays the time-evolution of QY upon excitation. Compared

with pristine WS2, sulfur vacancy indeed lowers the excitation energy to only 1.51Eg

for CM to occur. As shown in Figure 4.8(C), for pristine WS2, there are two major

relaxation pathways for excited carriers. On the one hand, excited electrons trans-

fer to higher energy states via Auger recombination. On the other hand, excited

electrons decay to valence bands to recombine with excited holes nonradiatively.

On the contrary, for defective WS2, excited electrons with sufficient energy scatter

extra electrons from valence bands to populate the defect states. This is in accor-

dance with Figure 4.8(D) where ∆Ee(t) surpasses the bandgap at ∼250 fs and CM

kicks in. In contrast, even with phonon-induced bandgap narrowing, the excess en-

ergy ∆Ee(t) is inadequate in pristine WS2 to excite additional electron-hole pairs.

Therefore, exciton relaxation dynamics is dictated by nonradiative recombination

and Auger recombination only, shown in Figure 4.8(C) and (E) and Figure C.4(B).

These results provide insights into the defect engineering for tailoring CM threshold

energy to promote performance of TMDCs for photovoltaic devices.

4.4 Conclusion

In conclusion, with rt-TDDFT-NAMD method, we investigate CM phenomenon

in monolayer TMDCs. Specifically, the role of lattice vibrations in the excited

carrier dynamics is examined. It is found that the bandgap is reduced due to the

coupling to out-of-plane A’-mode. Consequently, additional electron-hole pairs can

be excited more effectively. In addition, we identify chalcogen vacancies can further

enhance CM by introducing sub-gap defect states. Based on these findings, we show

the possibility of triggering CM with below threshold limit in monolayer TMDCs.

Thus, high conductivity, large absorbance and excellent CM characteristics enable

monolayer TMDCs as promising materials for next-generation photovoltaic devices.
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Chapter 5

Doping effect on carrier

multiplication in graphene

CM, multiexciton generation by absorbing a single photon, is a promising strategy

to improve photovoltaic devices performance. Graphene has emerged as a prospec-

tive CM candidate material due to its linear band structure, combined with strong

electron-electron scattering and weak EPCs. Here, we report an effectively doping

tunable CM in graphene. Theoretical simulations based on NAMD and rt-TDDFT

method show that doping level can lead to remarkable differences in CM conver-

sion efficiency. In n-doped graphene, the CM QY can be increased from 1.41 to

1.89 when the Fermi level rising from 0.40 eV to 0.78 eV via doping nitrogen atoms.

Consistently, TR-ARPES measurements on n-doped graphene also indicate the same

correlation between doping levels and the CM conversion efficiency. These results

suggest that tuning doping levels is an effective strategy to manipulate the perfor-

mance of graphene in optoelectronic devices.
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5.1 Introduction

The vital goal in the field of optoelectronics is to explore materials which could

convert light energy into electrical energy with high efficiency. Materials with

CM characteristic, which generate multiple excitons via absorbing one photon, are

prospective candidates for optoelectronic devices. Graphene has been considered as

a potential photovoltaic material due to its unique electronic and optical proper-

ties, including high room-temperature carrier mobility and CM characteristic. CM

performance is predicted to be particularly effective in graphene thanks to its lin-

ear band structure[55, 56], combined with slow electron-phonon cooling[57, 58] and

strong electron-electron interaction[59, 60]. In the past few years, extensive theoret-

ical and experimental efforts have been made to investigate the CM phenomenon in

graphene[55, 169–171]. It is reported that CM conversion efficiency is highly sensi-

tive to the location of Fermi level relative to the Dirac point via ultrafast cascade

of impact excitation processes[61, 172]. Intriguingly, this observation indicates that

doping levels can be used to manipulate CM characteristic in graphene, which can

be easily tuned by gate voltages [173, 174] or intercalating different elements[175,

176]. However, the effect of doping level on CM in graphene is still under debate. On

the one hand, impact excitation as scattering process result in a chain like cascade

consisting of sequential steps with relatively small energy loss per step ∆ϵ ∼ EF ,

which indicates that carrier excess energies play a major role in CM conversion effi-

ciency[61]. On the other hand, CM process is directly determined by the probability

of excited carriers finding scattering partners in the Fermi sea. In other words, the

larger phase space, the more efficient CM[171].

In this part, we investigate the effect of doping levels on CM in graphene based

on NAMD with rt-TDDFT method. Our theoretical calculations show that CM

QY in strongly n-doped graphene is significantly more efficient than that in slightly

n-doped graphene. Especially, the CM QY is increased from 1.41 to 1.89 when the

Fermi level rising from 0.40 eV to 0.78 eV. Consistently, experimental measurements

via TR-ARPES also observe the same correlation between doping levels and CM

conversion efficiency. It is found that CM QY can be promoted from 1.70 to 2.80

when the Fermi level increasing from 0.30 eV to 0.38 eV. It is further demonstrated

that CM QY mainly depends on available phase space, strongly n-doped graphene

provides a larger phase space which boosters electron-electron scattering to enhance

CM conversion efficiency. These results provide a practical strategy to promote CM

performance in graphene via doping levels, achieving high light energy to electrical
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energy conversion efficiency in optoelectronic devices.

5.2 Methods

5.2.1 Computational Details

First-principles simulations of doped graphene are performed with DFT imple-

mented in SIESTA[132]. Troullier-Martins norm-conserving pseudopotentials are

employed to deal with the core electrons[135]. The structure is fully relaxed until

the total energy variation is less than 10−6 eV and the residue forces are less than

5×10−3 eV/Å, with PBE exchange-correlation functional[133, 134]. The 6
√
3×6

√
3

supercell, with 216 atoms, is sampled by a 3 × 3 × 1 k-mesh grid with a 250 Ry

energy cutoff to simulate electronic structures. Two, four and six carbon atoms are

replaced by nitrogen atoms respectively, leading to different doping levels. A 30 Å

vacuum layer is employed to avoid the repeat image interactions. NAMD simula-

tions are calculated with TDAP[137]. The supercell is sampled at Γ point with a

time step of 0.02419 fs. The initial ion velocities are determined by the equilibrium

Boltzmann-Maxwell distribution at 300K.

5.2.2 Experimental Methods

Epitaxial monolayer graphene grown on a 4H-SiC(0001) is initially prepared ex

situ[177]. Before growing bismuth dopant, it is cleaned via anealing to 600 K to

remove the surface contamination in the molecular beam epitaxy chamber with

a base pressure of 2×10−10 mbar. Bismuth atoms are deposited on the epitaxial

graphene at room temperature with the Knudsen cell evaporator, meanwhile, the

adatom doping concentration is determined by the deposition flux. After deposition,

samples are in situ transferred to the ARPES chamber via a high vacuum to ensure

a clean sample surface. With different contents of Bi dopants, the varied n-type

doping graphene is achieved.
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Figure 5.1: Electronic and crystal structures of graphene with different doping levels.

Upper panel: Band structures of (A) undoped graphene, (B) 2N-doped graphene,

(C) 4N-doped graphene and (D) 6N-doped graphene. Dashed lines represent the

Fermi levels. Lower panel: Top view of crystal structures of corresponding doped

graphene. Yellow and purple balls are carbon and nitrogen atoms.
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5.3 Results and discussion

5.3.1 Theoretical simulations of doping dependence of car-

rier multiplication in graphene

To investigate the effect of doping levels on CM in graphene, two, four, and six

carbon atoms are replaced by nitrogen atoms in 6
√
3×6

√
3 graphene supercell (lower

panel of Figure 5.1). Obviously, nitrogen atoms introduce extra electrons to the

system, lifting the Fermi level away from Dirac point by 0.40 eV, 0.58 eV and 0.78

eV respectively. To stimulate the excited carrier relaxation dynamics, a pair of

electron-hole is created by moving electron from valence bands to conduction bands

at 300 K, with excitation energy of 3.52 eV. In the case of pristine (undoped)

graphene, the linear bandstructure leads to a symmetry excitation, in which the

electron and hole excess energy (∆Ee and ∆Eh) both equal to 1.76 eV. Here, the

excess energy is defined as the energy difference between excited carriers and Fermi

level. In the case of N-doped graphene, due to the change of Fermi level location,

the electron excess energies are 1.36 eV, 1.18 eV and 0.98 eV in 2N-doped, 4N-doped

and 6N-doped graphene, respectively.

In general, CM process in graphene is divide into two types. In the first case, CM

occurs by scattering additional electron from valence bands to conduction bands, and

this interband transition is labelled as carrier multiplication. On the other hand,

counting carriers with respect to the Fermi level, and CM takes places via Coulomb-

induced scattering electrons over the Fermi level, which is defined as hot carrier

multiplication. It is reported that CM involves interband scattering at low Fermi

energy (EF ≤ 0.1 eV), while intraband scattering contributes to the CM process at

high Fermi energy (EF ≥ 0.15 eV)[178]. In other words, hot carrier multiplication

dominates the CM process in strongly doped graphene. In the following part, CM

is actually referred as hot carrier multiplication.

To demonstrate the effect of doping levels on CM, we simulate the CM QY in

different N-doped graphene. As shown in Figure 5.2, strongly n-doped graphene

indeed triggers more efficient CM. Specifically, the CM QY is increased from 1.41

to 1.89 when the Fermi level is lifted from 0.40 eV to 0.78 eV. However, for pristine

graphene, there is no CM observed, which is conflicted with previously reported

theoretical prediction[55]. To explore the origin of the absence of CM in pristine

graphene and the mechanism of CM in doped graphene, we present the density of
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Figure 5.2: CM QY of graphene with different doping levels. The electron-hole pair

is generated by phonon with energy of 3.52 eV at 300K.

!"# !$#

!%# !&#

Figure 5.3: Density of excited hole as a function of time and energy. Conduction

bands (CB), valence bands (VB), doped states (Doped) are in green, orange and

blue, respectively.
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Figure 5.4: Density of excited electron as a function of time and energy. Conduction

bands (CB), valence bands (VB), doped states (Doped) are in green, orange and

blue, respectively.

excited electron and hole as a function of time and energy in undoped, 2N-doped,

4N-doped and 6N-doped graphene. As shown in Figure 5.3(A) and Figure 5.4(A),

in undoped graphene, excited hole and electron both occupy higher energy regions,

which indicate the occurrence of Auger recombination. Meanwhile, portion of ex-

cited hole and electron also distribute in lower energy region, which is related to CM

process or phonon-assisted cooling relaxation. Thus, the absence of CM in pristine

graphene should be attributed to the equality of CM rate and Auger recombination

rate. Reported theoretical and experimental research both indicate that higher car-

rier concentration conditions favour the Auger recombination which competes with

CM process[179, 180]. Winzer et al. reported that CM rate and Auger recombination

rate reach an equilibrium very fast when the initial carrier density in the range of

1013cm−2, while the carrier concentration in our simulation is exactly ∼3×1013cm−2.

Therefore, the absence of CM in pristine graphene comes from higher carrier concen-
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tration induced more efficient Auger recombination. In contrast, n-doped graphene

favours CM process. Obviously, a portion of excited hole occupies the doped states,

especially, the more strongly n-doped graphene, the more excited hole on doped

states. In strongly n-doped graphene, photoexcited electron can easily find scatter-

ing partner in the Fermi sea to involve in CM process owing to the larger scattering

phase space. Thus, CM process prevails over the Auger recombination, dominating

the carrier relaxation dynamics.

5.3.2 Experimental measurements of doping dependence of

carrier multiplication in graphene

To further demonstrate the role of doping level in CM, we investigate the pho-

toexcited carrier dynamics in n-doped graphene with different doping level using

TR-ARPES, which is a powerful tool to identify the time-evolution of electrons in

energy and momentum resolution. N-doped graphene with different doping levels

are grown via adhering to different contents of bismuth dopants, and the doping

level of graphene can be revealed by static ARPES at room temperature. As shown

in Figure 5.5, the Fermi level in pristine graphene is located at ∼0.38 eV above

the Dirac point due to the substrate[181, 182]. Accompanied with adsorption of

higher amount of Bi atoms, as indicated by the red arrow in Figure 5.5, the Fermi

level shifts toward the Dirac point, which is caused by the lower electron affinity of

bismuth atoms. Specifically, with the bismuth coverage varying from 0.14 to 0.28

monolayer, the Fermi level moves from 0.38 eV to 0.35 eV to 0.30 eV above the

Dirac point. In other words, with bismuth adatoms, we successfully obtain n-doped

graphene with different doping levels, ranging from 0.30 eV to 0.38 eV.

TR-ARPES measurements are performed following a pump-probe scheme. To gener-

ate the pump and probe pulses, a 1 kHz Ti:sapphire amplified laser system provides

ultrafast infrared pulses with a wavelength 800 nm (∼1.55 eV), and the pulse dura-

tion is 50 fs. The laser beam is split into two, the one beam is used as pump light to

introduce excitation from valence bands to conduction bands, and the other one is

collimated into the high-harmonic generation chamber in a pulsed jet of argon gas.

The harmonic probe pulses with a photon energy of ∼26.35 eV is selected as the

probe light. TR-ARPES data is acquired by spatial overlapping pump and probe

beams. The pump fluence is set to 1.5 mJ/cm2 during the measurements, and pump

and probe beam are both s-polarized, which is oriented along Γ-K direction. The
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Figure 5.5: Band structure of expitaxial graphene with increasing bismuth coverage

along Γ-K direction. The dashed black lines are the guide for eyes, and the red arrow

represents the variation of Dirac point relative to Fermi level. The Fermi levels are

set to zero.

sample temperature is fixed at room temperature, and the overall energy resolution

and time resolution are 190 meV and 60 fs, respectively. As shown in Figure 5.6,

instead of the Dirac cone, only one branch is visible due to the matrix element effect

induced by the polarized probe pulse[183–185]. Obviously, after the pump pulse

(t = 100 fs), an increase of spectral intensity above EF is captured in all samples.

Then, the excited electrons dissipate the excess energy via phonon scattering. Fi-

nally, after ∼3 ps, carrier distribution returns to equilibrium state by electron-hole

recombination.

Since the thermalization of excited electrons has been realized within the pump pulse

duration, the measured electron distribution can be treated as a quasi-equilibrium

state at each delay time step (60 fs) and Fermi-Dirac (FD) distribution can be

applied[58, 179, 186]. As shown in Figure 5.7(A), time-evolution of electronic tem-

perature can be evaluated by FD fitting. Obviously, electronic temperature gives a

rise to ∼2500 K instantly in all three samples. Then, the CM QY in doped graphene

can be obtained by the following ratio[58, 186],

QY =
n(Te)− n(300K)

n0

(5.1)

where n(Te) is the total hot carrier at highest electronic temperature which equals

to ∼ 2500 K in three cases, and n(300 K) is total hot carrier at room temperature,
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Figure 5.6: Photoexcitation dynamics in graphene with different doping levels. (A)-

(D) Dispersion of pristine graphene around K-point taken before the pump pulse

and 100 fs, 240 fs and 3000 fs after the pump pulse. (E)-(H) and (I)-(L) present the

time-evolution of band structures for graphene/0.14 Bi and graphene/0.28 Bi.

and n0 represents the amount of absorbed photons. As shown in Figure 5.7(B),

the CM QY in pristine graphene is the highest, with a value of ∼2.80. While with

bismuth coverage, the QY is decreased to ∼2.40 and ∼1.70 in graphene/0.14Bi and

graphene/0.28Bi, respectively. In other words, the CM QY is increased from ∼1.70
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time delays ( fs )

(A)

(B)

Figure 5.7: Excitation dynamics of pristine graphene, graphene/0.14Bi and

graphene/0.28Bi. Time-evolution of (A) electronic temperature and (B) CM QY

after pump and probe pulse in three samples.

to ∼2.80 when the Fermi level rising from 0.30 eV to 0.38 eV, which is consistent

with our theoretical calculations. Therefore, tuning doping levels is an effective

method to manipulate CM performance in graphene.

5.4 Conclusion

In summary, with rt-TDDFT-NAMD and TR-ARPES methods, we investigate CM

phenomenon in n-doped graphene. It is found that CM characteristic is more efficient

in strongly n-doped graphene. Since the larger phase space in strongly n-doped

graphene provides more available scattering partners for excited electrons in the

Fermi sea to involve in CM process. Thus, high carrier mobility and easily tunable

CM characteristic promote graphene performance in photovoltaic devices.
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Chapter 6

Summary and conclusion

The results of chapter 3 reveal the mechanism of interlayer charge transfer in

graphene/TMDCs heterostructures. It is found that phonon modes of graphene

and WS2 are related to the interlayer couplings and then facilitate the interlayer

charge transfer. Specially, G-mode of graphene is related to interlayer hole and

electron transfer, while A1g-mode is only associated with interlayer electron trans-

fer. Moreover, our results provide a practical method to manipulate the interlayer

couplings, and then control the carrier dynamics via external electric fields.

The results of chapter 4 give a insight on the mechanism of CM in monolayer

TMDCs. It is found that out-of-plane A’-mode induced reduction of bandgap low-

ers CM threshold energy beyond limit. Meanwhile, chalcogen vacancies can further

lower the CM threshold to 1.51 Eg. Based on these findings, we present an effective

strategy to trigger CM with below threshold limit excitation energy in monolayer

TMDCs, promoting their performance in photovoltaic devices.

The results in chapter 5 identify the mechanism of CM in n-doped graphene. In

strongly n-doped graphene, CM characteristic is more efficient. Since the larger

phase space provides more scattering partners for excited electrons in the Fermi sea

to trigger CM process. Doping level tunable CM characteristic enables graphene as

a prospective photovoltaic materials in next-generation optoelectronic applications.

In summary, it is hoped that the results of this thesis will contribute to better

understanding of carrier dynamics in layered 2D materials and provide instrumental

advice for their future applications.
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Electronic structures of

graphene/WS2 heterostructure
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A.1 Density of States

Figure A.1 shows the density of states (DOS) of graphene/WS2 heterostructure

applied with different external electric fields, varying from -0.3 V/Å to +0.3 V/Å.

The density of acceptor states for photoexcited electron and hole are similar when

no electric field is applied. Thus, it is expected the availability of acceptor states

for electron and hole transfer should be similar. The more efficient interlayer hole

transfer is attributed to the couplings between states on the two layer. In the case

of applied fields, it can be seen that negative electric field significantly increases

the density of acceptor states for hole transfer, which is 10 times more than that

for electron transfer. Meanwhile, positive electric field has the same effect on the

density of acceptor states for electron.

Figure A.1: The DOS of graphene/WS2 heterostructure with external electric fields,

varying from -0.3 V/Å to +0.3 V/Å. The density of acceptor states on graphene for

photoexcited electron and hole are illustrated by blue and red areas, respectively.

A.2 Electronics structure of graphene/WS2 het-

erostructure applied with ± 0.1 V/Å electric

fields

Applied with -0.1V/Å and +0.1V/Å electric fields, electronic structures of

graphene/WS2 heterostructure exhibit the similar response as that applied with
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Figure A.2: Band structures and DOS of graphene/WS2 heterostructure with dif-

ferent applied electric fields, varying from (A) -0.1 V/Å to (B) +0.1 V/Å. Fermi

energy is set to zero. Same color map as Figure 1D is employed to show the charge

localization. The density of acceptor states on graphene for photoexcited electron

and hole are illustrated by blue and red areas, respectively.

-0.3V/Å and +0.3V/Å electric fields. As shown in Figure A.2(A), -0.1V/Å electric

field downshifts the WS2 states, which increases acceptor states for hole transfer and

simultaneously suppresses electron transfer due to the decrease of available states.

On the contrary, +0.1V/Å electric field upshifts the WS2 states, and thus accelerates

electron transfer but impedes hole transfer. The time-evolution of ne/h(t), εe/h(t) and

τe/h,L(t) are presented in Figure 3.10 to further demonstrate the above findings. For

the case of +0.1V/Å electric field, it is found that some of the states are delocalized

over both graphene and WS2 layers. Taking into account the delocalization effect,

Eq. 3.3 is modified by including a weight factor fLn
j : τi,Ln(t) =

∑
j �=i,jεLn

fLn
j |σij(t)|.
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fLn
j corresponds to the fraction of the state j that are localized on layer Ln.
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Electronic structures of monolayer

TMDCs
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B.1 Electronic structures of monolayer TMDCs

(c)

Figure B.1: Side view and top view of the 3
√
3 × 3

√
3 supercell of (A) pristine

monolayer MX2, (B) monolayer MX2 with chalcogen vacancy defect. The yellow

and purple spheres represent chalcogen and transition metal atoms, respectively.

Chalcogen vacancy defect is highlighted with red arrow and red cycles at side and

top views. (C) Electron-hole pairs excited with photon energy of 2Eg. The hole and

the electron excess energy are 0.86Eg and 0.14Eg, respectively.

To investigate CM phenomena in monolayer TMDCs, we build a 3
√
3× 3

√
3 super-

cell with 81 atoms shown in Figure B.1(A). vdW layered TMDCs, represented by

MX2 (M = Mo, W; X = Te, Se, S), exhibit indirect-to-direct bandgap transition

when exfoliated from bulk to monolayer. As shown in Figure B.2, the six different

monolayer TMDCs are all direct semiconductors, and the bandgap increases as the

anions change from sulfur to tellurium and cations change from molybdenum to

tungsten owing to the decrease in electronegativity and increase of ionic radii.

B.2 Lattice vibrational modes in monolayer TMDCs

To verify the relationship between nuclear motions and electronic structures, we

simulate lattice vibrational modes in monolayer TMDCs. The phonon dispersion

and ionic vibrations of four optical phonon modes are shown in Figure 4.5 and

Figure B.3-Figure B.7. These calculated vibration frequencies coincide with ex-

perimental measurements[187–191]. Similar to monolayer MoTe2, all four optical

phonons, including A”, E’, A’ and E” modes, significantly change the electronic

structures in the other five monolayer TMDCs, leading to a narrower of bandgap.
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Figure B.2: Band structure of monolayer (A) MoTe2, (B) MoSe2, (C) MoS2, (D)

WTe2, (E) WSe2 and (F) WS2. The dashed lines show the Fermi level EF .

Figure B.3: Lattice vibrational modes in monolayer MoSe2. (A) Phonon dispersion

of monolayer MoSe2. The colormap indicates the phonon occupation number which

is determined by the Bose-Einstein distribution at 300K. (B) The bandgap as a

function of vibration amplitude of four optical phonon in MoSe2. The insets show

the corresponding lattice vibrations for optical phonons at Γ point.
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Figure B.4: Lattice vibrational modes in monolayer MoS2. (A) Phonon dispersion

of monolayer MoS2. The colormap indicates the phonon occupation number which

is determined by the Bose-Einstein distribution at 300K. (B) The bandgap as a

function of vibration amplitude of four optical phonon in MoS2. The insets show

the corresponding lattice vibrations for optical phonons at Γ point.

Figure B.5: Lattice vibrational modes in monolayer WTe2. (A) Phonon dispersion

of monolayer WTe2. The colormap indicates the phonon occupation number which

is determined by the Bose-Einstein distribution at 300K. (B) The bandgap as a

function of vibration amplitude of four optical phonon in WTe2. The insets show

the corresponding lattice vibrations for optical phonons at Γ point.
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Figure B.6: Lattice vibrational modes in monolayer WSe2. (A) Phonon dispersion

of monolayer WSe2. The colormap indicates the phonon occupation number which

is determined by the Bose-Einstein distribution at 300K. (B) The bandgap as a

function of vibration amplitude of four optical phonon in WSe2. The insets show

the corresponding lattice vibrations for optical phonons at Γ point.

Figure B.7: Lattice vibrational modes in monolayer WS2. (A) Phonon dispersion

of monolayer WS2. The colormap indicates the phonon occupation number which

is determined by the Bose-Einstein distribution at 300K. (B) The bandgap as a

function of vibration amplitude of four optical phonon in WS2. The insets show the

corresponding lattice vibrations for optical phonons at Γ point.
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Excitation dynamics in monolayer

TMDCs
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C.1 Excitation Dynamics in monolayer MoTe2

For further analysis the role of EPC in CM process, carriers are excited in mono-

layer MoTe2 with energy of 2Eg at 77 K, 300 K and 500 K, respectively. Excitations

with two different excess energy distribution are simulated (∆Ee/h=0.14/0.86Eg and

∆Ee/h=0.50/0.50Eg). As discussed in chapter4, for asymmetric electron-hole pair,

CM phenomenon is observed at all three temperatures. It is found that increasing

temperature has a positive effect on improving carrier generation QY. Compared

with 77 K, the CM conversion efficiency ηCM is about doubled at 500 K. With a

higher temperature, ionic vibrations are more intense, which results in a narrower

bandgap and consequently more efficient carrier generation QY. As shown in Fig-

ure C.1 and Figure 4.1, from 77 K to 500 K, the reduction of bandgap increasing from

28% to 64%. If keep increasing temperature, semicondutor-to-metal transitions may

eventually kick in. In the case of carriers with excess energies of ∆Ee/h=0.5/0.5Eg,

CM phenomenon is only observed in 500 K among three cases. Consistently, Fig-

ure C.2(A) shows that the electron excess energy ∆Ee(t) is beyond Eg(t) at about

100 fs. In contrast, Eg(t) is always larger than ∆Ee/h(t) after excitation in the case

of 77 K and 300 K (Figure C.2(B) and Figure 4.1(F)). Therefore, it is possible to

break the threshold limit for CM via coupling to phonons.

Figure C.1: Excitation dynamics in monolayer MoTe2 with carrier excess energy

of ∆Ee/h = 0.14/0.86Eg. Electron-hole pairs are excited at different temperatures.

Comparison of Eg(t), ∆Ee(t) and ∆Eh(t) at excitation temperature of (A) 500K

and (B) 77 K. Inset: FTs of time-dependent bandgap Eg(t). Vertical dashed lines

represent phonon mode A’ with vibrational frequency of 163.7 cm−1.
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Figure C.2: Excitation dynamics in monolayer MoTe2 with carrier excess energy

of ∆Ee/h = 0.50/0.50Eg. Electron-hole pairs are excited at different temperatures.

Comparison of Eg(t), ∆Ee(t) and ∆Eh(t) at excitation temperature of (A) 500K

and (B) 77 K. Inset: FTs of time-dependent bandgap Eg(t). Vertical dashed lines

represent phonon mode A’ with vibrational frequency of 163.7 cm−1.

C.2 Effect of chalcogen vacancy defect on carrier

dynamics

To optimize the electronic structures of TMDCs to enhance their performance for

photovoltaic applications, a sulfur vacancy is introduced to the 3
√
3×3

√
3 supercell

of monolayer WS2 (Figure B.1(B)), corresponding to a defect concentration of 3.66×
1013cm−2. As shown in Figure C.3, the calculated bandgap of pristine monolayer

WS2 is 1.95 eV, which is consistent with previously reported values[192]. The sulfur

vacancies create two defect states, one is shallow hole trap state which reduces

bandgap by a value of 0.03 eV, and the other is deep electron trap state that is 0.48

eV below the CBM. Thus, sulfur vacancies lower the bandgap of monolayer WS2 by

a vaule of ∼0.51 eV.

Carriers are excited in pristine monolayer WS2 and monolayer WS2 with sulfur va-

cancy by photons with energy of 1.51 Eg. The carrier excess energy is the same

in two cases, with a value of ∆Ee/h=0.36/0.15Eg. Compared with pristine mono-

layer WS2, with phonon-assisted modulation and defect states, CM phenomenon is

observed in monolayer WS2 with sulfur vacancy, and CM conversion efficiency is

∼2.37%. As shown in Figure 4.8(B)-(C) and Figure C.4, the deep electron defect

states play an important role in the relaxation dynamics, in which excited holes with
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Figure C.3: Band structures of 3
√
3 × 3

√
3 supercell of (A) monolayer WS2 with

S vacancy, and (B) pristine monolayer WS2. The dashed lines indicate the Fermi

levels.

Figure C.4: Time-evolution of energy states after excitation in (A) monolayer WS2

with sulfur vacancy, and (B) pristine mononlayer WS2. The blue, red and green

lines are defect states, excited hole and electron states, respectively. The dashed

lines indicate the Fermi levels.

sufficient energy scatter additional electrons from occupied valence bands to these

deep trap states. Eventually, CM process prevails over Auger decay and nonradiative

recombination.
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