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Abstract 

 

Understanding light-matter interactions in atomically thin 2D material 

by 

Jonghwan Kim 

Doctor of Philosophy in Physics 

University of California, Berkeley 

Professor Feng Wang, Chair 

 

Recently, atomically thin 2D materials have emerged as a new class of nanomaterial with 

extraordinary physical properties ranging from semi-metal (graphene), semiconductors (transition 

metal dichalcogenides) to insulators (hBN). Due to its unusual linear electronic spectrum, 

graphene has been studied as a platform where exotic quantum mechanical phenomena take place 

and electro-optical property can be greatly tuned by electrostatic gating. On the other hand, in 

semiconducting transition metal dichalcogenides (TMD), many body particles such as exciton and 

trion can be readily accessed even at room temperature due to strong Coulomb interaction. There 

are further exciting opportunities in heterostructures where layer-layer interaction provides new 

physics and functionalities. In this thesis, I explore light-matter interaction in 2D materials and 

their heterostructure with laser spectroscopy techniques. 

First of all, I study electromagnetic interaction between graphene and optical cavity via Rayleigh 

scattering spectroscopy. Although light-matter interaction in graphene is extremely strong for 

atomically thin thickness, overall optical response in macroscopic scale is still limited. 

Combination of graphene and resonant cavity can amplify the interaction dramatically. Therefore, 

it is important to understand the electromagnetic interaction between two systems. In this study, I 

find that the coupling can be explained by real and imaginary part of graphene dielectric constant 

which affects cavity resonance frequency and quality factor, respectively. In addition to 
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fundamental interest, it also shows that this platform has promising potential for novel sensing 

application and electro-optical modulator. 

Secondly, I study valley-selective dipole interaction of exciton states in a monolayer transition 

metal dichalcogenides. Due to crystal symmetry, an extra degree of freedom, valley state, is 

available in this system. In analogy to spin state, it is important to understand and manipulate 

valley state with light. In this study, I demonstrate that valley excitonic states in a monolayer WSe2 

can be manipulated by femtosecond pulse with the control of polarization. Ultrafast pump-probe 

spectroscopy shows that circularly-polarized femtosecond pulse induces valley-selective optical 

Stark effect which acts as a pseudomagnetic field. This demonstrates efficient and ultrafast control 

of the valley excitons with optical light, and opens up the possibility to coherent manipulate the 

valley polarization for quantum information applications. 

Lastly, I study interlayer interaction in heterostructure of MoS2/WS2 where strong exciton binding 

energy plays an important role. Simple band theory predicts that a heterostructure of two different 

semiconducting TMD layers forms type-II heterostructure. However, it is not clear how strong 

Coulomb interaction plays a role in terms of charge transfer dynamics. In this study, I demonstrate 

ultrafast charge transfer in MoS2/WS2 via both photoluminescence mapping and femtosecond (fs) 

pump-probe spectroscopy. Despite large exciton binding energy, hole transfer from the MoS2 layer 

to the WS2 layer takes place within 50 fs after optical excitation. Such ultrafast charge transfer in 

van der Waals heterostructures indicates that it can enable novel 2D devices for optoelectronics 

and light harvesting. 
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Chapter 1. Introduction 

 

1.1 Motivation and background 

 An atomically thin two-dimensional structure had known to be thermodynamically 

unstable so that it cannot exist in nature. It has been only a decade when free-standing 2D materials 

are isolated from layered materials. Layered materials has strong in-plane covalent bonding 

whereas it has weak out-of-plane van-der-Waals bonding. Thus, they can be cleaved layer by layer. 

Geim and Novoselov discovered that these materials can be actually thinned down to a monolayer 

by micromechanical exfoliation method. They demonstrated that a monolayer of graphite, MoS2 

and other layered materials can be obtained in the laboratory[1]. 

 Isolation of such monolayers was big enough surprise, but shortly people discovered 

exciting new possibilities of these new materials in terms of fundamental physics and novel device 

applications. Different layered materials have distinct electronic properties such as a 

superconductor, metal, semi-metal, semiconductor and insulator. It is unexplored and interesting 

questions how two dimensionality affect such electronic properties. Furthermore, there is even 

bigger opportunities by combining different monolayers to form a heterostructure[2].  

 My research focuses on understanding optical properties of such atomically thin 2D 

materials and heterostructures for novel optoelectronics applications. In this chapter, I will 

introduce electronic band structure and optical properties of 2D materials, graphene and a 

monolayer MX2, which are of main focus in my study. 
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1.2 Graphene 

1.2.1 Electronic band structure 

 Graphene is a two-dimensional single atomic layer of carbon atoms. It has a hexagonal 

lattice structure with two equivalent carbon atoms as sublattice. It forms like a Honeycomb 

structure as shown in Figure 1.1. Carbon atoms form SP2 bonding. Important electrical and optical 

properties arise from extra pz orbitals of a carbon atom. Electronic band structure can be calculated 

by tight binding model with the nearest neighbor couplings of this pz orbital[3]. 

 

Figure 1.1 Lattice structure of graphene Dashed box denotes sublattice sites A and B where two identical carbon 

atoms locate.  

 Band structure shows that conduction and valence bands are meeting at two single points, 

so called Dirac point, at K and K’ point. At Dirac point, it possesses a conical electronic structure 

where band dispersion is linear. Due to such a unique linear dispersion, a low-energy electron in 

graphene behaves like a massless particle and thus its motion should be described by Dirac 
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equation rather than Schrodinger equation[1]. For this reason, graphene is a tabletop platform 

where theory for quantum electrodynamics can be tested. As a result, it has attracted an enormous 

interest and effort to understand its fundamental behavior of charge carrier in graphene. 

 

Figure 1.2 Band structure of graphene by tight binding model Conduction band and valence band meet at single 

points at K and K’ points in momentum space. Band dispersion is linear near Dirac points. 

1.2.2 Optical property 

 Besides fascinating electrical properties, graphene has unique and interesting optical 

properties. Despite its single atomic thickness, light-matter interaction in graphene is extremely 

strong. Pristine graphene absorbs light at optical frequency by 2.3 percent which is twenty times 

stronger than absorption coefficient of GaAs at band edge for the same thickness[4]. Furthermore, 

absorption covers broad spectrum ranging from the far infrared to the ultraviolet. What is even 

more interesting is that strong and broadband optical response can be tuned by electrostatic doping. 

 Light absorption in graphene originates from two different contributions: intraband 

transition and interband transition. Depending on the spectral frequency, one optical transition is 
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relatively more important than the other. At optical frequency, interband transition play a dominant 

role than intraband transition from free carrier[5]. Absorption spectrum of pristine graphene due 

to interband transition is frequency independent, and it is determined by the fine-structure constant, 

πα. Interband transition in graphene can be modified dramatically with electrostatic doping. This 

is because density of state near Dirac point is small so that Fermi level can be tuned by significant 

energy difference. As a result, optical transition can be turned on and off by Pauli blocking (Figure 

1.3)[4]. In chapter 5, more detailed will be discussed. 

 

Figure 1.3 Illustration of tunable interband transition in graphene A and B show band structure of graphene 

where Fermi level is tuned by electrostatic doping. Compared to pristine graphene (A) where Fermi level locates at 

Dirac point, highly doped graphene (B) has significantly lowered (hole doping) or raised (electron doping) Fermi level. 

As a result, optical transition (blue arrow) can be blocked due to Pauli blocking. 

 

1.3 A monolayer MX2 

1.3.1 Electronic band structure 
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Figure 1.4 Lattice structure of a monolayer MX2 A. (Top view) Magenta atom corresponds to transition metal 

atom and yellow atom corresponds to chalcogen atom. B. (Side view) Three layered structure of unit layer MX2. 

 A monolayer MX2 also has a honeycomb lattice structure. In this system, d-electron 

orbitals plays important roles[6, 7]. In comparison to graphene, main difference of interest is 

broken inversion symmetry in sublattice sites. Site ‘A’ has a transition metal atom (Mo and W), 

and site ‘B’ has two chalcogen atoms (S and Se) as shown in Figure 1.4. Different combination of 

transition metal atom and chalcogen atom show qualitatively similar behavior. Such explicitly 

broken inversion symmetry makes electronic structure of monolayer MX2 distinct from graphene. 
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Figure 1.5 Band structure of a monolayer MX2 near K and K’ points Green and red arrows represent a spin state 

of bands. 

 Figure 1.5 shows electronic band structure of a monolayer MX2[8]. First of all, instead of 

a pair of Dirac cone with zero band gap, it has a pair of degenerate direct band gap at K and K’ 

point. Zero band gap in graphene originates from inversion symmetry in two sublattice sites. In 

this sense, finite band gap in a monolayer MX2 can be understood by the broken symmetry. 

Especially, band gap locates at visible frequency which makes this system favorable to various 

optoelectronic applications. In addition, broken inversion symmetry provides other unique 

advantages for spintronics and valleytronics in this system. I will discuss on this shortly below.  

1.3.2 Strong coulomb interaction 

 Although band theory with symmetry consideration can predicts an electronic band 

structure, a simple one particle theory is not enough to describe real optical properties of this 

system. One needs to consider strong Coulomb interaction among charge carriers[9-11]. Especially, 

such effect becomes dramatic in low dimensional system as screening of electric field between 

quasiparticles is suppressed significantly. As a result, exciton in a monolayer MX2 has large 
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binding energy according to 2D hydrogenic model (eq. 1.1). Experimentally, such large binding 

energy (> 0.5 eV) is confirmed by different techniques such as reflection contrast measurement, 

two-photon absorption measurement and scanning tunneling microscopy. Large exciton binding 

energy in this system is an important issue to understand physical properties in a heterostructure 

which will be discussed in Chapter 4. 

/
   (eq. 1.1) 

: 	 	 	 , : 	 	 , : 	 	  

1.3.3 Valley degree of freedom 

 In general, a valley state refers to degenerate local electronic band structure in momentum 

space arising from crystal symmetry. Well-known example is Si which as diamond-like lattice 

structure. It has multiple degenerate points in momentum space, and they can be controlled by 

strain. However, valley state in Si is difficult to control[12]. On the other hand, a monolayer MX2 

have valley states at their band gap and it is relatively easier to control[8]. From hexagonal lattice 

symmetry, it has two degenerate direct bandgap at K and K’ point in momentum space. Due to 

explicitly broken inversion symmetry, spin states split its degeneracy and couple to so-called 

valley states. Although inversion symmetry is broken, time reversal symmetry is not broken. With 

such condition, eq. 1.2 shows that a spin state at two different valleys cannot have the same energy. 

Together with strong spin-orbit coupling from a transition metal atom, spin states at each valley 

splits with large energy in an opposite way as shown in Figure 1.5. This is particularly useful for 

potential spintronics/valleytronics applications as spin and valley relaxation time can be potentially 

slow. This is because flipping spin index alone is forbidden by the valley-contrasting spin splitting. 

Time reversal symmetry: ↑ 	 ↓           (eq. 1.2) 
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Broken inversion symmetry: ↑ 	 ↑  

 Third, optical selection rules at two valleys depends on circular polarization of incident 

light. This is because of valley-contrasting dipole interaction matrix element against circular 

polarization excitation. I will discuss on this more detailed in Chapter 3. Valley selective dipole 

interaction provides powerful control for valley and spin states in this system. 

 

1.4 Thesis highlights 

 In the following chapters, I will show my work on understanding optical properties of 

graphene and a monolayer MX2. 

 In Chapter 2, I demonstrate that optical resonances in a gold nanorod and photonic crystal 

cavity can be efficiently modulated by graphene where Fermi level is tuned by electrostatic doping. 

Exploiting the uniquely strong[13, 14] and gate-tunable interband transitions[4, 15] of graphene, I 

could achieve significant modulation of both the resonance frequency and quality factor of the 

resonantor. For a god nanorod case, our analysis shows that the plasmon-graphene coupling is 

remarkably strong: even a single electron in graphene at the plasmonic hotspot could have an 

observable effect on plasmon scattering intensity. Such hybrid graphene-nanometallic structure 

provides a powerful way for electrical control of plasmon resonances at optical frequencies, and 

could enable novel plasmonic sensing down to single charge transfer events. On the other hand, a 

graphene-photonic crystal device can potentially be useful for a high speed, and low power 

absorptive and refractive modulator, while maintaining a small physical footprint. 
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 In Chapter 3, I demonstrate that an ultrafast and ultrahigh valley pseudo-magnetic field can 

be generated using circularly polarized femtosecond pulses to selectively control the valley degree 

of freedom in monolayer MX2. Employing ultrafast pump-probe spectroscopy, I observed a pure 

and valley-selective optical Stark effect in WSe2 monolayers from the non-resonant pump, which 

instantaneously lift the degeneracy of valley exciton transitions without any dissipation. The 

strength of the optical Stark effect scales linearly with both the pump intensity and the inverse of 

pump detuning. An energy splitting more than 10 meV between the K and K’ valley transitions 

can be achieved, which corresponds to an effective pseudo-magnetic field over 60 Tesla. This 

study demonstrates efficient and ultrafast control of the valley excitons with optical light, and 

opens up the possibility to coherent manipulate the valley polarization for quantum information 

applications. 

 In Chapter 4, I show the experimental observation of ultrafast charge transfer in photo-

excited MoS2/WS2 heterostructures using both photoluminescence mapping and femtosecond (fs) 

pump-probe spectroscopy. I find that hole transfer from the MoS2 layer to the WS2 layer takes 

place within 50 fs after optical excitation, a remarkable rate for van der Waals coupled 2D layers. 

Such ultrafast charge transfer in van der Waals heterostructures can enable novel 2D devices for 

optoelectronics and light harvesting. 
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Chapter. 2 Electrical control of optical plasmon 

resonance with graphene 

 

2.1 Introduction 

 Surface plasmon resonance in nanoscale metal structures has attracted tremendous interest 

due to its unique capability to concentrate light into deep subwavelength scale[16]. In applications 

ranging from nano-antenna[17] to metamaterials[18, 19] it is often desirable to have plasmonic 

resonances that can be controlled in-situ with electrostatic gating. So far, such active plasmonic 

devices have been demonstrated only at terahertz frequencies employing hybrid semiconductor-

metal nanostructures[20-22], because gate-induced free electrons in typical semiconductors have 

large response only at this low frequency range[23]. At optical frequencies (including near-infrared 

to visible), electrical control of plasmon resonance has been an outstanding challenge due to the 

dramatically reduced free electron responses with increasing frequency. Graphene, a novel zero-

bandgap semiconductor[24, 25], provides a unique opportunity to address this challenge, because 

not only the low frequency free carrier response, but also high frequency interband transition in 

graphene can be conveniently varied through electrical gating[4, 15]. In addition, graphene can be 

readily integrated into the nanometer-sized hot spot in the nanometallic structure due to its single 

atom thickness and excellent compatibility with nanofabrication [26-28]. 

 In this chapter, I demonstrate electrical controlled plasmonic resonance at near infrared 

using the hybrid graphene-gold nanorod structure as a model system. This is in contrast to intrinsic 



11 
 

graphene plasmonics that arises from free carriers at terahertz and far-infrared frequencies[29-31]. 

Such plasmon resonance control is also distinctly different from enhancing absorption for 

graphene photo detectors[32, 33]. I show that although graphene is only a single atom thick, its 

effect on the gold nanorod plasmon is remarkably strong:  Electrical gating of graphene efficiently 

modulate all aspects of the plasmon resonance, including a 20 meV shift of resonance frequency, 

a 30% increase in quality factor, and a 30% increase in resonance scattering intensity. The plasmon 

resonance frequency shift and the resonance quality factor increase can be attributed to, 

respectively, changes in the real ( ) and imaginary ( ) part of the graphene dielectric constant 

upon electrical gating. Numerical analysis further shows that surprisingly few graphene electrons 

at the plasmon hot spots contribute to a large fraction of the plasmon modulation, with each 

additional electron changing the plasmon scattering intensity by about one thousandth. This 

intensity change is well within the detection limit of modern photonic technology, and it could 

enable ultrasensitive optical detection of single charge transfer events. The hybrid graphene-

nanometallic structure therefore opens up opportunities not only to active control near-infrared 

plasmon resonances, but also to novel single-electron sensing. 

  Lastly, I will further discuss on a hybrid structure of graphene and dielectric cavity 

(photonic crystal (PhC) cavity) as a comparison to a metallic case. Optical resonance modulation 

with a PhC cavity shows significantly larger modulation depth due to low cavity loss. Possible 

application as an electro-optic modulator for optical interconnect will be discussed. 

2.1.1 Tunable interband transition in graphene 

 Modulation of cavity resonance with an active medium can be described by change in 

complex dielectric constants. Gate-dependent complex dielectric constant of graphene has been 

g
' g

''
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established previously in the literature[14, 34, 35]. The imaginary part 
 
is characterized by a 

constant absorption of above  from interband transitions and Drude absorption from 

free carriers (i.e. intraband transitions). The real part can be obtained from 
 
using the Kramer-

Kronig relation. Specifically, energy-dependent and  have the form[14, 34, 35] 

 

′ 1 ln
| | 	 	

| | 	 	

| |

/
    (Eq. 2.1) 

" 1 tan
| |

tan
| | | |

/
  

 

Here  is the thickness of graphene. The interband transition broadening  is estimated to be 

110 meV from the graphene reflection spectrum. The free carrier scattering rate  can be set to 

zero because it has little effect on the dielectric constants, 
 
and , at the plasmon 

resonance energy ER. The equations show that  experiences a step like decrease when 

 is larger than ER and blocks the relevant interband transitions. However,  has a 

maximum at = ER. This is because all optical transitions below ER contribute a negative 

susceptibility, and transitions above ER contribute a positive susceptibility to . 
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Figure 2.1 Gate-dependent complex dielectric constant of graphene Real (a) and imaginary part (b) of dielectric 

constant calculated for E = 0.86 eV which is at telecom frequency of interest in this work. 

 

2.2 Experiment 

2.2.1 Optical spectrum measurement 

 The plasmon resonance in a gold nanorod is probed using a dark-field Rayleigh scattering 

spectroscopy of an individual gold nanorod. On the other hand, the photonic crystal cavities are 

characterized in cross-polarized reflectivity measurement set-up where the cavity is kept at a 45 

degree to an incident light polarization. Two measurement technique shares a common scheme 

which eliminates large background light not coupled to a cavity. For incident illumination, I used 

a supercontinuum laser as the broadband light source producing high brightness photons from 0.67 

to 2.7 eV. The supercontinuum light is focused to excite an optical cavity in a microscopy setup. 

The light collected is analyzed by a spectrometer equipped with an InGaAs array detector. 

2.2.2 Sample preparation 
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 Chemical synthesized gold nanorods were purchased from Nanopartz (part number: 30-

HAR-1400). The gold nanorods have a mean diameter of 25 nm and length of 200 nm, with a 

plasmon resonance energy at 860 meV[36]. Gold nanorods were deposited on a glass or SiO2/Si 

substrate by spin coating at a spinning speed of 500 rpm. The substrate with gold nanorods was 

then immersed in acetone at 70 ℃ for 30 minutes to dissolve residual cetrimonium bromide 

(CTAB). On top of the nanorods we transferred a large-area graphene grown by chemical vapor 

deposition using the standard growth and transfer processes[37, 38].  Figure 2.2 displays a typical 

high-resolution scanning electron micrograph (SEM) of the gold nanorod covered by graphene on 

SiO2/ Si substrate. Our SEM images show that the gold nanorods have a length distribution from 

155 to 311 nm, and they form mostly well-separated individual rods in our devices. Transferred 

large area graphene draped nicely around the gold nanorods, as can be seen at the nanorod edges 

in the SEM image. 

 

 

Figure 2.2 SEM image of a gold nanorod A typical high-resolution scanning electron micrograph (SEM) of the 

single gold nanorod covered by graphene. Individual gold nanorods are well-separated from each other in our devices, 

and graphene is observed to drape nicely over the nanorods (white arrow). 
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2.3 Result and discussion 

2.3.1 Effect of graphene 

 Figure 2.3a and 2.3b display two representative single-particle Rayleigh scattering spectra 

of an ungated graphene-nanorod hybrid structure and a bare gold nanorod, respectively. Both 

scattering spectra exhibit prominent plasmon resonances at 0.86 eV (i.e. at the telecom wavelength 

of 1.5 μm). However, the plasmon resonance of the graphene-nanorod hybrid structure is much 

broader, with a full-width-half-maximum (FWHM) at 93 meV (compared to 70 meV in a bare 

gold nanorod). It is quite surprising that a monolayer thick graphene can lead to such large change 

in plasmon resonances in the gold nanorod. This underlines remarkably strong interband optical 

absorption of graphene at in optical frequencies (Figure 2.3c)[13, 14], which provides an efficient 

dissipation channel and increases the damping rate of the surface plasmon oscillation[26, 39]. 

 

Figure 2.3 Effect of graphene on the gold nanorod plasmon resonance. a. Rayleigh scattering spectra of an as-

prepared graphene-nanorod hybrid structure. b. Rayleigh scattering spectrum of a bare gold nanorod. Both scattering 

spectra exhibit prominent plasmon resonances at 0.86 eV (i.e. at the telecom wavelength of 1.5 μm), but the resonance 
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in graphene-nanorod hybrid structure is significantly broader due to extra dissipation channel from graphene 

absorption. c. Illustration of strong interband optical transitions present at all energies in pristine graphene. They 

contribute to the plasmon dissipation at 0.86 eV. d. Illustration showing that gate-induced shift in Fermi energy (EF) 

can block the interband transition in graphene and reduce optical dissipation at 0.86 eV. 

 

2.3.2 Cavity modulation with electrostatic gating 

 To modulate the plasmon resonance, one can simply eliminate the energy dissipation in 

graphene by switching off its interband optical transitions. This can be achieved through 

electrostatic gating: gated graphene has a shifted Fermi energy , and optical transitions with 

energy less than  become forbidden due to empty initial states (or filled final states) for hole 

(or electron) doping (Figure 2.3d)[4, 15]. We can determine this gate-induced change in graphene 

absorption using infrared reflection spectroscopy. Figure 2.4a displays the gate-induced 

reflectivity change δR/R at the plasmon resonance energy 0.86 eV in an area with only graphene. 

It shows a step-function-like decrease in reflectivity, corresponding to reduced graphene 

absorption[14], at large hole doping (with Vg lower than – 0.1 V). This gate-dependent reflectivity 

curve indicates that our as-prepared graphene under ionic liquid is strongly hole doped, and  

reaches the probe photon energy of 0.86 eV at Vg = – 0.1 V. Similar curves obtained at different 

probe photon energies allow us to determine the  value of graphene at different applied gate 

voltages. 

 Rayleigh scattering intensity from an individual graphene-nanorod hybrid structure as a 

function of the photon energy and gate voltage is displayed in a two-dimensional (2D) color plot 

FE

2 FE

2 FE
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in Figure 2.4b. and 2.4c shows four line cuts of the 2D plot for Rayleigh scattering spectra at Vg 

=0.5, -0.1, -0.9, and -1.5V, which clearly demonstrate the capability to modulate surface plasmon 

resonance through electrical gating. The detailed dependence of plasmon resonance energy (ER), 

width (ΓR), and peak intensity (IP) on graphene  are shown in Figure 2.5a-c (symbols). The 

resonance width in Figure 2.5b displays a step-like decrease, corresponding to an increase in 

quality factor, with increasing . This is a direct consequence of blocked graphene optical 

absorption in highly doped graphene, which leads to a reduced  in graphene and lower loss. The 

increased quality factor naturally leads to a higher scattering intensity at the plasmon resonance, 

as shown in Figure 2.5c. The plasmon resonance frequency exhibits an unusual behavior (Figure 

2.5a): it shifts to lower energy, and then to higher energy, with increased graphene doping. This 

behavior can be accounted for by gated-induced change in the real part of dielectric constant ( ) 

of graphene, as described in the introduction. 

2 FE

2 FE

g
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Figure 2.4 Electrical control of the plasmon resonance. a. Gate-induced reflectivity change (δR/R) of graphene on 

the substrate probed at photon energy of 0.86 eV. It shows a step-function-like decrease in reflectivity, corresponding 

to a reduction of graphene absorption, due to blocked optical absorption at large hole doping (Fig. 2d). The threshold 

voltage at Vg = – 0.1 V is set by  reaching the probe photon energy of 0.86 eV. (It indicates that the as-prepared 

graphene under ionic liquid is strongly hole doped.) b. Scattering intensity (color scale, arbitrary units) is plotted as a 

function of the photon energy and gate voltage. c. Rayleigh scattering spectra of an individual graphene-nanorod 

hybrid structure at Vg=0.5, -0.1, -0.9, and -1.5 V, corresponding to the four horizontal (dashed) line cuts in b. Strong 

modulation of all aspects of the plasmon excitation, including the resonance frequency, quality factor, and scattering 

intensity, is achieved as electrostatic gating shifts the Fermi energy and modifies optical transitions in graphene. 

 Figure 2.5a and 5b shows the relation between the changes in the plasmon resonance 

energy and width with the graphene dielectric constant 
 
and .  I found that the frequency shift 
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and width increase of the plasmon resonance scale linearly the gate-dependent  and of 

graphene, i.e.  and Γ Γ "  (solid lines in Figure 2.5a and 2.5b). Here ER
0 

862.4	  and Γ 72.8	  are the plasmon resonance frequency and width for bare gold 

nanorod, and 3.693 and  4.828 are two constant prefactors. (For best fitting I have also 

slightly shifted |EF| by 40 meV compared to the values we determined through optical spectroscopy 

at the region with only graphene. This shift is presumably due to slightly different carrier doping 

at the hot spot right next to gold.) The simple model reproduces nicely the significant gate-induced 

decrease of plasmon resonance width (i.e. higher quality factor), as well as the red and blue shifts 

of the plasmon resonance energy. The increased scattering intensity arises naturally from the 

increased plasmon resonance quality factor. 

 

Figure 2.5 Comparison between experiment and theory. Symbols in a, b, and c show, respectively, detailed data 

of the plasmon resonance energy (ER), width (ΓR), and peak scattering intensity (IP) as a function of  in 

graphene. Our model (solid line) reproduces nicely the experimental data, where the changes in the plasmon resonance 

g
''

2 FE



20 
 

energy and width originate from gate-induced modification in the real ( ) and imaginary ( ) part of graphene 

dielectric constant, respectively. The red and then blue shift of plasmon resonance frequency in a is due to an increase 

and then decrease of  in graphene at the plasmon resonance energy ER when optical transitions with increasingly 

higher energies are blocked. This is because interband transitions with energies lower than ER contributes a negative 

susceptibility, and transitions with energies higher than ER contributes a positive susceptibility to  at ER. The 

decreased resonance width at large  in b is a consequence of reduced  and lower loss when optical transitions 

at ER are blocked. This increased quality factor naturally leads to a higher scattering intensity at the plasmon resonance 

in c. 

2.3.3 Numerical simulation and possibility as a bio/chemical sensing 

 The numerical simulation further confirms the above picture. The simulation shows that 

electrical gating of graphene leads to a modulation of plasmon resonance quality factor by 28% 

with the gold nanorod placed on top of the graphene layer, which agrees well with our experimental 

observation. Interestingly, a significant portion of this change arises from the hot spots at the two 

ends of the gold nanorods due to strongly enhanced electric field therein: Integrated intensity of 

the in-plane field within the hot spots (defined by two 20nm by 20nm area) constitutes 14% of 

integrated in-plane intensity overall the whole horizontal plane. It suggests that the small area of 

graphene at the hot spots 4% increase in plasmon scattering intensity (i.e. 14% of total changes). 

And this response arise from only ~ 60 gate-induced electrons within the hot spot area given that 

a carrier concentration variation of 8*1012 /cm2 is needed to shift the Fermi energy from 0.4 to 0.5 

eV and block interband transition in graphene[4, 15]. Therefore the addition of a single electron at 

the plasmonic hot spot, such as from charge transfer, can modify nanorod scattering by about 

0.7*10-3. In comparison, the shot-noise limited detection sensitivity is about 10 /√  for 

nanorod plasmon scattering with focused 1mW laser excitation. It suggests that even a single 
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electron can have a potentially observable effect on gold nanorod plasmon scattering. This 

extremely strong interaction between graphene and plasmon resonance can enable the detection of 

individual single charge transfer event at the plasmonic hot spot. 

 

Figure 2.6 Numerical simulation result a. Scattering cross-section change due to the modulation with graphene by 

gating. Scattering cross-sections are normalized by plane wave incident light. b. Distribution of the in-plane scattered 

electric field magnitude square ( 2 2/V m ) on graphene surface where fermi level is at 0.75 eV. White scale bar in the 

figure corresponds to 50 nm. 

 

2.4 Comparison to hybrid structure with photonic crystal 

cavity 

 So far, I have discussed plasmon resonance modulation with gate variable dielectric 

constant of graphene. Although significant modulation depth is observed in the experiment, it is 

desirable to further improve the depth. Limitation in modulation depth comes from intrinsic 
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plasmonic cavity loss in a metal. To be dominated by gate variable graphene absorption, intrinsic 

cavity loss has to be much smaller than loss due to graphene. Here, I discuss on the effect of 

graphene on high Q dielectric cavity. 

2.4.1 Photonic crystal cavity 

 The experiments are performed with linear three hole defect (L3) silicon photonic crystal 

cavities fabricated in Silicon-on-Insulator (SOI) platform. The device thickness d is 250nm, with 

photonic crystal lattice periodicity a = 450 nm and radius r = 90 nm. The two holes at the end of 

the cavities are shifted by 0.15a [40]. The photonic crystals are fabricated by electron-beam 

lithography, followed by plasma etching and finally removing the silicon oxide underneath to 

make a free standing silicon photonic crystal membrane. On top of the cavities we transferred a 

large-area graphene grown by chemical vapor deposition using the standard growth and transfer 

processes[37, 38]. 

 

Figure 2.7 Scanning electron micrograph (SEM) of the fabricated cavities with graphene. The scale bars 

correspond to a 500nm distance.  

2.4.2 Effect of graphene on high Q cavity 
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 A quality (Q) factor of ~1000-1500 is observed for the fabricated cavities without graphene. 

Note that although a much higher quality factor can be obtained in a silicon photonic crystal cavity, 

I want to keep the quality factor moderate to achieve a relatively large spectral bandwidth. With 

graphene on top, the Q-factor drastically reduces to ~300-500, as shown in Figure 2.8. The 

significant broadening of the cavity linewidth arises from graphene absorption. I measure the 

reflectivity spectrum from several cavities with slightly different r/a ratio. For all the cavities we 

consistently observe linewidth broadening (Figure 2.8). The quantitative values of the broadening 

varies slightly in the range of 2 nm to 4 nm, consistent with the theoretical estimation. 

 

Figure 2.8 Effect of graphene on high Q cavity Significant broadening of the cavity is observed due to graphene 

absorption. 

2.4.3 Possibility as a fast electro-optic modulator 

 In this section, I theoretically analyze the performance (speed and energy consumption) of 

such a graphene-photonic crystal cavity modulator with silicon gating. Assuming we need a 

specific carrier density of nc (charge/area) to cause significant change in the graphene absorption, 
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we can write nc = CV/q, where, q is the electronic charge, V is the applied voltage and C=ε/d is 

the capacitance per unit area, and d is the alumina thickness. The total capacitance will be CT = 

CA, with A being the gated graphene area. Hence the total energy ET consumption for the 

modulator will be 1/2 CT V2. This means 

 

In a graphene-PhC modulator we can achieve: A = 1 µm2 (assuming that the lithographically 

defined graphene covers only the cavity region), alumina thickness d=5 nm, dielectric constant of 

Alumina is 10, and the carrier density in graphene required to do such modulation is 1017 /m2, then 

the capacitance of the device becomes CT = 17fF. Such a low capacitance is the key for low energy 

and high speed operations. For high frequency operations, the parasitic capacitance of the metal 

wire on the alumina on silicon will limit the performance. To circumvent that, one needs to dope 

the silicon selectively, and reduce the overlap between graphene and doped silicon only to the 

cavity region. 

 With a device capacitance of 17fF the energy of the modulator is around 8 fJ. The speed of 

the device will be limited by the RC constant of the device. The resistance of the device will come 

mostly from the graphene resistance, assuming the silicon is highly doped, and is of very low 

resistance. Again, one needs to bring the electrodes closer to the cavity to reduce the resistance. 

Such nano-fabrication is already demonstrated in GaAs photonic crystal cavity[41] and can be 

easily extended to the SOI platform. In our device, the graphene resistance is around 500Ω 

(including the contact resistance), leading to a device speed of ~20GHz. However, the dc 

conductivity of graphene in strongly doped region, as used in the modulator condition[27], can be 

quite high. Sukang Bae et. al. has shown a sheet resistivity of 30Ω/sq[42]. Assuming the length 
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and width of the graphene electrode are ~1 micron, we find that the resistance of the device can be 

as low as 30Ω and the speed of the modulator can be over 100 GHz.  

2.5 Conclusion 

 In summary, I experimentally demonstrate electro-static tuning of graphene clad 

nanophotonic resonators. With an increased light-matter interaction in cavity, even a single atom 

thick graphene can significantly modify the nanophotonic resonators. I believe such tunability can 

be exploited in conjunction with other nano-photonic structures for various applications such as 

bio/chemical sensing, optical interconnect, phased array optical antenna, or 3-D display. 
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Chapter. 3 Ultrafast generation of pseudomagnetic 

field for valley excitons in WSe2 monolayers 

 

3.1 Introduction 

Atomically thin layers of transition metal dichalcogenides (MX2) have emerged as an 

exciting two-dimensional semiconductor platform for nanoelectronics and optoelectronics[43, 44]. 

In particular, a pair of degenerate bands are present at the K and K’ valleys in the momentum space 

of hexagonal MX2 monolayers, giving rise to a unique valley degree of freedom that is analogous 

to electron spin[8]. Recent polarization-resolved photoluminescence (PL) studies show that the 

valley pseudospin in MX2 can couple directly to the helicity of excitation photons[45-48], and the 

pseudospin polarization between two valleys exhibits a remarkable coherent behavior[48]. It raises 

the intriguing prospect of valleytronics that exploits the valley degree of freedom to carry 

information[43, 49, 50]. 

Just as spin manipulation in spintronics, the capability to control the valley pseudospin is 

essential for valleytronics based on MX2 materials. In spintronics, the electron spin can be 

manipulated through any external perturbation that breaks the energy degeneracy of two 

orthogonal spin polarizations. This can be achieved either through an external magnetic field, the 

most common approach[51, 52], or through a pseudo-magnetic field generated by other stimuli. 

For example, circularly polarized light can produce a pseudo-magnetic field and rotate the electron 

spin through the optical Stark effect. (The optical Stark effect, a well-established phenomenon in 
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atomic physics and quantum optics, describes the energy shift in a two-level system induced by a 

non-resonant laser field.) Such pseudo-magnetic field generated by spin-selective optical Stark 

effects has been demonstrated as an effective and ultrafast way to manipulate electron spins in 

semiconductor quantum wells and quantum dots[53, 54]. It will be highly desirable to realize 

similar control of valley excitons in MX2 using light-induced pseudo-magnetic field for 

valleytronics.  

In this chapter, I demonstrate a valley-selective optical Stark effect in monolayer WSe2 to 

generate ultrafast and ultrahigh pseudo-magnetic field for valley excitons. Previously, resonant 

pump-probe spectroscopy has been used to probe ultrafast carrier dynamics after the pump photons 

are absorbed by exciton transitions in MX2 monolayers[55-57]. Here I employ non-resonant 

circularly polarized laser pumping with photon energies below the bandgap, which induces a 

coherent and dissipationless valley-selective optical Stark effect for pseudospin manipulation. I 

show that transition energies of the degenerate exciton resonances at K and K’ valleys can be 

selectively shifted using circularly polarized laser pulses. The optical Stark energy shift happens 

instantaneously at the presence of a pump pulse, and its magnitude shows systematic dependence 

on the pump intensity and detuning. The light-induced valley exciton energy splitting can be as 

large as 10 meV, which corresponds to a pseudo-magnetic field ~60 Tesla. Such valley-selective 

optical Stark shift will be enabling for ultrafast and all-optical control of the valley polarization in 

atomically thin MX2 layers. 

3.1.1 Optical Stark effect 

Optical Stark effect is well-understood phenomenon in the context of atomic physics and 

quantum optics. Manipulation of cold atoms and trapped ions and coherent control of 
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superconducting qubits and electron spins are achieved via optical Stark effect. In a two-level 

system, the optical Stark effect can be readily understood using the dressed atom picture. Consider 

the two-level system composed of the ground state and excited state. Figure 3.1 illustrates the 

effect of light whose energy is below the resonance. In the dressed atom picture, the dressed ground 

state (with N  photons) and the two-level system are coupled by the dipole interaction, which 

leads t wavefunction hybridization and energy level repulsion. It effectively shifts down the ground 

state energy and shifts up the excited state energy. 

 

Figure 3.1 Illustration of optical Stark effect Yellow and black dashed line represent unperturbed two level system. 

In the presence of pump photon (green arrow), energy levels repel each other (solid lines). 

3.1.2 Valley-selective dipole interaction in MX2 

Valley states in MX2 are degenerate since they are time-reversal pairs. However, they have 

distinctive optical selection rules and couple to photons of opposite helicity. The dipole transition 

matrix element of the K-valley A-exciton is characterized by ̂ ̂ 0 , where ∣  

and ∣ 0  correspond to the K-valley A-exciton and ground state, respectively, ̂ , ̂  are 

momentum operators, and  /  corresponds to left/right circular light. In MX2 monolayers  

has a finite value but  is approximately zero. Consequently, the A-exciton at the K valley 

couples exclusively to left-circularly polarized light. The A-exciton at the K’ valley, on the other 

hand, couples only to the right-circularly polarized light. This dipole selection rule for valley 
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transitions in monolayer WSe2 governs both resonant and non-resonant excitations, which can 

have different manifestations in valley physics. I will discuss more detailed later with experimental 

data. 

 

3.2 Experiment 

3.2.1 Photoluminescence and linear absorption measurement 

For photoluminescence (PL) measurement, I used a 690 nm laser (photon energy = 1.8 eV) to 

excite a WSe2 monolayer. The laser beam was focused to a diffraction-limited spot with a diameter 

~ 1 m, and the PL was collected in the reflection geometry using a confocal microscope. A 

monochromator and a liquid-nitrogen cooled CCD were used to record the PL spectra. 

For linear absorption measurement, a supercontinuum laser (Fianium SC450) was used as 

broadband light source. The laser was focused at the sample with ~2 m beam size and the 

reflection signal R was collected and analyzed by a spectrometer equipped with a one-dimensional 

CCD array. The reference spectrum R0 was taken on the sapphire substrate nearby the WSe2 

monolayer sample. The normalized difference signal (R-R0)/R0 is directly proportional to the linear 

absorption from atomically thin layers on sapphire. 

3.2.2 Transient absorption spectrum measurement (Pump-probe spectroscopy) 

To observe valley-selective optical Stark effect, I perform polarization-resolved 

femtosecond pump-probe spectroscopy. With the control of time delay between pump and probe 

pulse of different energy, one can obtain transient absorption spectra. Furthermore, employing 
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circular polarization control for pulses allows to monitor optical transition at K and K’ point 

selectively. 

Femtosecond pulses for pump and probe are prepared as following. Femtosecond pulses at 

1026 nm were generated by a regenerative amplifier seeded by a mode-locked oscillator (Light 

Conversion PHAROS). The femtosecond pulses (at a repetition rate of 150 kHz and a pulse 

duration ~250 fs) were split into two parts. One part was used to pump an optical parametric 

amplifier (OPA) to generate tunable excitation laser pulses, and the other part was focused into a 

sapphire crystal to generate a supercontinuum white light (500 nm ~ 900 nm) for probe pulses.  

For atomically thin materials on a transparent sapphire substrate, the reflection change 

∆R/R is directly proportional to the change in absorption coefficient[58]. In order to observe 

valley-selective optical Stark effect, a femtosecond pulse (pump) first induces energy shift in a 

monolayer WSe2, and the photo-induced changes in the reflection spectrum (∆R/R), i.e. absorption 

spectrum, are probed by a laser-generated supercontinuum light after controlled time delays. 

The pump and probe beams were focused at the sample with a diameter of 16 µm and 8 

µm, respectively. The probe light was detected by a high-sensitivity photomultiplier after 

wavelength selection through a monochrometer with spectral resolution of 1 nm. The pump-probe 

time delay was controlled by a motorized delay stage, and the pump-probe signal was recorded 

using the lock-in detection with a chopping frequency of 1.6 kHz. The polarization of pump and 

probe pulses was independently controlled using broadband quarter-wave plates and linear 

polarizers. 

3.2.3 CVD-grown monolayer WSe2 sample 
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For experiment, I used triangular monolayers of WSe2 grown by chemical vapor deposition 

(CVD) on sapphire substrates (Figure 3.2). WO3 and selenium powders are sublimed in a 

horizontal tube furnace. The WO3 was placed at the center of the tube furnace and heated to 925oC 

and the selenium was placed at the upstream side of the tube furnace and maintained at 290oC via 

a heat tape. Selenium vapor was transported to the hot zone with the gas mixture 60 sccm of Ar 

and 6 sccm of H2, while the pressure was maintained at 7 Torr during the growth. The triangular 

WSe2 flakes were grown on the sapphire substrates located at the downstream side from WO3. 

 

Figure 3.2 Optical micrograph of a monolayer WSe2 on sapphire substrate Scale bar corresponds to 25 um. 

 

3.3 Result and discussion 

3.3.1 Optical transition in a monolayer WSe2 

The optical reflection spectrum of monolayer WSe2 at 77 K exhibits two prominent 

resonances at 1.68 eV and 2.1 eV (Figure 3.3), which correspond, respectively, to the A- and B- 
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excitons split by the spin-orbital coupling[43]. In this study, I focused on the lowest energy A-

exciton transition. This A-exciton is well separated from other excited states in energy due to 

strong electron-hole interactions in monolayer WSe2. As a result, the ground state and the A-

exciton can be approximated as a two-level system and neglect the effect from other excited states. 

 

Figure 3.3 Absorption spectra of a monolayer WSe2 The optical reflection spectrum of a WSe2 monolayer on a 

sapphire substrate at 77 K, which exhibit strong A- and B-exciton resonances at 1.68 eV and 2.1 eV, respectively. 

3.3.2 Circular polarization dependent photoluminescence 

The valley-dependent resonant excitation enables both the generation of a valley-polarized exciton 

population through the absorption of circularly polarized light and the detection of valley-polarized 

excitons through polarization-resolved photoluminescence (PL)[43].  Figure 3.4 displays 

polarization-resolved PL spectra of our WSe2 samples upon laser excitation at 1.8 eV with  

circular polarization, where the PL intensity with helicity matching the excitation light ( , red 

curve, Figure 3.4A) is about four times stronger than that for the opposite helicity ( , blue curve, 
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Figure 3.4B). This behavior is similar to that reported in previous studies[43], and verifies the 

valley-selective excitation and emission in our WSe2 monolayers. The non-zero  polarized PL 

is presumably due to a finite intervalley scattering because the excitation energy is ~120 meV 

higher than the A-exciton resonance. 

 

Figure 3.4 Circular polarization dependent photoluminescence spectra Polarization-resolved PL spectra of a 

WSe2 monolayer at 77K. For 1.8 eV excitation laser with left circular polarization, the PL spectra show a prominent 

emission peak at the A-exciton resonance (1.68 eV), and the PL intensity with left circular polarization (red curve, A) 

is about four times stronger than that with right circular polarization (blue curve, B). It demonstrates that valley-

polarized A-exciton population can be created by circularly polarized resonant excitation, and it can be detected by 

polarization-resolved PL spectroscopy. 

3.3.3 Valley-selective optical Stark effect 

I measured the valley-selective optical Stark shift in WSe2 monolayers with non-resonant 

circularly polarized excitation using pump-probe spectroscopy as explained previously. 

Femtosecond pump pulses with tunable photon energies below the A-exciton resonance were 

generated by an optical parametric amplifier. Optical Stark shifts of the WSe2 exciton transitions 

induced by the pump pulses was then probed in transient reflection spectra over the spectral range 
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of 1.59-1.77 eV using a laser-generated supercontinuum light. Figure 3.5B and 3.5C display two-

dimensional plots of transient reflection spectra in a monolayer WSe2 with  and  polarized 

probe light, respectively, upon  polarized pump excitation. Here the non-resonant pump photons 

are at 1.53 eV, which is 150 meV below the exciton resonance and do not excite any real transitions. 

The color scale in Figure 3.5B and 3.5C represents the relative reflectivity change ∆R/R, the 

horizontal axis shows the probe photon energy, and the vertical axis shows the pump-probe time 

delay. For atomically thin WSe2 layers on a transparent sapphire substrate, the reflection change 

∆R/R is directly proportional to the change in the absorption coefficient[58]. It is apparent that 

strong changes in the exciton absorption are present only for  probe pulses (Figure 3B), and no 

pump-induced signals can be detected above the noise level for  probe pulses (Figure 3C). This 

indicates that the non-resonant  pump significantly modifies the A-exciton transition at the K 

valley, but not at the K’ valley. 

 

Figure 3.5 Valley-dependent optical Stark effect with non-resonant circularly polarized pump. (A) Schematic 

illustration of the optical Stark effect for valley transitions with non-resonant, left circularly polarized  pump. The 

dashed black and yellow lines denote the unperturbed ground and exciton states, respectively, and the pump photon 

energy is lower than the exciton resonance energy (red arrow). In the dressed atom picture, the dressed ground state 

(with N  photons) and the K-valley A-exciton (with N-1  photons) are coupled by dipole transition, which results 

in energy level repulsion (solid black and yellow lines on the left section) and an increased exciton transition energy. 
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On the other hand,  pump does not affect K’-valley A-exciton resonance due to optical selection rule (right section). 

(B) and (C) Transient reflection spectra of A-exciton resonance at 77 K. The color scale, horizontal axis, and vertical 

axis represent the relative reflectivity change ∆R/R, the probe photon energy, and the pump-probe time delay, 

respectively. For atomically thin WSe2 on sapphire substrate, ∆R/R is proportional to absorption change. Non-resonant 

 pump of photon energy at 1.53 eV leads to a strong transient absorption signal for probes with the same polarization 

 (B), but produces no transient response for probes with the opposite polarization  (C). It demonstrates that non-

resonant  pump significantly modifies A-exciton transition at the K valley, but not at the K’ valley. 

 To better examine the time evolution and spectral lineshape of the photo-induced transient 

reflection spectra in WSe2 monolayers, we plot in Figure 3.6 vertical and horizontal linecuts of the 

two-dimensional plot for the  pump and  probe configuration (Figure 3.5B). Figure 3.6A 

displays the transient reflection signals at the probe photon energy below (1.65 eV, blue line) and 

above (1.7 eV, red line) the exciton resonance at different pump-probe delay  (vertical linecuts in 

Figure 3.5B). Both signals have the largest magnitude at =0 and show a symmetric rise and decay 

dynamics. This is characteristic of an instantaneous response with the rise/decay time limited by 

the laser pulse width of ~ 250 fs. It shows that the exciton absorption is modulated only when the 

pump radiation is present. In addition, the transient reflectivity has opposite signs for probe 

energies at 1.65eV and 1.7 eV. Detailed transient reflection spectrum R/R, which is proportional 

to the transient absorption change, is shown in Figure 3.6B (green circles) for =0 through a 

horizontal linecut in Figure 3.5B. We observe that the transient absorption signal changes sign at 

exactly at the A-exciton resonance energy EA=1.68 eV. The pump laser leads to reduced absorption 

below EA and increased absorption above EA, which matches well the linear derivative of the WSe2 

monolayer absorption spectrum (magenta line in Figure 3.6B). Quantitatively, the photo-induced 

absorption change can be perfectly described by a simple blueshift of ~ 4 meV of the K-valley 
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exciton resonance. The magnitude of exciton energy shift (E) can be estimated directly through 

∆E ∆α. 

The blueshift in transition energy, instantaneous time response, and valley selectivity 

demonstrate unambiguously the optical Stark effect in monolayer WSe2 upon non-resonant pump 

excitation. We note that the photo-induced signal becomes non-detectable immediately after the 

pump pulses, indicating negligible dissipative processes associated with real exciton absorption. 

We also performed the pump-probe spectroscopy using linearly polarized pump and probe pulses. 

Here photo-induced absorption changes are of similar magnitude independent of the pump and 

probe polarizations. This is because the linear-polarized pump has both  and  components, 

which lead to optical Stark shifts for both K and K’ valley exciton transitions. 

 

Figure 3.6 Time evolution and spectral lineshape of the valley-dependent transient reflection spectra for  

pump and  probe configuration. (A) Time evolution of the pump-induced transient reflectivity ∆R/R at probe 

energies of 1.65 eV (blue line) and 1.7 eV (red line). Both signals reach the maximum magnitude at the pump-probe 

delay =0 with symmetric rise and decay dynamics (limited by our pulse width ~250 fs), which is characteristic of an 

instantaneous optical response. The transient reflectivity has opposite signs for 1.65 eV and 1.7 eV probes. (B) The 

transient reflection spectrum at =0 (green circles). The transient reflectivity signal changes sign at the A-exciton 

resonance energy EA=1.68 eV, and it shows a dispersive line shape.  This transient reflection spectrum matches well 
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with the derivative of linear absorption spectrum in monolayer WSe2, and can be fully accounted for by a 4 meV 

blueshift of the K-valley A-exciton resonance (magenta line). 

3.3.4 Control of energy shift with pump power and detuning 

Next I examine how the valley-selective optical Stark shift varies with the pump laser 

intensity and detuning. The pump detuning Ω is defined as the difference between the exciton 

resonance energy ( ) and the pump photon energy ( ). Figure 3.7 shows the transient 

reflection data (left axis) and the corresponding energy shift of the A-exciton energy (right axis) 

at the K valley for  pump and  probe configuration with different pump detuning (green dots 

in Figure 3.7A) and pump intensities (green dots in Figure 3.7B). We observe that the optical Stark 

shift is inversely proportional to the pump detuning (magenta dashed line in Figure 3.7A), and 

scales linearly with the laser intensity (magenta dashed line in Figure 3.7B). Such scaling matches 

well with the theoretical prediction of optical Stark shift δ 2 ∙ / Ω, where S is the 

optical Stark shift constant related to the transition dipole moment and   is the electric field of 

the pump pulse[59].  From the experimental data, we can determine an optical Stark shift constant 

S ~ 45 Debye2 for A-exciton in monolayer WSe2, which is of similar magnitude to that for exciton 

transition in semiconductor quantum wells[60, 61]. 
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Figure 3.7 Pump detuning and pump intensity dependence of the valley-selective optical Stark shift. (A) The 

transient reflection signal at 1.7 eV (left axis) and the corresponding optical Stark shift (right axis) as a function of the 

pump detuning energy (green dots). The dependence can be nicely described by an inverse proportional relationship 

(magenta line). (B) The transient reflection signal at 1.7 eV (left axis) and the corresponding optical Stark shift (right 

axis) as a function of the pump laser intensity (green dots), which shows a linear scaling behavior (magenta line). The 

optical Stark shift can selectively shift the K-valley exciton transition by as much as 10 meV, which corresponds to a 

valley pseudo-magnetic field of ~ 60 T. 

3.3.5 Estimation of pseudomagnetic field magnitude 

The valley-selective optical Stark shift breaks the degeneracy of valley exciton transitions 

in monolayer WSe2 and defines an effective valley pseudo-magnetic field. In the experiment, the 

photo-induced energy splitting between K and K’ exciton transitions can be as large as 10 meV 

(Figure 3.7). The corresponding pseudo-magnetic field Beff for valley excitons can be estimated 

by , where  is the Bohr magneton and gex is the effective g-factor for valley 

exciton transitions in WSe2. The effective exciton g-factor gex combines contributions from both 

electrons and holes, and has a theoretically predicted value ~ 1.5 for WSe2[62, 63]. Using this g-

factor, we estimate a pseudo-magnetic field Beff as high as 60 T for a 10 meV splitting of valley 

exciton transitions. A real magnetic field of this magnitude is difficult to achieve even with 
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superconducting magnets, but such a pseudo-magnetic field for MX2 valley excitons can be 

produced conveniently and with femtosecond temporal control using light pulses. 

 

3.4 Conclusion and outlook 

In summary, I demonstrate that the optical Stark effect can generate ultrafast and ultrahigh 

pseudo-magnetic field for valley excitons in MX2 layers. It has been reported recently that excitons 

in different valleys in monolayer WSe2, resonantly excited by linear polarization light, can 

maintain their phase coherence over extended time[48]. The valley-dependent optical Stark effect 

offers a convenient and ultrafast way to lift the valley degeneracy and introduce a controlled phase 

difference between the two valley states, therefore enabling coherent rotation of resonantly excited 

valley polarizations with high fidelity. In analogy with spintronics, such coherent manipulation of 

valley polarization can open up fascinating opportunities for valleytronics. 
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Chapter. 4 Ultrafast charge transfer in MoS2/WS2 

heterostructure 

 

4.1 Introduction 

Atomically thin 2D crystals constitute a rich family of materials ranging from insulators 

and semiconductors to semi-metals and superconductors[2]. Heterostructures from these 2D 

materials offer a new platform for exploring new physics like superlattice Dirac points and 

Hofstadter butterfly pattern[64-66], and new devices like tunnelling transistors[67], memory 

devices[68] and ultrathin photodetectors[69]. Van der Waals heterostructures of semiconducting 

MX2 layers are particularly exciting for optoelectronic and light harvesting applications because 

many MX2 monolayers are direct-bandgap semiconductors[6, 7] with remarkably strong light-

matter interactions[69, 70]. And importantly, MX2 heterostructures are predicted to form type-II 

heterojunctions that can assist efficient separation of photoexcited electrons and holes[71-74]. 

In type-II heterojunctions, the conduction band minimum and valence band maximum 

reside in two separate materials. Photoexcited electrons and holes therefore prefer to stay at 

separate locations. Figure 4.1 illustrates the alignment of electronic bands of MoS2 and WS2 

monolayers predicted by a recent theory[73]. It shows that monolayer MoS2 and WS2 has a 

bandgap of 2.39 eV and 2.31eV, respectively, and the MoS2 valence band maximum is 350 meV 

lower than that of WS2. Consequently, the MoS2/WS2 heterostructure forms a type-II 

heterojunction (if we neglect the hybridization of electronic states in MoS2 and WS2 layers), with 
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the conduction band minimum residing in MoS2 and the valence band maximum in WS2, 

respectively. In the single-particle picture, this heterojunction will lead to efficient charge transfer 

with separated electrons and holes in two layers upon optical excitation (Figure 4.1), which can 

have a dominating effect on both light emission and photovoltaic responses in MoS2/WS2 

heterostructures. 

 

Figure 4.1 Band alignment and structure of MoS2/WS2 heterostructures. a. Schematics of theoretically predicted 

band alignment of a MoS2/WS2 heterostructure, which forms a type-II heterojunction. Optical excitation of the MoS2 

A-exciton will lead to layer separated electron and hole carriers. 

 There are two outstanding questions regarding charge transfer processes in the atomically 

thin and van der Waals-coupled MoS2/WS2 heterostructure. (1) How do strong electron-electron 

interactions and excitonic effects affect charge transfer processes? (2) How fast can charge transfer 

take place between van der Waals-coupled layers? Electron-electron interactions are dramatically 

enhanced in 2D materials due both to size confinement and inefficient screening. Theoretical 

studies[75, 76] have predicted an exciton binding energy from 500 meV to 1 eV in MX2 

monolayers, which is larger than the expected band displacement of 350 meV in MoS2/WS2 
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heterostructure. Therefore the exciton cannot dissociate into a free electron and a free hole in two 

separate layers. Will this large exciton binding energy then prevent charge transfer processes and 

keep the exciton in one layer, or will a new bound state of layer-separated electron and hole pair 

be generated? In addition, van der Waals coupling is rather weak compared to covalent bonding. 

Will that lead to a much slower charge transfer process in van der Waals heterostructures compared 

to their covalent counterparts? Previous studies in organic photovoltaics (OPV)[77-79] have 

shown that ultrafast charge transfer and separation can take place in organic/organic van der Waals 

coupled interfaces. However, the 2D MX2 heterostructures possess two-dimensional crystalline 

structures and atomically sharp interfaces, which is fundamentally different from the OPV 

molecular systems. So far little is known about the ultrafast charge transfer dynamics in these new 

2D heterostructures. 

In this chapter, I study charge transfer dynamics in MoS2/WS2 heterolayers experimentally. 

Through combined photoluminescence spectroscopy and optical pump-probe spectroscopy, we 

demonstrate that ultrafast charge transfer takes place very efficiently in MoS2/WS2 

heterostructures. In particular, holes in the MoS2 layer can separate into the WS2 layer within 50 

fs upon photo-excitation. 

 

4.2 Experiment 

4.2.1 Photoluminescence and Raman spectrum measurement 

For photoluminescence mapping, I use a 532 nm laser (photon energy =2.33 eV) to excite 

the isolated monolayers of MoS2, WS2, and MoS2/WS2 heterostructures. The laser beam is focused 
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to a diffraction-limited spot with a diameter ~ 1 m, and the PL is collected in the reflection 

geometry via confocal microscope. A monochrometer and a liquid nitrogen cooled CCD are used 

to record the PL spectra. Two-dimensional PL mapping is done by scanning the computer-

controlled piezoelectric stage. For Raman measurements, we use a 488 nm excitation laser. 

4.2.2 (Transient) Absorption spectrum measurement 

I use the same experimental configuration as described in chapter 3. 

4.2.3 Heterostructure preparation 

The heterostructure was prepared by transferring[80] monolayer MoS2 onto monolayer 

WS2 on sapphire. The CVD grown MoS2 single layer (described above) on SiO2/Si is spin-coated 

with PMMA (A4) at 4000 rpm for 60 seconds. PMMA/ MoS2 film is separated from the substrate 

(SiO2/Si) by KOH etching (1 mol/L) at 80 ˚C. The film is transferred to DI water beakers to dilute 

KOH residue under MoS2. Then, it is transferred on to CVD grown WS2 on sapphire substrate 

(described above) and soaked in acetone to dissolve PMMA. Finally, heterostructure sample is 

annealed at elevated temperature in vacuum. Note there is no polymer between the MoS2 and WS2 

layers in our sample after the PMMA transfer (PMMA was on top of the top layer), and they can 

form fairly good contract. 

 

4.3 Result and discussion 

4.3.1 Optical micrograph of sample and Raman spectra 

Figure 4.2a schematically shows our sample configuration. In brief, MoS2 monolayers 
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were grown on 285 nm SiO2/Si substrates using the chemical vapour deposition (CVD) 

method[80]. They were subsequently transferred on top of as-grown CVD WS2 flakes on sapphire 

substrates[81] to form MoS2/WS2 heterostructures. Raman spectra (Figure 4.2b) from isolated 

MoS2 and WS2 films confirm that both are monolayers because the energy separation between 

Raman active modes agrees well with previous reported values for monolayer MoS2 and WS2.[82-

85] The Raman spectrum of a MoS2/WS2 heterostructure (Figure 4.2b) appears to be an addition 

of Raman modes from the constituent layers. 

 

Figure 4.2 Schematic of heterostructure and Raman spectra a. Illustration of a MoS2/WS2 heterostructure with a 

MoS2 monolayer lying on top of a WS2 monolayer. Electrons and holes created by light are shown to separate into 

different layers. b. Raman spectra of an isolated MoS2 monolayer (blue trace), an isolated WS2 monolayer (red trace), 

and a MoS2/WS2 heterostructure (black trace). 

4.3.2 Photoluminescence spectrum and mapping of heterostructure  

One sensitive probe of charge transfer in MX2 heterostructures is photoluminescence (PL) 

spectroscopy, because an electron and hole pair spatially separated in two MX2 layers cannot emit 

efficiently. We performed PL spectroscopy and mapping on multiple MoS2/WS2 heterostructure 
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samples. Figure 4.3a displays the optical image of one sample where a large continuous MoS2 

piece (covering everywhere in the image) was transferred on top of WS2 flakes (the bright areas). 

Figure 4.3b shows the PL intensity map at the MoS2 A-exciton resonance (1.93 eV) at 77 K when 

the sample is excited by 2.33 eV photons. We observed strong PL signals in the MoS2-only region, 

but the PL is significantly quenched in the MoS2/WS2 heterostructure region. Figure 4.3c further 

displays typical PL spectra for MoS2/WS2 heterostructures, isolated MoS2, and isolated WS2 layers 

with 2.33 eV excitation. It is apparent that MoS2 and WS2 monolayers show strong PL at their 

respective A-exciton resonances (1.93 eV and 2.06 eV), but both PL signals are efficiently 

quenched in MoS2/WS2 heterostructures.  Room temperature PL spectra also exhibit similar 

behaviour. In principle, PL signals can be quenched by two mechanisms in a heterostructure: 

energy transfer and charge transfer. However, energy transfer quenches only the PL from a higher 

energy transition (i.e. 2.06 eV resonance in WS2), but tends to enhance luminescence from the 

lower energy transition (i.e. 1.93 eV resonance in MoS2). On the other hand, charge transfer will 

quench light emission from all transitions. Therefore the observation of reduced PL from both WS2 

and MoS2 exciton resonances in MoS2/WS2 heterostructures demonstrates that efficient charge 

transfer takes place in this type-II heterojunction. 
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Figure 4.3 Photoluminescence (PL) spectra and mapping of MoS2/WS2 heterostructures at 77 K. a. Optical 

microscope image of a typical MoS2/WS2 heterostructure sample. The MoS2 layer covers everywhere in the image, 

and bright areas correspond to MoS2/WS2 heterostructures. b. PL mapping data taken in the dashed rectangle area in 

a. The colour scale represents PL intensity at the MoS2 A-exciton resonance (1.93 eV). It clearly shows that MoS2 PL 

is strongly quenched in the heterostructure. Scale bar is 5 µm. c. Typical PL spectra of an isolated monolayer MoS2, 

an isolated monolayer WS2 and a MoS2/WS2 heterostructure. The isolated MoS2 and WS2 monolayer show strong PL 

at 1.93 eV and 2.06 eV, respectively, corresponding to their A-exciton resonances. Both exciton PL signals are 

strongly quenched in the MoS2/WS2 heterostructure, suggesting an efficient charge transfer process exists in the 

heterostructure. 

4.3.3 Transient absorption measurement 

To directly probe the charge transfer process and its ultrafast dynamics, we measured 

transient absorption spectra of MoS2/WS2 heterostructures using resonant pump-probe 

spectroscopy. A femtosecond pulse first excites the heterostructure, and the photo-induced changes 

in the reflection spectrum (∆R/R) are probed by a laser-generated supercontinuum light after 

controlled time delays. For atomically thin heterostructures on a transparent sapphire substrate, the 

reflection change ∆R/R is directly proportional to the change in absorption coefficient. MoS2 and 

WS2 monolayers have distinctly different exciton transitions. Therefore we can selectively excite 

the MoS2 or WS2 layer using specific resonant optical excitations, and probe the accumulation of 

electrons and holes in different layers through photo-induced changes in their respective exciton 

transitions. Specifically, we choose a pump photon energy at 1.86 eV to excite exclusively the A-

exciton transition of MoS2. This pump cannot excite WS2 directly because the photon energy is 

far below the absorption threshold of WS2. Afterwards we examine the photoinduced changes of 

both WS2 and MoS2 exciton resonances in transient absorption spectra from 2.0-2.5 eV to probe 

the charge distribution in heterostructures.  
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Using a pump fluence of 85	μJ/cm2, A-excitons in MoS2 with a density ~ 5 1012/cm2 

are generated immediately after photo-excitation. Figure 4.4a shows a two-dimensional plot of 

transient absorption spectra in a MoS2/WS2 heterostructure at 77 K, where the colour scale, the 

horizontal axis, and the vertical axis represent the magnitude of -∆R/R, the probe photon energy, 

and pump-probe time delay, respectively. The figure shows prominent resonant features in 

transient absorption centred on 2.06 eV and 2.46 eV, with the higher energy feature several times 

weaker than the lower energy one. Comparing with linear absorption spectra of isolated WS2 and 

MoS2 monolayers (Figure 4.4e), we can attribute these two resonant features respectively to the A 

and B-exciton transitions in WS2, although the WS2 layer is not excited by the pump. To better 

understand the transient absorption spectra in MoS2/WS2 heterostructures, we also performed 

control experiments for isolated WS2 and MoS2 monolayers. In bare WS2 monolayers no pump-

induced signal can be observed above the noise level, consistent with the fact that no direct 

absorption can take place in WS2. In isolated MoS2 monolayers, pump-induced absorption changes 

in our spectral range is centred at 2.11 eV (Figure 4.4b), corresponding to the B-exciton transition 

of MoS2. Figure 4.4c-d show detailed comparisons of transient absorption spectra in a MoS2/WS2 

heterostructure and an isolated MoS2 monolayer at the pump-probe time delay of 1 picosecond (ps) 

(Figure 4.4c) and 20 ps (Figure 4.4d). Although the resonant features at 2.06 eV for the 

heterostructure and at 2.11 eV for monolayer MoS2 are close in energy, they are clearly 

distinguishable and match well with the A-exciton in WS2 and B-exciton in MoS2 in the absorption 

spectra (Figure 4.4e), respectively. In addition, the transient absorption signal at the WS2 A-exciton 

transition in the heterostructure is stronger in magnitude and has a narrower spectral width and a 

slower decay time constant. 
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Figure 4.4 Transient absorption spectra of MoS2/WS2 heterostructures. a. and b. Two-dimensional plots of 

transient absorption spectra at 77 K from a MoS2/WS2 heterostructure (a) and an isolated MoS2 monolayer (b) upon 

excitation of the MoS2 A-exciton transitions. The horizontal axis, vertical axis, and colour scale represent the probe 

photon energy, pump-probe time delay, and the transient absorption signal, respectively. Positive signals indicate a 

pump-induced decrease in absorption. c. and d. Transient absorption spectra for MoS2/WS2 (red circles) and MoS2 

(green square) at 1 ps and 20 ps pump-probe delay, respectively. e. Linear absorption spectra of monolayers of MoS2 

(magenta line) and WS2 (blue line). Although only MoS2 A-exciton transitions are optically excited, transient 

absorption spectra in the MoS2/WS2 heterostructure are dominated by a resonance feature (red circles in c and d) 

corresponding to the WS2 A-exciton transition (blue line in e), which is clearly distinguishable from the resonance 

feature corresponding to the MoS2 B-exciton transition in an isolated MoS2 monolayer (green squares in c and d and 

magenta line in e). It demonstrates unambiguously an efficient hole transfer from the photoexcited MoS2 layer to the 

WS2 layer in MoS2/WS2 heterostructures. 

 Our transient absorption measurements of MoS2/WS2 heterostructures establish 

unambiguously that optical excitation in MoS2 leads to strong modification of exciton transitions 

in WS2, which has a larger optical bandgap. It provides direct evidence of efficient charge 

separation in photo-excited MoS2/WS2 heterostructures as described in Figure 4.1: electron hole 
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pairs are initially created in the MoS2 layer, but holes quickly transfer to the WS2 layer due to the 

type-II band alignment, while electrons stay in the MoS2 layer. The photo-excited electrons in 

MoS2 and holes in WS2 lead to strong transient absorption signal for exciton transitions in both 

MoS2 and WS2. Transient absorption signals are the strongest for the A-excitons due to their 

sharper resonances and efficient photo-bleaching effects from Pauli blocking, but B-exciton 

transitions are also affected. Consequently, the transient absorption spectra in MoS2/WS2 

heterostructures are dominated by the A-exciton transition in WS2. Photo-induced changes of B-

exciton transitions in the MoS2/WS2 heterostructure (Figure 4.4a) and in the MoS2 monolayer 

(Figure 4.4b) can also be identified, but they are significantly weaker than that of A-exciton 

transitions. Room temperature data show similar. 

4.3.4 Determination of charge transfer time 

The rise time of the WS2 A-exciton transient absorption signal probes directly the hole 

transfer dynamics from the MoS2 layer because this signal exists only after the hole transfer, but 

not right at the excitation of MoS2. Figure 4.5 shows the dynamic evolution of the WS2 A-exciton 

resonance in the MoS2/WS2 heterostructure (Figure 4.5a), which can be compared to the transient 

absorption signal for the B-exciton resonance in an isolated MoS2 monolayer (Figure 4.5b). We 

found that the rise time in both signals are almost identical, and it is limited by the laser pulse 

duration ~ 250 fs. In Figure 4b the MoS2 monolayer is directly pumped, and the photo-induced 

signal should appear instantaneously. (The rise time of pump-induced A exciton and B exciton 

signals in MoS2 has indistinguishable behavior.) We could reproduce the ultrafast dynamics in the 

MoS2 monolayer in Figure 4.5b by convoluting the instrument response function (the blue dashed 

curve in Figure 4.5b) with an instantaneous response in MoS2. Using the same instrument response 

function for time convolution, we can then reproduce the experimentally observed signal in the 
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heterostructure with a rise time shorter than 50 fs (red line in Figure 4.5a). Therefore our results 

show that holes are transferred from the MoS2 layer to the WS2 layer within 50 fs after optical 

excitation of the MoS2/WS2 heterostructure, a remarkably fast rate. Similar ultrafast hole transfer 

also happens at room temperature. This hole transfer time is much shorter than the exciton lifetime 

and most other dynamics processes in MX2 monolayers, which are on the order of several to tens 

of picosecond.  Electrons and holes can therefore be efficiently separated into different layers 

immediately after their generation. Consequently, PL from MoS2 and WS2 exciton resonances will 

be strongly quenched, as we observed previously. 

 

Figure 4.5 Ultrafast hole transfer dynamics from vertical cuts in Figure 4.4a and 4.4b. a. The evolution of 

transient absorption signals at the WS2 A-exciton resonance in the MoS2/WS2 heterostructure. b. The dynamic 

evolution of transient absorption signals at the MoS2 B-exciton resonance in the isolated MoS2 monolayer. Both 

signals show almost identical ultrafast rise time, which is limited by the laser pulse duration ~ 250 fs. By convoluting 

the instrument response function (blue dashed line in b) and an instantaneous response in MoS2, we can reproduce the 

ultrafast dynamics in the MoS2 monolayer (red trace in b). Similar convolution shows that the rise time in MoS2/WS2 

monolayer is around 25 fs (red trace in a), and has an upper limit of 50 fs. It demonstrates that holes can transfer from 

the photoexcited MoS2 layer to the WS2 layer within 50 fs in the MoS2/WS2 heterostructure. 
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4.3.5 Effect of Coulomb interaction and lattice mismatch on charge transfer 

dynamics 

Our experimental data establishes that charge separation in MoS2/WS2 heterostructures is 

very efficient, although the band offset between MoS2 and WS2 is smaller than the predicted 

exciton binding energy in monolayer MX2. Energetically uncorrelated free electrons and holes in 

separated MoS2 and WS2 layers cannot be produced through the excitation of MoS2 A-excitons. 

However, the MoS2 and WS2 layers are only ~0.62 nm separated from each other[72], suggesting 

that even for layer-separated electrons and holes, strong Coulomb interactions can lead to bound 

exciton states. These exciton states with electron and hole residing in different layers can be 

energetically favourable compared to an exciton confined to only MoS2 layer, and are likely to be 

responsible for the efficient charge separation observed in MoS2/WS2 heterostructures. Such 

bounded excitons with electron and hole in different materials, known as charge transfer excitons 

(CTC), have also been investigated in other type-II heterojunctions, such as molecular 

donor/acceptor interfaces in the context of organic photovoltaics[77, 78, 86].  

The observed sub-50 fs hole transfer time is remarkably short considering that the MoS2 

and WS2 layers are twisted relative to each other and are coupled by relatively weak van der Waals 

interactions. One factor contributing to the ultrafast charge transfer rate in atomically thin 

heterostructures is the close proximity of the two heterolayers, because electrons or holes only 

need to move less than 1 nm vertically for the charge transfer process to happen. Still, the 50 fs 

hole transfer time for van der Waals heterostructures is fast. Microscopic understanding of this 

ultrafast hole transfer in MX2 heterostructures requires detailed theoretical studies to examine the 

hybridization of electronic states in twisted heterolayers and the dynamic evolution of photo-

excited states due to electron-phonon and electron-electron interactions. For example, because 
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MoS2/WS2 heterostructures are extended crystalline 2D layers, resonant charge transfer has to 

satisfy both energy and momentum conservations, and electronic coupling between states with 

different momenta in the Brillouin zone can vary significantly. It is known that for MoS2 bilayers, 

electronic coupling at the K point in the Brillouin zone is weak. Electron wavefunction 

hybridization at the Γ point, however, is much stronger, which leads to a rise in Γ point valence 

band and an indirect bandgap in bilayer MoS2.[6, 7] Electronic coupling between incommensurate 

MoS2 and WS2 can play an important role in the charge transfer dynamics of twisted MoS2/WS2 

heterostructures, the behaviour of which has been little studied so far. Because van der Waals 

heterostructures have atomically sharp interfaces with no dangling bonds and well-defined optical 

resonances, they provide an ideal model system for further experimental and theoretical 

investigations of interfacial charge transfer processes and the charge transfer exciton states. 

The ultrafast charge transfer process in atomically thin MX2 heterostructures has important 

implications for photonic and optoelectronic applications. MX2 semiconductors have extremely 

strong optical absorption, and has been considered previously for photodetectors[69], 

photovoltaics[87] and photocatalysis[88]. Compared with organic photovoltaic materials, these 2D 

layers have crystalline structure and better electrical transport properties. Our studies here show 

that the type-II MX2 heterostructures also exhibit femtosecond charge transfer rate, which provides 

an ideal way to spatially separate electrons and holes for electrical collection and utilization. 

 

4.4 Conclusions and outlook 

In summary, I have demonstrated for the first time efficient charge transfer in MoS2/WS2 

heterostructures through combined PL mapping and transient absorption measurement. We 
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quantitatively determine the ultrafast hole transfer time to be less than 50 fs. Our study suggests 

that MX2 heterostructures, with their remarkable electrical and optical properties and rapid 

development of large area synthesis, hold great promise for future optoelectronic and photovoltaic 

applications. 
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